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Abstract

This thesis explores three routes to alleviating the economic barriers to proton exchange membrane

fuel cells through reducing, recycling and removing platinum group metals (PGMs).

The reduction of PGM content is explored using electrochemistry to assess the novel materials
produced when combining fullerene based compounds with electron beam lithography. This
technique yields the potential to precisely control the distance between platinum (or other metal)
atoms embedded within carbon materials. It is shown that the material alters the onset potential of

proton reduction compared to glassy carbon and the methodology for study is developed.

The recycling of PGMs is demonstrated by testing the electrochemical behaviour and particle
structure of deposited palladium within biomass produced through biohydrometallurgy. Electron
microscopy and electrochemistry is used to investigate the biohydrometallurgy process and how
the substrate, leachate and reducing agent effect both the particles produced and the
electrochemistry observed. Concluding that the un-processed materials may function as future

electrocatalysts without further processing steps.

The removal of PGM content is investigated, through the electrochemical characterisation of the
adsorbed layers and solutions of phosphomolybdic acid, singularly substituted
vanadophosphomolybdic acid and doubly substituted vanadophosphomolybdic acid. Describing
the complicated multi-electron, multi-step redox chemistry of the potential mediator species, with

specific focus on electrode material and the effect of pH.



Glossary of terms

AFC Alkaline Fuel Celll
APU Auxillary Power Unit
BPP Bi-Polar Plate
BPPG Basal plane pyrolytic graphite
(e(e])Y/ catalyst coated membrane
CcDT Centre for Doctoral Training
CL Catalyst Layer
CNT Carbon nano-tube
DMFC Direct Methanol Fuel Cell
DoE Department of Energy
DTC Doctoral Training Centre
E(0) Standard Equilibrium Potential
ECSA Electrochemical surface area
ECSA Electrochemical Surface Area
EIS Electrochemical Impedance Spectroscopy
EPPG Edge plane pyrolytic graphite
F Faradays Constant
FFP Flow Field Plate
ful-bipy fulleropyrrolidine bipyridine
ful-bipy-pt fulleropyrrolidine bipyridine platinum chloride
G Gibbs free energy
GC Glassy Carbon
GDE Gas diffusion electrode
H Enthalpy
HOPG Highly ordered pyrolytic graphite
HOR Hydrogen Oxidation Reaction
HPA Heteropolyacid
singularly substituted hydrogen vanadophosphomolybdic
HV1PMA acid
HV2PMA doubly substituted hydrogen vanadophosphomolybdic acid
IAHE International Association for Hydrogen Energy
IMechE Institution of Mechanical Engineers
kJ Kilojoule
kw kilowatt
MCFC Molten Carbonate Fuel Cell
MEA Membrane Electrode Assembly
MGE Monitoring Gasket Electrode
NASA National Aerospace and Space Administration

NaV1PMA singularly substituted sodium vanadophosphomolybdic acid
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Summary

The introduction (Ch.1) describes global energy demand, the need for a sustainable energy system
and how the hydrogen economy, including proton exchange membrane fuel cells (PEMFCs), can
enable such a system. The chemistry of PEMFCs is explored with a description of basic
electrochemistry and the current barriers to market given. The need to reduce, recycle and/or
remove platinum from PEMFCs; and how this can be achieved with spatially resolved platinum
group metal (PGM) nanoparticles, bio-hydrometallurgy and alternative fuel cell mechanisms,

provides the focus for the thesis.

Chapter 2 focuses on the areas of reducing and recycling PGMs. Reduction is investigated via
spatially resolved platinum particles using novel complexes and lithography techniques. Recycling
of PGMs, and the electrochemistry created, through bio-hydrometallurgy is explored. Alternative
fuel cell mechanisms are explored in chapter 3 with surface-adsorbed phosphomolybdic acid,

followed by studies into surface-adsorbed singularly substituted vanado-phosphomolybdic acid.

Chapter 4 explores the effect of electrode surface and pH on the electrochemistry observed. With
Chapter 5 observing the change from surface bound to solution phase behaviour. Further
substitution of vanadium into the species is investigated in chapter 6, with the surface and solution

phase electrochemistry of doubly substituted vanado-phosphomolybdic acid.

Chapter 7 details supporting experimental work, such as development of electrode design. A short

concluding chapter in presented in chapter 8, followed by the appendix.



1. Introduction

This thesis disseminates the findings and insights reached whilst researching the chemistry and
methods that can be used to overcome the economic barriers to the implementation of hydrogen
fuelled proton exchange membrane fuel cells (PEMFCs), which are currently too expensive for
serious commercial consideration.! Exploring the main themes of reducing, recycling and

removing the platinum group metal catalysts currently in use.

The following introduction frames the work within the field of energy-focused research, whilst

providing context for the research conducted and developing the reasoning for experimental work.

1.1 The ‘Energy Crisis’

The term ‘energy crisis’ is common in mainstream conversation,>* and refers to the anticipated
gap between supply and demand within the energy system. This gap arises due to the
decommissioning of power generators, increases in the price of natural gas, and the onset of ‘peak
oil’, being paired to the, increasing demand for energy. The Institute of Mechanical Engineers have

even suggested a 40-55% energy gap in 2025 in a worst case scenario.’

Anxiety surrounding non-sustainable energy generation has been common for over a century and
‘peak oil’ (defined as - “the point in time when world oil production reaches its highest rate, after

which it goes into permanent decline.”’®) has been a large concern due to its national strategic



importance. The Day’s report (1909) is just one example of the initial attempts to quantify

resources.’

These predictions have always been contentious with some like Adelmann et al. arguing it is more
a case of “depletion vs. knowledge’’.® However, incorporating economic elements, producing
‘Hubbart’s curves’, enabled success in predicting real world events.® Such as the prediction of the
peak in U.S. oil production in 1971 and the resulting energy crisis.*! As with many predictions,
the context and implications of the energy crisis is lost to the debate around the exact point of peak
oil. One study instead plotted the accumulative probability, showing a 90% probability of reaching
peak oil by 2018.1% The issue of finite energy reserves and specifically the permanent decline of
fossil fuel energy per capita is even more stark when taken alongside the increasing demand for

these resources (Figure 1.1).
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Figure 1.1 - Resource consumption for energy. Data collected from EIA and BP by Shafiee et al.*® Figure reused with
permission from Elsevier (licence 4084920320188).



These points lead to the need for a sustainable energy system, and an alternative energy supply,
from a purely economic standpoint, without including the complex arguments regarding the

environmental crisis. However, the Stern review concisely summarises,

“Climate change will affect the basic elements of life for people around the world.”**

1.2 The hydrogen economy

There have been many ideas proposed for a coherent, economically viable and environmentally
friendly energy system. There is a large range of technological, socio-economic and socio-technical
methodologies being developed and for a future energy crisis is to be avoided a myriad of these

techniques must be implemented without reliance on a single ‘silver bullet’.*>1°

The now popularized view of the hydrogen economy was proposed as a response to the dramatic
increase in gasoline prices in the 1970°s2%2% and was strengthened by the 1973 OPEC oil
embargo.?* Which led to a drive to find alternative sources of energy, with the founding of the
IAHE (International association for Hydrogen Energy, 1974) and the DoE (Department of

Energy, 1977).

The hydrogen economy is based around hydrogen as an energy vector (or carrier).? As such the
hydrogen economy is split into distinct stages; initial energy generation, the subsequent conversion
to hydrogen, the storage and transportation of hydrogen to the user, and the conversion of hydrogen

into energy.



1.2.1 Fuel cells

The fuel cell was conceptualized by Christian Friedrich Schoebein (1839) and demonstrated
practically in the ‘gas battery’ by Sir William Grove (1845).2422" They remained a scientific
curiosity until the early 20" century when the Royal Navy saw the advantages of non-toxic exhausts
within submarines. A 5kW unit was developed by Sir Francis Bacon and showed the first
significant power generation by a fuel cell unit in 1959.2 Only three months later Harry Karl lhrig,

of the Allis-Chalmers company, used the ‘Bacon cell’ to power a tractor, Figure 1.2.24

Figure 1.2 — The first fuel cell vehicle the Allis-Chalmers Fuel cell Tractor, 1959. Reused under the fair use policy from
the National Museum of American History website?®

The technology failed to reach the public due to high costs and only saw practical application within

the NASA space program. The oil crisis (1970s) led to new developments and production of



prototype fuel cell passenger vehicles. However, constraints on the energy market eased and
interest waned until the 1990s. Recently, interest has again increased as climate change and the
energy crisis took on a cultural and political significance, producing a revival in non-CO;

producing energy generation.

This has seen large scale commercial testing and sales of PEMFCs. These include the use of Ballard
fuel cells in buses;* the use of DMFCs (Direct Methanol Fuel Cells) as APUs (Auxiliary Power
Units), like those offered by SFC Energy;®! the use of PEMFCs within fork lift trucks;? and now

commercially available fuel cell and fuel cell hybrid cars such as the Toyota HCV, Figure 1.3.

Figure 1.3 — Colleagues and myself test driving the Toyota FCHV in 2011.

Fuel cells represent a highly efficient method for the conversion of hydrogen (as well as other fuels)

into energy. Primarily, as electricity but also as heat through CHP (combined heat and power)



units.®® There are defined types of fuel cell (Figure 1.4), nominally divided into groupings by the
methods used to separate the anode and cathode of the cells and the temperatures these become
functional 3* The transport sector is responsible for 30% of the total energy used in the U.K.*® and

in this sector PEMFCs are highlighted to be successful.
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Solid Oxide Fuel Cell Solid Oxide 500-1000 yerog
Carbon power, Large
Monoxide | scale generation

Figure 1.4 — Simple table showing the different types of fuel cell.3*3



1.2.2 Issues restricting the market exploitation of P.E.M fuel cells

There are three primary barriers restricting the market penetration of P.E.M. fuel cells: the cost of
primary PGM resources, the lack of infrastructure and public perception. The main obstacle is the

high cost of fuel cell technology.

Consumers are willing to pay for ‘prestige’ goods, but current fuel cell technology is simply too
expensive.>’ % Alongside, it is worth noting that without significant work to overcome issues with
infrastructure and public perception the technology will not successfully penetrate the market.**#
When considering the development of a hydrogen infrastructure a ‘chicken and egg’ scenario
appears. However, if rolled out successfully a hydrogen infrastructure is capable of producing a
return in investment, as demonstrated by work published in the paper “Development of a hydrogen

fuelling infrastructure in the Northeast USA”.44

Fuel cells and hydrogen technology suffer from poor public perception, particularly regarding
safety. Although hydrogen cannot be described as an inherently safe product, when compared with
incumbent technology the risk is comparable.*>4® It is the responsibility of those in the field to

educate the consumer and reduce this constraint on demand.

The high cost of hydrogen fuel cell technology is the primary barrier to market.*” Currently the
cost is too high to justify a wide market launch when compared to current and alternative energy
technologies, even when considering environmental benefits.*34° The exact cost of hydrogen fuel

cell power is also complicated due to its fluctuation dependent on geographic considerations.>°



Despite the daunting challenge there are several areas where cost reduction can be achieved. Figure
1.5 shows a cost breakdown per kW of a PEMFC. It shows that other system components can be
targeted for reducing cost. The primary example of this would be the flow-field plates or B.P.P.’s

(bi-polar plates) which need to be reduced in both weight and cost for automotive applications.*
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Figure 1.5 - Low and high volume cost per component per kW for a PEMFC®%2 Reused with permission from Elsevier.
(licence 4084941240578)

The membrane electrode assembly (MEA) is often targeted as the area most likely to enable cost
reduction. With focus primarily residing on reducing the mass of precious metal catalyst required
to give a certain power per surface area (or per volume). The DoE produces targets that researchers
aspire to achieve. Figure 1.6 shows the DOE targets from 2008, highlighting that in 2015 the target

was a cost of $30/kW .53
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Figure 1.6 - DoE fuel cell price/kW targets from 2008.5® Reused under the ‘fair use’ policy from the U.S. Department of
Energy website

If these predictions and aims are compared to the same figure from the 2014 report, Figure 1.7.%*

the problem with over optimism and futurology becomes clear.
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The principle reason for the high price is the scarcity of the resources behind the precious metal
catalyst, with up to 95% of reserves in South Africa.>® The price of platinum has risen dramatically
in recent history with the price also dependant on market speculation.>®>” Often, energy security is
cited as a reason for a hydrogen economy; however, this geological restriction and price volatility

negates such arguments, whilst still relying on platinum.

1.3 Proton exchange membrane fuel cells

Within hydrogen fuelled proton exchange membrane fuel cells, hydrogen is oxidised at the anode
and paired to the reduction of oxygen at the cathode. This is achieved by establishing two exclusive
pathways, for protons (through the proton exchange membrane) and electrons (through an external
circuit) between the reaction sites at the anode and cathode. The reactions take place within a
cathodic and anodic catalyst layer, where platinum group metal (PGM) nanoparticles, anchored on
carbon microparticles, provide the surface for reaction, as shown in Figure 1.8. Electrons are

conducted through the network of carbon particles and protons migrate along Nafion® chains.

Figure 1.8 - PEMFC diagram showing catalyst layers and the HOR and ORR.
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Many PEM fuel cells are ‘air breathing’ using atmospheric oxygen to fuel the cathodic oxygen
reduction reaction (ORR), the cell in Figure 1.9 is an example. Hydrogen is supplied from a stored
supply and when supplied oxygen is used, as the examples in the space program®®, flow-field plates

(FFP) need to be designed to not interfere with the collection of current but also distribute the gases.

Figure 1.9 - 1kW PEM fuel cell stack.
The first cells to be constructed in this manner were pioneered by General Electric in the 1960°’s.>°

These solid polymer designs were enabled by development of the proton conducting membrane
Nafion® by Dupont.®® Many new proton exchange membrane materials have been investigated but
Nafion® remains the commercial lead.®%2 However, ever since the first hydrogen conversion
devices were conceived there has always been a reliance on precious metal catalysts due to the

electrochemical properties of the reactions.

11



1.4 Electrochemistry

This section aims to introduce the concepts within modern electrochemistry and provide an insight
for the reader into the techniques used (described in detail in the experimental sections of each

chapter). The theory within this section is adapted from numerous textbooks and lectures.53-"

1.4.1 Thermodynamic Electrochemistry

£ T
*
e

e
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Figure 1.10 - Illustration of the movement to a thermodynamic equilibrium at the energy minimum for the system

When at equilibrium, the change in Gibbs energy of a system is zero and can be expressed as shown

in Equation 1.1.

Equation 1.1
AGgys = —RTInK

where, R is the ideal gas constant (8.313 J KX mol™?), T is the absolute temperature (in Kelvin) and
K is the equilibrium constant. In general, K for a generic reaction can be described as per Equation

1.2 & Equation 1.3.

Equation 1.2
WA +xB = yC + zD
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Equation 1.3

x - LD
 [A]¥[BJ*

The simplest possible electrochemical experiment, is to consider a wire placed into a solution of
metal ions. The example in Figure 1.11 uses Fe?* and Fe** (Equation 1.4) in solution with a

platinum wire inserted into the solution.

Pt

Figure 1.11 - A diagram showing a platinum wire inserted into a beaker containing Fe?* and Fe3* ion species with a
counter anion, X

Equation 1.4
3+ - 2+
Fe(aq) + emetal = Fe(aq)

When the wire encounters the solution, charge can pass back and forth through the wire to the
species in solution to reach a thermodynamic equilibrium, Figure 1.10 and Figure 1.11. This
movement to a thermodynamic equilibrium can be viewed as balancing the Fermi level occupied
in the metal, to the HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied
molecular orbital) of the two charged metal species (Figure 1.12). It should also be noted that

although the same molecular orbital is being vacated and filled on the two metal ion species, there
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is a slight difference in energy of the orbital between the two states due to the change in solvation

field of the charged species.

Before After

Soliitioh Metal Original Fermi Level

/ Fermi Level /

Filled
Conduction
bands S EE—— Filled
Fe(CN).> Fe(CN)* } Conduction
/ bands

Original solution energy level

Figure 1.12 - Diagram showing the change in occupied energy levels in the solution and metal before and after the metal
rod is inserted into the solution containing ferricyanide.

This movement to a thermodynamic equilibrium creates a charge difference between the surface
of the electrode and solution, establishing a potential at the interface of the solution and the
electrode as charge is exchanged across that interface. That potential and charge is dependent on

temperature and the individual equilibrium constant for the given scenario.

Taking the reaction in Equation 1.5 a specific equilibrium constant can be described Equation 1.6.

Equation 1.5
3— — N 4—
Fe(CN)6(yqy + emetar = Fe(CN)s 4,y

As the electrons reside in the solid phase, the concentration is taken as unity, meaning the

equilibrium constant can be simplified.

Equation 1.6
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[Fe(CN)s(y|
[Fe(CN)G?c:q)]

1.4.2 Two electrode systems

The simplest case where measurement is possible is that of the two-electrode system, where the
potential (or polarity) between two electrodes can simple be measured with use of a digital volt

meter (DVM).

—
E cannot be directly
measured, introduce a
referance electrode
E=d- &b E=(d: GF(B- D)=V

Figure 1.13 - Diagram demonstrating the effect of introducing a second electrode into a solution to allow measurement

The use of two electrodes allows for a measurement to be taken, provided that, an equilibrium is
established at both electrodes (if this is not the case, the measurement will show a drifting voltage
and the measurement will be dynamic). Figure 1.13 shows a schematic of the Standard Hydrogen
Electrode (SHE) to which all other potentials are ultimately referenced to (under the International

Union of Pure and Applied Chemistry (IUPAC) standards). To establish a correct SHE, the acid
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concentration must be 1.18 M (unit activity) and the pressure of the H> gas equal to 1 atm. The

potential could then be converted to the Gibbs Energy of the system using Equation 1.7.

Equation 1.7
AG® = —nFE®

where n is the number of electrons, F is the Faraday constant (96487 Coulombs) and E is the
equilibrium potential. Through combining this equation with the previous equation for Gibbs free
energy a form of the Nernst equation can be obtained (Equation 1.8, using the previous example of

the ferri/ferrocyanide example).

Equation 1.8
4,_
_RT [FE(CN)%q)]

— [O
BT PRTTN

where EC is the standard equilibrium potential for the ferri/ferrocyanide couple.

1.4.3 The Thermodynamic relationship of equilibrium potential and pH

The Nernst potential and the thermodynamic understanding of equilibrium potential described
above relies on a system which does not significantly change bulk concentration, or in practicality
pass large net currents. A description of kinetic parameters follows this section. However, it is
important to first consider the effect of changing the bulk concentrations with respect to
establishing equilibrium potentials. The most common of these is the effect of changing the pH of
the solution, which can have a large effect on the observed thermodynamic equilibrium potential.

If a generic electron transfer (half reaction) is taken to be (Equation 1.9),

Equation 1.9
A+ e =B
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the reality, generally, will be that the uptake of a negative charge by A to produce B will be
accompanied by the uptake of a balancing charge, in this case a proton, so that the reaction becomes

(Equation 1.10),

Equation 1.10
A+xH*+ye” =B

Forming the relevant Nernst equation as described above (Equation 1.8) it can be shown as

(Equation 1.11),

Equation 1.11
E,rr = E? RTl _1B]
eff = “fap y_F n[A][H+]x

This can be rearranged, so that (Equation 1.12),

Equation 1.12
RT 1 RT B
A6 yF U [HY]*  yF o [A]

Leading to (Equation 1.13),

Equation 1.13

. XRT RT B
Eeff = EfA/B —2.303 y_FpH - y—Flnm

This shows the direct correlation between pH and the observed equilibrium potential. If (as will
be seen in analysis in chapters 4-8) a plot is taken of observed equilibrium (or E11) is plotted against

pH the slope of that graph will depend on x/y. If x=y, then the gradient will equal 59 mV.

1.4.4 Dynamic Electrochemistry

Most electrochemical measurements depend on a movement of electrons and the monitoring of
current. Taking the two electrode system above, if either of the electrodes sees a passing of current

the equilibrium is shifted and no longer represents the thermodynamic equilibrium resulting in an
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incorrect measurement. It is possible to perform experiments using two electrodes whilst passing
current. However, careful consideration must be taken as any potential observed (or applied)
represents a polarisation between the electrodes without knowing which electrode is primarily
being polarised. Using a three electrode (Figure 1.14) system allows for the isolation of the
reference electrode from passing current, as such the reference value can be maintained at a stable

equilibrium.

( Counter Electrode is added
' | to form a complete circuit with the - >

Referance Electrdoe

However, due to resistance
of the Electrolyte, the Referance
must be placed close to the
Working Electrode (red arrow)

Figure 1.14 - Three electrode system

The notation for the electrodes are, the reference electrode (RE), the working electrode (WE) and
the counter electrode (CE). In Figure 1.14 the RE is shown as an SHE. The CE is used to pass
current with the RE isolated from this part of the system with a high/infinite impedance. A voltage
is applied between the CE and WE to achieve a desired polarisation between the RE and WE. The
WE is where the reaction being studied is taking place and again several considerations need to be
made to ensure this is the case. The largest consideration must be that the reaction at the counter

electrode, passing a balancing charge transfer, must be significantly labile and uninhibited as to not
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affect the passing of current at the WE. This leads to the CE commonly being a large surface area

Pt mesh.

The method of applying a polarisation to the working electrode plays an important role in
determining the information gathered from the system. First, consideration must be given to the

effect on the system of moving the potential at the interface away from its equilibrium potential.

The electrode/solution interface where electron transfer takes place has been modelled in a variety
of ways. Many models have been developed to consider the decay of potential into the solution and
these are shown in section 1.4.7. A simplistic model is shown in Figure 1.15, depicting the same

electron transfer highlighted in previous sections.

-
/ Fe(CN)é(buzk)
ffﬁ Kpuicar

e

Electrode Solution

!

Fe(CN)sgqy I

= E%}ﬂ/&t I
€metal ‘

Fe(CN)s gy, I

\!

Figure 1.15 - Simplistic diagram of electron transfer at an electrode/solution interface
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In this given example, the reactant must move to the vicinity of the electrode surface before
undergoing reduction. The magnitude of the current passed due to this reduction is proportional to

the flux, j (Equation 1.14 ( mol cm s1)) of reactant undergoing reduction at the surface.

Equation 1.14
I = nFAj

where, | represents the current, n is the number of electrons involved in the reaction (in the
reduction shown in Figure 1.15, n=1) and F is the faraday constant. The rate equations governing
the rate at interfacial regions can generally be defined in a similar manner to those of homogenous

reactions so that (Equation 1.15),

Equation 1.15
Rate = ky[reactant]|?,,

where, kn is an n'" order rate constant. It is important to note that the concentration is that at the
surface rather than the bulk solution (denoted [Jai in Figure 1.15). In reality Figure 1.15 is too
simplistic to describe the system fully. Additionally, the heterogeneous rate constant, as denoted in
Equation 1.15, is extremely sensitive to the electrode potential as will be explored in the following

sections (1.4.6).

1.4.5 Mass transport

As can be seen in Figure 1.15 the movement of a reactant species towards the surface of the
electrode has a large effect on the surface concentration of the species and as such any observed
current. If a reaction proceeds via a fast charge-transfer process (Figure 1.15, ket) and is fully

reversible (often termed Nernstian) then the rate of reaction will be completely dependent on the
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rate at which a reactant species is brought to the surface (Figure 1.15, Kouk-a1). There are three
principle mechanisms for the arrival of a reactant species to the surface. Those of,
e Migration — the movement of charged species across an electric potential gradient
e Diffusion — the movement of a reactant species due to a chemical potential gradient, such
as a concentration difference
e Convection —either natural convection, the natural movement of molecules due to density
gradients, or forced convection where movement is induced mechanically such as through

stirring.

A full mathematical description of these processes is very complex in 3 dimensions, however they
can be treated in one dimension relatively easily. As will become clear in section 1.4.8, due to the
effects of surface area on mass transport these assumptions prove valuable experimentally. The

description is given by the Nernst-Planck equation (Equation 1.16),

Equation 1.16

6C.(x) B szD . &g(x)

C
Sx RT " X + Crv(x)

Jr(x) = Dy
Where, jr(x) is the flux of species r, at a distance of x from the surface, Dy is the diffusion
coefficient of species r, Cy is the concentration of r, z is the charge of the species, ¢ is the potential
and v 1s a velocity of a given volume moving across the axis. Care is given to designing experiments
which can reduce the corresponding parts of the equation to negligible quantities so that the
equation can be solved for a given example. For example, when large concentrations of supporting
electrolyte are used the effect of migration across a potential gradient for a given reactant species
(r) can be ignored. Additionally, in the case of hydrodynamic experiments such as the rotating disc

electrode (RDE) such large velocity elements are used that they become the dominant factors.
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1.4.6 Kinetics (Butler-VVolmer)

Mass transport although a large factor in the current observed is secondary to the kinetics exhibited
by a set reaction. Taking the same reaction as previously (Equation 1.5), it can be expressed

(Equation 1.17),

Equation 1.17
ky
3—- - N 4—
Fe(CN)6(aq) + €metal ];_ Fe(CN)6(aq)

o

Where kr and ko are the reductive and oxidative rate constants. It thereby follows that (Equation

1.18),

Equation 1.18
Rate = kr [Fe(CN)syy | ko [Fe(CNY6 gy ]

sur

As was briefly mentioned earlier kr and ko are dependent on potential. Both the reactant and product
of the reduction are charged species and as such will be affected by the potential of the solution or
the electrode. As such, the Gibbs energy reaction profile changes as the potential of either the
solution or the electrode is changed. This either favours the products or the reactants at a given
potential difference between the solution and electrode, and creates a dynamic change with respect

to the rate constants, kr and k.

Two Arrhenius equations can be used to relate the rate constants to the Gibbs energy of activation.
These both include a pre-exponential factor relating to the collision frequency of reactants with the

electrode (Equation 1.19Equation 1.20).

Equation 1.19

—AGE
k, = A,exp

RT
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Equation 1.20

—AGE
k, = Ay,exp

RT

These Arrhenius equations can be taken with the conversion of the Gibbs energy of the transition
states and the conditions at equilibrium to give equations directly relating to overpotential (#, that
is the difference between observed potential, E, and the formal potential, Ef). These equations also

include the transfer coefficients a (Equation 1.21) and B (Equation 1.22).

Equation 1.21

—ann
Kyreq = k° exp[ RT ]
Equation 1.22
pnn
ko = k° exp [ﬁ

For a simple 1 electron transfer (fully reversible) the transfer coefficients « and £ follow the

relationship (Equation 1.23),

Equation 1.23
a=1-pf

The magnitude of a relates to the position of the transition state between the reactants and products
along the reaction co-ordinate; if alpha is close to 1 then the transition state is similar to the
products, whereas if it is close to zero than the transition state is close to the reactants. In most

cases, and as a first approximations, these terms o and £ are approximate to 0.5.

These equations are a form of the general Butler-Volmer equation (Equation 1.24) which describes

the current produced due to overpotentials away from the equilibrium potential.

Equation 1.24

| = o |ex [’Bﬂ] —ex [—ann
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It must be noted that the Butler-Volmer equation is only valid when the current is not influenced
by the mass transfer phenomena previously mentioned (section 1.4.5.). The limiting cases of the

equation provide useful analysis tools.

Specifically, in high anodic and cathodic overpotentials the equation can be reduced to the
contribution of only either anodic or cathodic elements. As such, the equation can be transformed
into the anodic (Equation 1.25) and cathodic (Equation 1.26) Tafel Equations.

Anodic,
Equation 1.25

. . pnF
log(i) = log(i,) + —=7

RT
Cathodic,
Equation 1.26
log(i) = log(iy) — &
og(1) = logli, RT n

Where i, is the exchange current density, the rate of reduction and oxidation at equilibrium.

1.4.7 Interfaces within Electrochemistry

The effective control of current by the kinetics of the reaction and the mass transport of reactants
is largely determined by the state of the interface between electrode and solution. An important
consideration is that the reactant species is usually the minor component within the overall system.
The major constituent is the solvent, in most cases this is water (Error! Reference source not
found.Figure 1.16) which possesses a dipole and will react to any potential applied or local charged

species, creating either a solvent sphere around charged species or the electrode.
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Polar Molecules

1.86D

+0.179
Electronegativity Partial Charges Overall Dipole Moment

Figure 1.16 - Water molecule

In addition to the solvent, the system will also commonly contain an electrolyte, to increase
conductivity of the solution, minimise Ohmic drop between the working and reference electrode,
suppress effects of migration and decrease the size of the double layer. The electrolyte is in much
greater concentration than the analyte, meaning that the behaviour of the electrolyte species chosen
can have a large impact on the electrochemistry observed. As such, the solvent and electrolyte play

a large role in determining the nature of the interface between electrode and solution.

The nature of charged species, or those with dipoles, to orientate themselves with electric fields or
around charged species leads to several key characteristics of interfaces. Figure 1.17 shows the
concept of the ‘Helmholtz’ model and introduces the concept of the Helmholtz plane or electrical

double layer.
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Helmholtz Model
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Figure 1.17 - Helmholtz model describing capacitive double layer - Diagram adapted from lectures presented by Dr S. L.
Horswell, University of Birmingham

If the surface of the electrode has a potential difference to that of the solution it possesses a charge.
This is balanced by an equal and opposite charge in the system, if the system is at equilibrium. This
effect can be modelled as a capacitor; with oriented charged species and oriented solvent molecules
acting as one capacitor plate and the electrode the other. In Figure 1.17 the distance d is the distance
between the electrode surface and the centre of the charge balancing species in solution. This
distance is directly proportional to the capacitance of the system and represents the distance
between capacitive plates when modelled as a capacitor. The ‘Helmholtz’ model is very simplistic

and only applies to very simple models at equilibrium, not accounting for surface roughness nor

for diffusion when the system is moved from equilibrium.
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Gouy-Chapman Model

Poisson-Boltzmann Distribution

- Electrostatic forces opposed by 1
Brownian Motion Charge
(6}

- Results in a "'difuse layer'' close to the
surface

Obtalned through balancing electrostatic attraction
with the random motion of lonic liquids

Figure 1.18 - Gouy-Chapman Model of Capacitive Double layer, Diagram adapted from lecture notes presented by Dr
S.L. Horswell, University of Birmingham

To account for the oversimplification numerous models have been developed. Figure 1.18 shows
a diagram of the Gouy-Chapman model which describes a fall of charge extending into the solution
away from the electrode surface. When the Gouy-Chapman model and the Helmholtz model are
combined, a model is generated describing two capacitors in series; to incorporate an inner layer
close to the electrode surface and a second diffuse region into the solution. This model is commonly
known as the Stern model and is shown in Figure 1.19.

Stern Model Inner layer diffuse layer bulk solution

Figure 1.19 - Stern Model of Capacitive double layer, Diagram adapted from lecture notes presented by Dr S.L.
Horswell, University of Birmingham
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These models do not account for any interaction with the actual surface of the electrode across the
interface. Molecules will break through their solvation sphere and directly interact and bond with
the surface. The Grahame model (Figure 1.20) takes this into account separating the inner layer of

the Stern model into an inner and outer Helmholtz plane.

Inner Helmholiz Plane (IHQ Outer Helmholtz Piane (OHP)
-
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Figure 1.20 - Grahame Model of capacitive double layer, Diagram adapted from lecture notes presented by Dr S.L.
Horswell, University of Birmingham

1.4.8 Measurement in electrochemical systems

As previously discussed measurement in electrochemistry commonly makes use of the three
electrode cell. Techniques using two and four electrodes are also used but are much less prevalent.
Control of either the potential (potentiometry) or the current passing (galvanometry) at the WE is
used to investigate the phenomena observed. Perturbations away from equilibrium (for a system)
cause a current to flow in response and the nature and magnitude of this response details that
systems behaviour. To control the potential a potentiostat (or galvanostat if controlling current) is

used like that shown in Figure 1.21.
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Theoretical Voltage Controlled, R

Current Monitored Potentiostat
@ '
E| OPA

Figure 1.21 - Basic Voltage controlled, Current monitored potentiostat diagram with the connections shown to a three
electrode cell.

Figure 1.21 shows the basic practical potentiostat which allows for the control of potential applied
through a variable resistor included within the circuitry connecting the WE, RE and OPA. The

current is monitored by measuring across a resistor connected between the OPA and the CE.

Linear Sweep Voltammetry

The simplest form of voltage signal applied to a system is linear sweep voltammetry. The
potentiostat applies an increasing voltage between the WE and CE. The increase is linear with time,
with the scan rate, recorded in V.s™. As potential scanned it causes a response in current described
by the Butler-Volmer equation and the Tafel equations. However, as the potential is moved further
away the concentration at the surface and in the bulk solution differ, as such mass transport

dominates the current produced.
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Potential
Current

time time

Figure 1.22 - Potential with time and a typical current response for linear sweep voltammetry

Figure 1.22 shows a typical positive sweep linear scan voltammogram, showing the potential
profile with time and the current observed with time. This is shown to be a positive current as an
anodic reaction is taking place, the initial increase in current can be calculated by the anodic Tafel
equation. This reaches a maximum where the concentration at the electrode surface has shifted
from that of the bulk and mass transport dominates the current observed creating the archetypical

voltammogram ‘wave’ shape.

Cyclic Voltammetry

Cyclic voltammetry uses the same underlying principle as linear sweep voltammetry using a
constantly increasing or decreasing voltage applied to the WE at a set scan rate. However, the
voltage is cycled, from a chosen point to a set value before returning in a cyclic nature. A typical

voltage-time profile is shown in Figure 1.23.
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Figure 1.23 typical voltage-time profile and current time profile for a cyclic voltammogram

Figure 1.23 shows a simplistic profile and the typical current response of a reversible system. As
with the linear sweep voltammetry the typical ‘wave’ shape is observed but as the potential is
cycled it is observed in both the forward and reverse sweeps as the anodic and cathodic waves (the

oxidative and reductive reactions).

Wave-shape and characteristics

Due to the cyclic nature of the excitation both the cathodic and anodic responses are seen during
the scan and because the scan covers a large potential window, areas of high and low over-potential
are exerted on the redox couple investigated. This produces an anodic and cathodic curve, often
referred to as a wave. The point of peak current (both anodic and cathodic) represents the point
where the concentration within the double layer has been exhausted and the current is totally mass-
transport limited moving further in excitation from the redox couple’s equilibrium potential. The

value of peak current (for a fully reversible redox process) is given by the Randles-Sevcik equation

(Equation 1.27).
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Equation 1.27
i, = 268,600 n*2AD/*Cv1/?

where, i, = peak current, 268,600 is a constant applicable at room temperature (25 °C), n = number

of electrons transferred, D is the diffusion coefficient, C is the concentration and v = the scan rate.

This equation has the potential to allow the determination of diffusion coefficients for a given redox

species if a series of scans is completed across a few decades of scan rate values.

Surface bound electrochemistry

Redox active adsorbed layers behave differently to a standard solution phase redox couple. The
adsorbed species can act as a capacitor but is an additional layer between the substrate and the
solution. This can be imagined to be a region of a differing concentration to the bulk solution.

These can be described by certain isotherms and a discussion of these is taken further in chapter 3.

The difference in concentration profile produces a markedly different wave shape as to that
observed for solution based redox couples. As the concentration at the surface cannot be
replenished a symmetrical peak is formed, eventually returning to zero current as the reactant
concentration is fully depleted. If the system is fully reversible and follows a traditional Langmuir

isotherm of adsorption the peak occurs at the equilibrium potential.

Perhaps the most crucial difference experimentally between the solution phase cyclic voltammetry
and surface adsorbed species cyclic voltammetry is the change in the relationship of peak current.

As there is a finite amount of material the response is no-longer diffusion controlled, this allows
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for the calculation of the number of species attached (if the number of electrons is known) through

charge transferred and a different equation for peak height, Equation 1.28.

Equation 1.28
n2F?
iy = ART VAT

where, I"is surface coverage.

Electrochemical Impedance Spectroscopy

Traditional voltammetry yields potential dependent information, whilst EIS can use a type of
voltammetric measurement to yield frequency dependant information. It yields benefits of being
relatively nonintrusive to the system and yielding time dependent information quickly. Simply, EIS
measures the change of a frequency signal between the input and output. In the case of a
voltammetric technique an alternating current (AC) signal of changing frequency is applied on top

of a predetermined direct current (DC) signal.

Through Function

— System |

Across function

Figure 1.24 - a simple linear circuit element diagram explanation
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Figure 1.24 shows a simple linear circuit element, the system could be a resistor, with the through
function being current and the across function being voltage, defined by Ohm’s law (Equation

1.29).

Equation 1.29
V=RXI

This can be related to the impedance of the circuit element through the definition shown in Equation

1.30.

Equation 1.30

across function |4
Impedance = - or Z=—
through function I

The difference in input and output signal can be quantified and yield information. Input and output
functions can be described to be related through a transfer function. As such, the above example,

could be ascribed to have a current transfer function and a voltage transfer function.

Any system has an equivalent circuit that can be used to describe (and model) the effect that the
system has on an input signal. Another basic circuit element is the capacitor with the relationship

Equation 1.31,

Equation 1.31

I—deV
B dt

It is important to note that the relationship includes a time factor, unlike that of a resistor. The
input signal used is commonly of a linearly increasing frequency. This dependency on a time
constant for a specific element of capacitance means that if these two elements are combined in a
system, information about the individual elements can be isolated. The difference in input and

output signals, yields this information. Figure 1.25 shows an example of a single frequency signal
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that can be applied, with an example of an output signal. It shows the difference in angular moment
of a single point of that signal. The two components which are measurable are the magnitude and

the phase of the input and output signal.

Phase
1.01

Magnitude
1.00 g

0.99

Potential / V

0.98 —— Input

) Output!

0.97 . .
0 1 2

Time/s

Figure 1.25 — Left, example of a single frequency input and ‘typical’ output signal at 0.5 Hz with a single sine amplitude
of 0.01 V on-top of a DC 1 V signal. Right, a view down the X-axis (time) of a single point if the input and output signal

Obtaining the information and representing it, is achieved with the use of complex exponentials,
a full description of this mathematical treatment is beyond the scope of this introduction. However,
this treatment allows for the information of phase and magnitude to be separated and for the data
to be represented to yield information. If the impedance (Z) has magnitude ( | Z | ) and phase (0)

then it can be expressed as Equation 1.32, Equation 1.33 & Equation 1.34.

Equation 1.32
Z=|z|e"

Equation 1.33
Z = |Z]| cos(x) + |Z]jsin(x)

Equation 1.34
Z = Real(Z) + Imaginary(Z)
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Figure 1.26 demonstrates how this mathematical treatment generates each point that is plotted on

a Nyquist plot.

- Imaginary (2)

|Z|

ReaIV(Z)

Figure 1.26 - Explanation of treating EIS data mathematically to produce data for a Nyquist plot

This technique can be used to gain valuable information about a system if the correct equivalent

circuits are used. Taking a simple resistor, its effect on input signal and the effect of increasing

frequency can be imagined, as shown in Figure 1.27.

- Imaginary (Z)

Real (2)

Figure 1.27 - Example of a resistor equivalent circuit and the complex plane representation
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A resistor creates no phase change between voltage and current, both components are in phase and
there is no imaginary component in the complex plane. However, if instead a capacitor is taken as

the equivalent circuit it produces a different transformation as shown in Figure 1.28.

- Imaginary (2)

Real (2)

Figure 1.28 - Example of the complex plane exhibited by a capacitor circuit element

If both elements are included in series, they produce both effects, shown in Figure 1.29.

- Imaginary ()

Increasing — |
Frequency

Real (2)

L@ Y X X
pel
(@)

t=1/w=RC

Figure 1.29 - diagram showing the complex plane exhibited by a R and C in series equivalent circuit
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Figure 1.29 helps show the important difference between a resistor and a capacitor within the
complex plane representation. At high frequency, the resistor dominates and at low frequency, the
capacitor dominates the effect on the input signal. There is a point of transition that can yield

valuable information on the system, highlighted in the figure.

If the elements are placed in series the effect is harder to imagine and Kirchoff’s law (parallel
addition) is used to build a system model. The effect on the complex plane can be seen in Figure
1.30. The combination leads to a more complicated complex plane with information harder to

attain. However, the transition point, relating to the time constant yields information.

et
" R,C

N
me—
.

- Imaginary (2)

Real (2)

Figure 1.30 - the complex plane exhibited by a series and parallel circuit of resistors and capacitors

The complex plane is an excellent way to show the effect of circuit on a signal however data
compression can occur in these plots. Depending on the complexity of the circuit, Bode plots may

be yield more valuable information (see bottom left of Figure 1.31).

An additional element is needed to describe traditional electrochemical systems. Resistors and

capacitors can be used to model an electrochemical system close to the equilibrium potential,
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within the limits of kinetically controlled current (and current holding true to the Butler-VVolmer
Equation) but with the addition of mass transport effects, another element is needed to describe
diffusion to the electrode. This element is called the Warburg impedance and factors diffusion into
the part of the model system describing charge transfer. Together with resistors describing the
uncompensated resistance (sometimes referred to as the system resistance, or commonly solution
resistance) and charge transfer resistance; and a capacitor to describe the double layer charging
effect. A Warburg element helps complete the Randles equivalent circuit describing charge

transfer, this is shown in Figure 1.31.

.g (e}

c ~

3 ~N

3 )

o

time Z2/Q
Randles Circuit

g

< s

N A o
=

Frequency / Hz

Figure 1.31 - Top left, input signal, top right - Nyquist plot, bottom left the bode plot and bottom right the equivalent
circuit (the Randles circuit)
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1.4.9 Electrodes

The material that the working electrode is constructed from has a dramatic effect on the interface,
the way a redox couple can interact and on the adsorption properties of a given substance. As such
the material chosen for the working electrode can affect the electrochemistry observed and the

performance of any device.

The aim of analytical electrochemistry is to establish a known system so precise characteristics of
that system can be identified. This leads to the need for materials with very well defined and
documented behaviour and physical properties.”> Commonly metals such as gold and platinum are
used due to the extensive research conducted into the materials, their noble nature and understood
catalytic properties. However, carbon materials now dominate analytical electrochemistry due to

their large solvent window, lower catalytic activity, lower price and ease of use.

Carbon Electrodes

Carbon can be used to form many different conductive materials from boron-doped diamond
(BDD) to graphene. The ability of carbon to interact with a large variety of elements leads to a
large range of surface modifications.” Each material has distinct characteristics affecting any
interaction and adsorption profile of redox active layers. The most prevalent material in use within

analytical electrochemistry is glassy carbon (GC).

Glassy Carbon

Glassy carbon is formed by heating a polymeric resin (the first being a phenolic resin®) under a

controlled atmosphere across its glass transition temperature. This leads to a graphitic structure
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based on large, loosely tetrahedral, interconnected and inter-woven ribbons with a basic sp? (or
fullerene) like bonding structure. This is achieved through the elimination of water and hydrogen
from the starting material, initially forming the ribbons and subsequently creating crosslinks.” The
surface of the material is affected by the preparation technique used to prepare the electrode for
experimentation.’® If the surface is left for too long before use in experiments, the surface can
become ‘dull’ due to oxidation of the surface. Different methodologies for creating GC products
exist, exhibiting different electrical properties, for example heating above 1500 °C decreases the
hardness of the material but increases crystallinity due to the ‘straightening’ of the ribbons.”
Additionally, the functional groups at the surface of the carbon structure greatly affect the type of

interaction occurring and subsequently the electron-transfer process.’®

Traditional graphite, even basic pencil ‘lead’ has been used as electrochemical working electrodes.
Basic graphite can be a cost effective alternative to some exotic carbons and as discussed below is
commonly used within fuel cells as a bi-polar plate material. The structure of bonded sheets of sp?
hybridised carbon leads to a highly conductive soft material. However, its soft nature and unordered

natural state can produce difficult to interpret data.

Highly Ordered Pyrolytic Graphite (HOPG)

HOPG can be used as a more precise, but more expensive, option to natural graphite. With a very
well ordered structure, it can either be obtained through chemical vapour deposition or the heat

treatment of carbon material to graphitise the material producing a high degree of crystallisation.

41



Highly ordered

Basal Plane Edge Plane

Figure 1.32 — Diagram of the structure of HOPG, highlighting the edge and basal planes, the use of which subsequently
produces the EPPG and BPPG elecrtodes surfaces.

EPPG and BPPG

The orientation of the crystal graphite can produce edge plane pyrolytic graphite (EPPG) and basal
plane pyrolytic graphite (BPPG) (Figure 1.32). These two orientations of the graphite crystal can
result in drastically different electrochemistry, with some redox couple showing reversibility at

EPPG whereas irreversible behaviour at BPPG.
EPPG electrodes are obtained by orienting the crystal with the sheet planes perpendicular to the

electrode surface, therefore upon polishing exposes a high degree of edge surface sites and a higher

electron conductivity. Whereas, BPPG is obtained with the sheets orientated flat to the surface,
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depending on the preparation method the degree of edge-site character of the BPPG can differ due

to the fracturing of surface sheets leading to steps on the surface exposing edge sites.

Plastic Formed Carbon Electrode

An additional material is the relatively new plastic-formed carbon (PFCE): A material formed by
mixing graphite with binders and heating to a relatively low temperature when compared to that of
glassy carbon. The resulting material exhibits electrochemical properties similar to that of HOPG
but is much cheaper. Additionally, the ability to form the material has led to its suggested use as a

material for electrodes within fuel cells, batteries and solar cells.

Modification of Electrode Surfaces

Surfaces of electrodes have been modified to make use of the different chemical and
electrochemical properties of the modifying element or molecule. Many different methodologies
exist for creating a modification, from simple dipping techniques through to complicated plasma
vapour deposition. Modifications with heteropolyacids are discussed later within this introduction
(section 1.10). In sensors, the selectivity of either a film or specific molecules are used to produce

electronic signals from a very specific target chemical or physical condition.

In other areas, the unique catalytic or redox properties of a chemical are used to produce a specific
type of reaction or to produce catalysis. Within Fuel cells typically carbon is used as the ‘bulk’
electrode material with a modification of both Nafion™ and Pt nano-particles to enhance proton

transport and to catalyse the HOR and ORR.
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Fuel Cell and Application based Electrodes

Fuel cells and application based electrodes are not just concerned with the catalytic activity of an
electrode surface but at what economic cost that activity is achieved. The most commonly
associated Hydrogen fuelled proton exchange membrane fuel cell electrode surface can be ascribed
in at least two parts. The MEA and the bipolar plate, both can be described as electrodes (or in the

case of the MEA an assembly of electrodes).

The MEA, in generals aim to create the highest current density (mA.cm™) by maximising the
exposure and activity of a Platinum surface. The Bi-polar plates have a lot in common with other
electrodes structures in Batteries (both conventional and flow) and even electroplating. They can
be constructed in a variety of materials, evolving from pressed metal sheets, expanded metal (and
carbon) foams, Computer Numerical Control (CNC) milled graphite, through to conductive

polymers and composites.

1.5 The chemistry and catalysis of current PEMFCs

The established techniques to extract energy from fuels uses combustion to release the stored
chemical energy. However, completing this process electrochemically is more efficient by at least
20-30%."7 It is difficult to isolate an exact working efficiency for a PEMFC due to the different
efficiency calculations that are used, whether its well-to-wheel, combined heat and power, or pure
coulombic efficiency, but typically values between 40-60% are quoted for the operating efficiency

of a PEMFC stack.”880
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The reasons for this increase in efficiency are attributed to the reduction in wasteful energy
conversions occurring. The overall reaction involved is the conversion of hydrogen and oxygen to

water (Equation 1.35).

Equation 1.35
2H, + 0; — 2H,0 E° =123V
a

This reaction has a large thermodynamic driving force of around -237 kJ.mol? (maximum
electrical work) and combined with the density of hydrogen (0.09 g.L™* at STP) is the reason
hydrogen is such a desirable fuel when combined with its relative abundance. Without separation
into two half reactions this principle reaction would proceed via combustion and the energy could
not be extracted directly as electricity. However, as Grove showed the reaction can be split into

two half reactions, Equation 1.36 and Equation 1.37.

Equation 1.36
2H, = 4H" + 4e~ E°=0.00V

Equation 1.37
0, +4H" + 4e~ = 2H,0 E° =123V

If the concentrations of reactants are maintained at the electrodes and a suitable catalyst is used a
stable voltage can be maintained. However, losses within the cell lead to a depressed operating
voltage and, due to kinetic limitations and design issues, lower current densities than one might
expect. Some of these losses are due to electrical resistance or ionic resistance through the
membrane, often referred to as ohmic losses.?82 Additionally, a mixed-potential loss can be
incurred if side reactions occur, such as hydrogen peroxide formation at the cathode, which can
additionally corrode the carbon support.8384 It must also be noted the effect that poisoning can have
on the cell performance, with CO poisoning of the anode catalyst a big research priority, due to the

need for expensive, high purity fuel streams.8-#’
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Losses can be described mathematically and a complete description can be found in the textbook
“Fuel Cell Systems Explained’’, authored by Larminie, J. and Dicks, A.28. Activation loses can be
described by using a form (Equation 1.38) of the previously described Tafel equations (Equation

1.25Equation 1.26).

Equation 1.38 ]
l
V=Aln (—)
Lo
In Equation 1.38, the constant A reflects the rate of reaction, i is the observed current and i, is the
exchange current density. A was described as Equation 1.39 in 1976 by Mcdougall®® for a hydrogen
fuelled fuel cell. With exchange current density being a measure of the activity of the catalytic

surface, nominally being the current value at which voltage losses are observed.

Equation 1.39
_ RT
~ 2aF
Activation losses occur at the cathode and anode, leading to Equation 1.40.

Equation 1.40 . .
Vactivation oss = Acln <i> + Agln <L>
lo,c lo,a
However, the losses are different between electrodes, with much lower losses at the anode due to
faster HOR kinetics and small mass transport losses. This leads to huge difference in the catalyst
loadings between the anode and cathode. The DOE currently states the state of the art total catalyst
loading is 0.15 mgPGM.cm with a mass activity 0.47-0.67 A.mgPGM1@900mV.%>*! [ oadings
as low as 0.01-0.03 mgPt.cm have been reported®-°* although commonly these do not meet the
DOE degradation targets or are tested at unrealistic load conditions. Commonly the anode is

attributed to around 20% of the PGM content of the PEMFC unit.%+ %
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This means that the activation losses can in general be described with one term, reflecting the losses
at the cathode. An initially depressed voltage, from the Nernstian 1.23V, can be caused by fuel
crossover and internal currents, due to hydrogen crossing the membrane and the migration of
electrons across the polymer producing an ‘internal current density’.8 Often termed a mixed
potential this leads to a highly volatile OCP and an initial drop in voltage. This can be modelled by
incorporating the internal current density (in) into Equation 1.38 and using the predicted

equilibrium potential (E) leading to Equation 1.41.

Equation 1.41

i+ iy
V=E-A ln( )
lo
The description of Ohmic losses can be achieved simply through the uses of Ohm’s law (Equation
1.29). However, the losses of due to mass-transport of reactants and products is more complicated
and a complete description is given by Larminie, J et al.® A change in reactant pressure on the

voltage of the cell can be described by Equation 1.42.
Equation 1.42
AV = RTl (P2>
~ wF \p,

This can be converted into current values and due to the dominance of the cathode, isolated to the

mass transport of oxygen so that the effective voltage loss can be described,” (Equation 1.43).

Equation 1.43

- RTl (L)
- TR\

“These descriptions are not a practical simulation but merely a guide to the losses within a PEMFC.

47



The term i; denotes the limiting current at which mass transport becomes a dominant factor in the
voltage/current relationship. The relationships defined by Equation 1.35Equation 1.43 can be
combined to reach an overall description for the current/voltage relationship often observed for a
PEMFC and the characteristic ‘I/V curve’ or ‘Power Curves’ that can be obtained experimentally.

This results in Equation 1.44 and the plot in Figure 1.33.

Equation 1.44

i+ i,\ RT i+ iy
% (i+ipr ln( o )+ aF ln( L )

1.4 'no loss'
1.2 o : :
I mixed potential losses
1 \'activation losses'
; 0.8 '\'E)hmic losses'
O
8
c \
9206
<)
o
0.4 'mass-transport losses'
0.2
0
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Current Density / mA.cm

Figure 1.33 — Plot using the equations described (Equation 1.35 to Equation 1.44) to model a description of the different
losses within a hydrogen fuelled PEMFC. For values used within equations please see
Table 0-1 in appendix section 10.1.5.

The focus for reducing these loses has been catalyst development. When referring to the anode

catalysts, many studies focus on the poisoning effect of CO within the fuel stream as this is seen
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as the predominant area for improvement with regard to these catalysts. The mechanism is assumed
to proceed through an interaction with an adsorbed Pt-H (or PGM-H) species predominated with

adsorption to the Pt(111) crystal face.%%1%4

With reference to the ORR reaction, there is still much debate about the reaction pathway and
mechanism, with a host mechanisms suggested depending on temperature, pressure, potential and
pH.30:105-109 Some argue, that at low temperatures (below the desorption temperature of water) the
reaction proceeds autocatalytically through water reacting with unreacted O adatoms to adsorbed
OH groups, whereas, at high temperature the reaction proceeds through H adatoms interacting with
O adatoms through standard kinetic steps.t!? Others have studied the reaction with in-situ XRD
and XAS and suggested the reaction proceeds predominantly through a Pt-O intermediate with

both o and p Pt-O; species detected.!!

1.6. Alleviating reliance on primary platinum sources

This thesis concentrates on three routes to alleviate the reliance on primary platinum sources. The
first route explored is that of reduction: continuing to source platinum from primary ores but to
reduce the mass of platinum used to generate the same current (or power) densities within a
PEMFC. There have been many studies in this direction and section 1.7 explores these in detail.
Experimentally the use of lithographic techniques to precisely place platinum atoms on surfaces to

create atomically designed surfaces is demonstrated in section 2.1.
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The second is recycling: to increase the ability to recycle platinum and other PGMs from sources
which are currently uneconomical. Section 1.8 discusses the current techniques and the possibility
of recovering PGMs through biohydrometallurgy and experimentally the electrochemistry
exhibited by palladium biomass material produced through biohydrometallurgy is investigated in

section 2.2.

The third method is to replace platinum and PGMs within the PEMFC. There have been many
attempts to develop alternative catalysts and section 1.9 focuses on this area. Introducing the
possibility of changing the chemical architecture of the PEMFC to accommodate a different
catalytic route to the ORR through a technique brought to the market by ACAL Energy Ltd. Much
like the chemistry of the ORR, the chemistry of this system is currently not fully understood and
trying to understand this chemistry and its subsequent electrochemical behaviour forms the core of
this thesis. Chapters 3 to 7, cover the experiments conducted towards developing an understanding

of the complex electrochemistry involved.

1.7 Reducing platinum content within PEMFC units

Some researchers have focused on maintaining an active platinum surface whilst reducing the mass
of platinum within the PEMFC, developing particulate catalysts that generate the highest
electrochemical surface area per gram of platinum. The first steps towards this was the use of
platinum black,*? followed by the use of carbon supports for particulate platinum.®*1% These

development steps have established the current leading commercial catalysts; produced by
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supporting nano-particulate platinum on macro-particulate carbons which are then manufactured

into a catalyst layer (CL) containing an interlaced web of Nafion® within the CL.

These techniques produced gains in current (or power) densities within a PEMFC (for a given mass
of platinum). However, they can also lead to degradation, with carbon corrosion or agglomeration
of platinum nanoparticles, leading to reduced performance over time. This has led research into
carbon support materials*'® and stabilising platinum nanoparticles on the surface!'**° or indeed
manufacture methods which all effect performance.!'41®1" Currently the best performing, high
surface area platinum structure is a relatively new concept of designed platinum structures
developed by 3M supported by the DoE>*; they have produced a novel open cage platinum
structure, generating huge surface areas per gram of platinum whilst exhibiting relatively low long-

term degradation.

The ability to construct platinum structures and place platinum directly in positions available for
electrocatalytic behaviour is intriguing and is investigated in chapter 2.1. Electron beam
lithography has shown the ability to manufacture very precise placement of atoms, however
fundamentally it is a technique that is time consuming and expensive.'*8-12! Chemical scaffolding
is a technique that has been used to produce manufactured shapes and designed spatially resolved
placement of chemicals.*?>12” Combining the two techniques may potentially alleviate the expense
and time needed for electron beam lithography whilst improving the spatial resolution of chemical

scaffolds.
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The combination of these techniques to produce electrochemically active platinum surfaces is

demonstrated in chapter 2.1.

1.8 Recycling platinum resources

The aim of reducing demand on primary PGM reserves can be achieved by recycling established
PGM materials. Traditional methods such as hydrometallurgy*?®1?® and pyrometallurgy®°** are
costly (financially and environmentally) pushing low-grade sources (both from waste and primary
sources) to become economically unviable. The incorporation of biocatalysts in bio-

hydrometallurgy*344! can reduce the energetic, financial and environmental cost.

Within the process, enzymes within the bacteria and the nature of microbes to act as ‘hoovers’, are
used to produce deposits of metals on (or within) the microbe structures.*?-145 Hydrogenase can
be used to couple the oxidation of hydrogen (or another ‘fuel”) to the reduction of a metal in a

raised oxidation state. 146-1%

Previous studies have explored the possibility of using the nanoparticles formed within PEMFCs.
However, it is an area needing further investigation.'>**5 Experimental errors were possible due
to the fabrication method and the particles were not used directly but pretreated.?>*1 The effect
of microbial strain, reducing agent and metal species on the growth of PGM particles and their
subsequent potential electrochemistry is not fully understood. As such, experimental investigations
into the use of different microbial strains, reducing agent and synthetic leachates are shown in

section 2.2.
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1.9 Replacing platinum

The most desirable route to alleviating the reliance of fuel cell technology on primary platinum
reserves is to remove PGMs from the PEMFC altogether through the introduction of alternative
catalysts. The most common approach is to replace the platinum surfaces with a like-for-like
catalyst which can simply be substituted into current PEMFC architectures. Many researchers point
to the ‘volcano plots’ developed on the Sabatier principle to find the surface that is just right for
the ORR reaction. When considering the ORR the most common plot shows the exchange current

density (or activity) with the oxygen binding energy,**® as shown in Figure 1.34.
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Figure 1.34 - Volcano plot of ORR activity versus oxygen binding energy for different metals*®” reprinted with
permission from reference 157. Copyright 2004 American Chemical Society.

As can be seen in the graph, platinum occupies the optimum position amongst metals. However,

others have also plotted alloys (binary and ternary) which show that PtsCo and PtsNi both occupy
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higher positions than pure platinum meaning that not only are there possible candidates that could

replace platinum but also outperform platinum.**%>

Many methods of creating these alloyed materials have been trialled, including promising core-
shell compounds. However, almost all examples suffer from fast degradation as a result of leaching
or reconfiguration of the active surface.'%%-1%" Different approaches have been taken to produce
complexes capable of performing the ORR, some use biomimetic compounds which try to produce
active centres similar to enzymes or that of haemoglobin.'®®1"t However these also suffer large

degradation issues and from relatively low kinetics producing slow reaction rates.

The issue with these examples is that they are trying to copy an existing mechanism. A different
approach is establishing a different catalytic architecture allowing for the use of non-PGM
catalysts. One of the main reasons for the slow reactions rates demonstrated by the majority of
alternative catalysts is due to the underlying mass transport issues within PEMFCs.1>17> The
heterogeneous catalysis forces a slow rate of material transfer to and from the reaction sites. A
different fuel cell architecture has been demonstrated by ACAL Energy Ltd, similar to that of flow

batteries, and allows for alternative homogeneous catalysts to be introduced.

1.9.1 ACAL Energy Ltd. and liquid catholyte proton exchange fuel cells

ACAL Energy Ltd. has developed a novel method for reducing the kinetic limitation of the ORR,
implementing an electron mediator into the reaction schematic of the fuel cell. This is achieved by

using a liquid catholyte that circulates between the cathode of the fuel cell and a ‘lung’ where it is
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regenerated. However, separate issues arise due to the complicated design. The liquid catholyte

section of the fuel cell is trademarked as Flowcath®™,

Redox Cycle
for 0.R.R.

~_ Oxygen/Water
D \ Exchange

Figure 1.35 Single Cell liquid catholyte PEM fuel cell

Figure 1.35 shows a schematic of a single cell used within a liquid catholyte fuel cell unit. As can
be seen the anode side of the cell is representative of a conventional PEM fuel cell, however the
cathode is a unique geometry. The cathode geometry presents a unique electrochemical challenge
to maximise the interaction of the electrode surface with the catholyte solution whilst producing
the lowest pressure drop possible. To achieve this highly porous electrode materials are inset within

a cathode plate, as shown in Figure 1.36.
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Figure 1.36 - Cathode section of liquid catholyte PEM Fuel cell single cell

There are many materials that could perform as the porous electrode within the cathode. Commonly
carbon based materials provide a wide range of porosities and structures whilst retaining relatively
high conductivities. However, a method for analysing these materials must be devised. To devise
such a method one must look at the processes occurring within the system. The primary concern

within the electrochemical engineering challenge is the reduction of the electron mediator.

Anode

The anode used within a liquid catholyte proton exchange membrane fuel cell is similar in design
to that of a regular fuel cell. The flow-field plate design, GDL, catalyst layer and the membrane
are the same as within normal PEMFCs. However due to unique characteristics of design with a

liquid catholyte cell some subtle changes are made.
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One of the most complicated areas of traditional PEMFC design is the humidification of the
hydrogen fuel supply,®*1"®1"8 in order to ensure the membrane does not dry out and reduce
functionality. However, in a liquid catholyte design the humidification of the membrane is
maintained by the cathode. This means humidification of the oxidant fuel is not needed. It also
adds the benefit that the cells can be run ‘dead ended’ in that a continuous flow of hydrogen is not
needed to clear excess fluid built up by the humidity of inlet gases condensing within the flow field
design. Instead a simple purge valve can be used to periodically flush the system. There is however
a question of whether, with the humidification of the membrane provided by the catholyte,

crossover of the mediator compound can occur reducing the efficiency of the anode.

Cathode

The cathode design within liquid catholyte fuel cells is unique. Oxidised mediator is pumped into
the cell, where it is reduced at the electrode surface before exiting the cell and being pumped back
to the oxidiser unit. The details of the interactions occurring are the principle focus of this thesis.
As such sections 1.9.2 and chapter 3 provide a deeper analysis of the cathode design and the

reaction schematics occurring.

Oxidiser

The oxidiser aims to minimise parasitic energy losses while maximising re-oxidation of the
mediator. If incomplete oxidation occurs it reduces the operating voltage of the cell, in accordance
with the Nernst equation. As such the largest interaction with oxygen is required within the unit; it
is also essential to remove the water produced so the concentration of mediator compound is not

diluted, reducing the voltage produced.
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1.9.2 Catholyte

The catholyte and the reaction occurring within the cathode are the focus of this thesis and the work
conducted. The use of mediator compounds to shuttle electrons and shift redox pathways has long
been used in nature. In this system, a polyoxometalate compound is used as the electron shuttle.
However, the form and nature of the reduction at the electrode surface is not fully understood.
Consequently, the subsequent reactions that occur are not fully understood. As such identifying the

reactions and compounds allowing the advantages of this type of fuel cells to develop is essential.

1.10 Polyoxometalates

Polyoxometalates are a huge class of compounds, the scope of which is too large to fully describe
here. The first mention of them as a class of species was reportedly in 1826° and ever since they
have been researched and used commercially in a huge range of applications. Generally defined as
early transition metal oxygen anion clusters'® they can first be defined into two groups, those
containing only metal oxide clusters, the isopolyoxometalates, and those containing one or more
p, d or f block atoms, the heteropolyoxometalates (the type under discussion in this thesis).*8! Such
is the volume of material on polyoxometalates many large reviews have been conducted, with many
also struggling to suitably define subclasses of compounds. Relatively early reviews such as those
by Griffth,!82 Papaconstantinou,'®® and Zubieta!®* along with the longstanding contributions of
Pope!81185186 and Hill18018L187 [eq to a revival of polyoxometalate chemistry in the late 1990°s.188-

191 This has recently resurfaced due to their application in energy devices!®21% and specifically as
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additives to fuel cells with a recent review by Kourasi*® highlighting this application. In general

the compounds are defined either by their overall structure or the metal oxides that they consist of.

1.10.1 Structures of Polyoxometalates

The full range of structures exhibited by polyoxometalates is almost infinite and even when limited
to heteropolyoxometalates seems limitless. However, the structures of interest within this thesis
and for this application are the relatively simply self-assembled heteropolyacid structures. In
particular, the Keggin structured heteropolyacids. The most common of these are phosphotungstic
and phosphomolybdic acid, which are of particular interest due to their ability to have their

electrochemistry tailored by the insertion of different metals into their structure.

Generally, these structures form complex anions with simple supporting cations. The anions in the
examples of Keggin structured compounds follow the general formula, [PX12-aY2040%"¥][(3+8)Z]
where X is a transition metal (normally W, Mo or V), Y is an early d-block transition metal and Z
is the supporting cation.?®® The structure is shown in Figure 1.37, which is a graphical

representation based on crystallographic data provided by ACAL Energy Ltd.

® Oxygen
® XY

Phosphorous

Figure 1.37 - Graphical representation of the Keggin structured heteropolyanion
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It is the ability to tailor the chemistry of the compounds combined with their ability to possess
multiple oxidation states that appeals to energy science.'®"?%! The particular interaction that has
been highlighted between molybdenum containing and vanadium containing compounds, often
cited as being biomimetic, draws attention to tailoring the chemistry of phosphomolybdic acid

derivatives with vanadium inclusion.2%2-20°

1.10.2 Phosphomolybdic acid

Phosphomolybdic acid has proved a chemical useful in many applications, especially in the
detection of phosphates but additionally in staining and imaging techniques.?%-2!2 More recently it
is its ability to function as a multiple oxidation state catalyst that has seen it receive research
attention, 19213214 jncluding its functionality towards the methanol oxidation and the oxygen

reduction reaction within fuel cells.?>21

Interestingly the species is known to form complex layers on the surface of electrodes as well as
exhibit solution phase electrochemistry.?’?!8 Research has been directed at using
phosphomolybdic acid to activate electrode surfaces for electro catalytic reactions.?*??! Due to
the large volume of work on phosphomolybdic acid, both in solution and whilst adsorbed to a
surface, it formed the base-line for experimentation in chapter 3 before incorporating vanadium
into the structure in later chapters. In addition, the electrochemical behaviour at different electrodes
and its relationship to pH have not been fully investigated previously, therefore these parameters

are explored experimentally in chapter 4.
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1.10.3 Vanadium substituted phosphomolybdic acid

The inclusion of vanadium into the heteropolyanion has been shown to affect the chemistry and
electrochemistry of the compound when compared to the parent species.!?0222223 Significantly, it
changes the manner of the electron transfer within the species. Shifting the onset of reduction in a
positive direction when compared to the parent phosphomolybdic acid but also altering the

magnitude of electron transfer.?24-227

It has also been shown that pH affects the overall process.??® However, the exact effect of
vanadium substitution within the phosphomolybdic species have not been fully investigated.
Especially with respect to the effect on the adsorbed layer electrochemistry of the electrode material
or the effect that pH has on the electron transfer in aqueous solutions. Further, the interaction with

the solution phase between the adsorbed species is not fully understood.

It is with this in mind, together with the knowledge of the species’ application towards the ORR,
that experimental work focusses on the electrochemical behaviour of singularly substituted
vanadophosphomolybdic acid. It initially investigates the adsorbed layer (chapter 3 and chapter 4)
and the solution phase (chapter 5) before exploring further into the effect of doubly substituting

vanadium into the phosphomolybdic acid structure (chapter 6).

1.11 Conclusion

The introduction shown that within each of the areas of reducing, recycling and removing PGM

catalysts, efforts are being made to develop PEMFCs into an economically attractive alternative
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within the current energy landscape. The use of specifically constructed platinum structures has
been explored and the use of lithography to create unique structured surfaces has been highlighted
as a method of reducing the mass of platinum for a given activity to the ORR. Biohydrometallurgy
has been introduced as a novel way to increase the efficiency of recycling PGMs and thereby shift
the dependence on primary ores. The ultimate approach, that of removing PGM materials from the
PEMFC unit, has been explored with the introduction to ACAL Energy Ltd.’s FlowCath®

technology.

In each of these areas, it was shown that electrochemical engineering and electrochemistry play a
key role in developing and understanding these novel approaches. Consequently, basic
electrochemical theory and experimental techniques have been discussed. Additionally, the
introduction highlighted how the particular case of the materials used within the FlowCath® cell
need further understanding to enable the production of improved devices. It has been shown that
this can be achieved through the study of phosphomolybdic acid derivatives with inclusion of

vanadium within their structure.

However, it has also been discussed that due to the multiple multi-electron transfers observed with
the electrochemical investigation of phosphomolybdic acid that quantitative analysis has proven
difficult. Additionally, the formation of adsorbed layers on electrodes, and the interaction between

the adsorbed layer, the electrode and the bulk solution has emerged as a key area to focus research.

The following chapters detail the experimental work conducted into the areas introduced. After the

introduction, chapter 2 starts by exploring the reduction of PGM content through lithography before
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discussing the potential of biohydrometallurgy to produce functional PEMFC materials. The third
chapter explores the formation of phosphomolybdic acid (PMA) and singularly substituted
vanadophosphomolybdic (V1PMA) acid adsorbed layers, highlighting the initial difficulties in
obtaining quantitative results. The fourth chapter further develops an understanding of these layers,
through investigations into the effect of parameters such as electrode material and pH. The fifth
introduces the solution based electrochemistry of PMA and V1PMA species, developing an
understanding of the interaction between the adsorbed layers and the bulk solution. The sixth
chapter explores the effect of increasing the substitution of vanadium into the PMA structure by
examining the adsorbed layer and solution electrochemistry of doubly substituted
vanadophosphomolybdic acid species (V2PMA). The final experimental chapter, chapter 7, shows
the additional work conducted into the FlowCath® system and the unique experimental
developments made to within this project to enable those investigations. The thesis is then
concluded in chapter 8, which provides a summation of the thesis and its findings. The appendix

provides details of additional work conducted, supporting information as well as side-project work.
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2.Reducing and recycling

The previous chapter highlighted the concepts surrounding reducing, recycling and removing PGM
content from fuel cells. This chapter aims to discuss methods and experimental work into reducing

and recycling the PGM content.

2.1 Reducing platinum content through spatially resolved particle
placement

This section of chapter two discusses the experimental work conducted into possible methods for

reducing the platinum content within the PEMFC.

2.1.1 Introduction

There is an extensive array of methods used to research and produce more effective PGM catalysts.
These catalysts can largely be divided into three categories: those that maximise the stable surface
area of platinum group metals; those that mimic the active surface of bulk platinum; and those that
can be described as biomimetic. The method discussed herein tries to generate the largest stable

surface area of platinum for the smallest mass unit of platinum.

The full mechanism of the ORR is still relatively unknown, with multiple pathways put forward
for the reaction to proceed through. Many quote the Wroblowa??® or a modified Wroblowa

230

mechanism~" as the base mechanistic pathway for the ORR. This is further confused by the

multiple adsorption species and the multiple crystal facets of a platinum surface. Arguments exist
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over the dominant crystal plane for these reactions, as it is dependent on the electrolyte used for

experimentation due to the poisoning caused by sulphur oxide and chloride ions.231-2%

These poisons preferentially bind to different crystal faces leading to confusion over the dominant
plane. Interestingly the particle size effect is connected to the dominance of a crystal edge leading
to non-linear increases in activity per gram as the nanoparticles reduce in size below 2-3nm.?® This

is due to the transition from dominant crystal planes to edge sites as the particles reduce in size.?’

This must be considered when designing a platinum surface structure, as in this project. Instead of
trying to maximise a certain crystal surface for a given mass of platinum, an attempt is made to
spatially deposit platinum atoms within a carbon surface with the use of designed complexes
controlling the spatial dispersion of platinum atoms. The aim of this project was to determine

whether these structures create electrochemical behaviour similar to a platinum surface.

Platinum can form many different complexes with a multitude of ligands due to its multiple
oxidation states. In this project, it is the ability to convert the ligand material into a carbon structure
during e-beam lithography and the placement of the then reduced platinum atom within this

structure that is of interest.

The complexes used in this project contain a fullerene structure linked with a pyrrolidine to a
platinum metal centre with a co-ordinating bipyridine ligand, 1 and 2, Figure 2.1. The complexes
were synthesised by Dr Tom Chamberlain (University of Nottingham) before being used to modify

electrode surfaces. It is an interesting balance between the chemistry of the complex and the

65



material processing that leads to the designed surface structures potentially forming a catalytic

platinum surface.238-241

Figure 2.1, 1 - 4-methyl,4'-(2-(N(3,5-di-tert-butylphenlymethyl))fulleropyrrolidineo)-bipyridine, 2 - 4-methyl,4'-(2-(N-
(3,5-di-tert-butylphenylmethyl))fulleropyrrolidineo)-bipyridine platinum chloride

The organic element of the compound can be broken down to form an amorphous carbon material
similar to glassy carbon when exposing it to an ion beam.238239.242243 Thjg |eaves the now reduced
platinum atoms embedded within a glassy carbon like, electron conductive material. The distance
between the platinum species, or indeed other metals such as ruthenium, can be controlled through

the spacing groups in the original compound.

An additional element is the ability to use the electron beam lithography technique to produce
specific shapes and sizes of the new material on the surface, with the excess removed.?® This could
add a further element to reducing the platinum content as structured surfaces have been

demonstrated in this way. 24424/
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Aims and objectives

Following discussions with Dr Alex Robinson (University of Birmingham) it was decided to
investigate the material generated from exposing platinum fullerene compounds (Figure 2.1, 1 and
2) to an ion beam, for potential electrochemical applications and possible use within fuel cells due
to the potential reduction in platinum content and the incorporation of additional metals which

could lead towards CO tolerance.

The aim was to develop methods to test the material and then perform initial investigations into its

electrochemical behaviour.

2.1.2. Experimental

Synthesis

The compounds were synthesised by collaborators at the University of Nottingham and were

supplied by Dr Alex Robinson, and only the structures were given as additional information.

Electrode construction

Working electrodes were fabricated from 5mm diameter glassy carbon (GC) rods (Sigradur,
Germany) and cut to size (I to 4 mm) with a diamond saw. Before further modification, the surfaces
were polished sequentially with 45, 15, 9, 6, um diamond pastes on polishing pads (Buehler,
Germany), followed by 1, 0.3 and 0.05 pum alumina slurries (Buehler, Germany) on polishing pads.
The polished GC electrodes were thoroughly rinsed and sonicated in ultrapure water and then dried

in a stream of nitrogen before further use. Blank samples were not further modified. Untreated
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samples of the C60 derivatives were drop-cast onto the electrode surface in 10 pL aliquots and air-
dried. Treated samples were drop-cast in the same manner before further treatment with the
electron beam (e-beam). The surfaces were then adhered to brass rods using copper tape and areas

not to be analyzed were masked with epoxy resin (Evo-Stik, Bostik) and cured for 24 hours.

In addition to epoxy covered electrode construction a novel electrode design was developed to
allow for quick coating. This was achieved through spin coating or drop casting of compound
material, giving the ability to mount, remove and remount the electrode repeatedly to subject the
electrode to multiple procedures and analytical tests. This development led to several electrode

designs which are explored in more detail in the chapter 7 of this thesis.

The electrode design in this example was produced by taking a glassy carbon stub which was
created as above and inserting it within a cap of PEEK. The cap of PEEK was produced by taking
a 6 mm (diameter) PEEK rod (directplastics.co.uk) and cutting a 5 mm length. A 2.75 mm hole
was drilled or lathed at the centre. The cap was placed within an oven at 150°C (the procedure can
also be replicated with a Teflon cap but at a temperature of 80°C). This was then allowed to cool
forming a seal around the glassy carbon stub with a diameter of 3 mm, before polishing to a desired
height (as low as 1 mm for some modification machinery) and a mirror finish as above. This process
formed the electrode tip and in subsequent experiments it demonstrated flexibility in modifying the

tip not just with spin coating and e-beam treatment but also with plasma vapour deposition.

The shaft of the electrode was created by taking a 6 cm length of the 6 mm PEEK rod and drilling

a 2.5 mm bore hole down the centre of the rod. Down this central bore a 2.75 mm copper rod was
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inserted under force (either with a pneumatic press or hammer) with a 2 cm length left at one end
and the other sanded down to flat surface. Silver impregnated epoxy resin (RS components) was
used to form a connection between the tip and the shaft, with an insulating ring of standard epoxy
used to stop exposure of the silver to the electrolyte solution. A schematic of this design can be

seen in chapter 7.

lon beam treatment

The treatment of the compounds with an e-beam inside a SEM results in a change in the compound
with the Ceso decomposing and the formation of glassy carbon impregnated with single platinum
and ruthenium atoms. Then through using lithography techniques, specific surface structures can
be achieved. The e-beam treatment was conducted by members of Dr Alex Robinson’s research
group. For the purpose of this study, only square surface (0.1x0.1 cm) structures were produced.

To investigate surface area effect multiple squares on the same electrode were created.

Modified surface electrochemistry

Cyclic voltammetry was used to investigate the redox properties displayed by adsorbed layers of
various Ceo derivatives. Proton reduction was used as a test reaction. A standard three electrode
electrochemical cell set-up was used throughout, connected to a IVIUMstat potentiostat (Alvatek

Ltd, UK) controlled by an external desktop PC using lviumSoft (Alvatek Ltd, UK) software.

The counter electrode was a bright platinum gauze of large surface area. Two reference electrodes

were used in experimentation, a saturated calomel electrode (ALS, Japan) and a saturated Ag/AgCl

electrode (CH instruments, England). The electrolytes were aqueous solutions of 0.095M sodium
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perchlorate (Sigma Aldrich) and 5.0 mM Perchloric acid (Sigma Aldrich) in ultrapure water of

resistivity not less than 18.2 MQ.cm (Milli-Q, Millipore).

Microscopy

To investigate whether the electrodes had been correctly prepared and to assess the surface area of
the compound after treatment, light microscopy was used to produce images of the surfaces of the
samples both before and after the electrochemical experiments. These were than assessed using

image processing software (GIMP).

2.1.3 Results and discussion

The aim of the experimental work was to determine whether electrodes modified with the Ceo-
bipy compounds and their lithographed counterparts produced any electrochemical properties and

whether these were similar to those of platinum surfaces.

To compare with the later modified electrodes, first solution phase experiments were conducted
into the Ceo-bipy compounds in both acetonitrile and chloroform. The experimental detail for these
experiments can be found in appendix 10.2.1. These experiments were found to be the highly
sensitive to trace water and oxygen. However, it was observed that the compounds exhibited
multiple redox waves as has previously been observed for fullerene compounds.?#8-2%0 Despite this
observation, the difficulty in obtaining presentable results led to the move to examining modified

electrode surfaces, in aqueous solutions as this was where the aims of the project lay.
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Samples and preparation

The need to produce electrodes that could be treated with ion beam lithography led to significant
development of experimental methods. The need to process the surfaces without altering the
samples led to the need to use a small (by volume) electrode tip that could still be used for
hydrodynamic study on a rotating disc electrode (RDE). The development of these electrodes led

to a large volume of work and is covered in chapter 7 (7.2).

The physical nature of the electrode surfaces formed a key role in the project. The different
techniques that the compounds underwent to produce electrode surfaces meant there was a chance
that any differences seen were a result of physical layer morphologies rather than a true chemical

trait.

The different treatments, especially the lithography left differing surface areas of actual material
modification on the surface of the glassy carbon, requiring inspection and measurement via optical
microscopy. The e-beam lithography is currently a time-consuming procedure and means only
relatively small areas can be created. When the lithographed area is removed, it leaves a significant
difference in modified area between the samples. A drop cast electrode without lithography

treatment is shown in Figure 2.2.
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250 pm

Figure 2.2 -Image at 10x magnification of a drop cast fulleropyrrolidine-bipyridine platinum chloride modified
electrode (3mm GC) surface

It can be seen in the figure that the drop cast technique produces a relatively smooth and uniform
layer right up to the edge of the glassy carbon surface (far right of image). This is not the case when

looking at the lithographed electrode surfaces which have had the non-treated segments removed.

Figure 2.3 shows an example image of a spin-coated and then lithographed electrode modification.
It clearly shows the reduced area of the modification. Through these images the surface area of
modification was calculated for each electrode allowing for a true comparison of the

electrochemical response.

72



Figure 2.3 — The image is a compilation of microscope images showing a fulleropyrrolidine-bipyridine platinum chloride
lithographed electrode surface. The Image shows the rectangular feature across the 3mm GC electrodes surface where
the e-beam treatment has occurred.

Figure 2.3 also shows the delamination effect caused by the removal of non-treated sections, which
can be an issue with surface modifications produced through lithography techniques.?*2% Figure
2.4 highlights one of these delaminated areas (A) compared to the regular surface (B). Electrodes
with de-lamination had to be discarded as the delamination would lead to reduced conductivity and

large uncertainties in any data obtained.
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Figure 2.4 — Microscope image at 20x magnification of fulleropyrrolidine-bipyridine platinum chloride spin coated and
lithographed electrode, highlighting where the treated area has delaminated area (A) and is unaffected surface (B)

Once the electrodes had been inspected with microscopy, deemed undamaged and the surface

areas calculated they were then subjected to electrochemical testing.

Proton reduction as a test case

Cyclic voltammetry was used to investigate the modified electrodes response in 5 mM of perchloric
acid, 0.095 M sodium perchlorate solution. The set-up was chosen as it allows specifically for the
reduction of protons to be used as a test reaction. The large difference in onset potential between
glassy carbon and platinum surfaces for the reaction allows for an assessment of any modification
towards the behaviour of a platinum surface. Additionally, the reaction in perchloric acid is often

used as a test of electrochemical surface area (ECSA) for fuel cell catalysts.
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The original Ceo-bipy complex modified electrodes were difficult to fully characterise due to the
fragility of the modified layer. Additionally, the layers required repeated cycles to ‘clean’ the

electrochemical response, shown in Figure 2.5.
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Figure 2.5 - Cyclic voltammograms at a scan rate of 100 mV.s* of a fulleropyrolidine bipyridine complex modified 3mm
GC electrode in an aqueous solution of 5 mM perchloric acid and 95 mM sodium perchlorate.

It was necessary to repeatedly scan the electrode surface so that the excitation potential ventured
just into the solvent breakdown region. When this was completed, a small wave could be seen pre-
solvent breakdown. However, this activity was short lived with repeated scanning as shown in

Figure 2.6.
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Figure 2.6 — The 1%t and 20" scan when repeatedly recording cyclic voltammetry at 100 mV.s™* of a fulleropyrolidine
bipyridine complex modified 3mm GC electrode in an aqueous solution of 5 mM perchloric acid and 95 mM sodium
perchlorate

The original signal quickly disappeared on repeated scanning and led to an inability to fully
characterise the compound. This fast degradation was also observed for electrodes modified with

the lithographed sample of the non-platinum containing compound shown in Figure 2.7.

Figure 2.7 also shows that the initial wave that grows on ‘cleaning’ is not present in the
lithographed electrode sample for the non-platinum containing compound. This is due to the
lithography treatment which has been proposed to produce a glassy carbon like substance as the
original full-bipy complex is broken down by the electron beam treatment. This results in the
disappearance of the redox signal but as can be seen an increased current response due to the

increase in surface area effect created by the modification.
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Figure 2.7 - The 1°t and 20" scan when repeatedly recording cyclic voltammetry at 100 mV.s* of a fulleropyrolidine
bipyridine complex modified 3mm GC electrode which has then been subjected to e-beam treatment in an aqueous
solution of 5 mM perchloric acid and 95 mM sodium perchlorate

After assessing the non-platinum compound the fulleropyrrolidine bipyridine platinum chloride
was tested. The drop cast sample was tested without e-beam treatment and it was observed to be
more fragile than the equivalent non-platinum containing electrode although it produced a small
forward wave that disappeared after initial scans. However, after lithography treatment the
electrodes exhibited markedly different character, although still required initial ‘cleaning’, as

shown in Figure 2.8
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Figure 2.8 - Cyclic voltammetry at 100mV/s™* with an expanding potential window for a fulleropyrrolidine bipyrridine
platinum chloride modified 3mm GC electrode with additional e-beam lithography treatment in an aqueous solution of 5
mM perchloric acid and 95 mM sodium perchlorate

Figure 2.8 shows the results of expanding the potential window used for the cyclic voltammetry. It
shows the emergence of what is thought to be the peak relating to proton reduction as cycles are
repeated. Subsequently this peak was investigated using multiple scan rates across the range
showing the peak, 0.2 to -1.7V. This was to ascertain the type of reaction taking place and whether

repeated scanning across this window would ‘clean’ the surface further or cause a loss of activity.
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Figure 2.9 - Scan rate analysis of a fulleropyrrolidine bipyrridine platinum chloride modified 3mm GC electrode with
additional e-beam lithography treatment in an aqueous solution of 5 mM perchloric acid and 95 mM sodium perchlorate

Figure 2.9 shows the results of the variable scan rate (VSR) study, with the inset showing the
relationship between the square root of scan rate and the peak current, identifying a linear
relationship in accordance with a Randles-Sevcik relationship. The electrode was then repeatedly
scanned between 0.2 and -1.7V at a scan rate of 100mVs™. Figure 2.10 shows the degradation of

the peak current at the modified electrode surface.
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Figure 2.10 — Left, cyclic voltammetry of a fulleropyrrolidine bipyrridine platinum chloride modified 3mm GC electrode
with additional e-beam lithography treatment (shown in red) and a blank 3mm GC electrode (shown in blue) in an
aqueous solution of 5 mM perchloric acid and 95 mM sodium perchlorate. Right, The peak current values for the

reduction seen during repeated cyclic voltammetry of a fulleropyrrolidine bipyrridine platinum chloride modified 3mm

GC electrode with additional e-beam lithography treatment in an aqueous solution of 5 mM perchloric acid and 95 mM

sodium perchlorate.

This reduction in peak current is a sign that either material is releasing form the surface of the
electrode or that the surface is reducing in activity. It is proposed that the reduction is a result of
material being disturbed by the formation of microscopic bubbles of hydrogen forming on the

surface at the extreme limits of the scan range approaching solvent breakdown.

Taking this data and adjusting it for the surface area, with the measurements obtained from the
microscope investigations, enables a direct comparison between the modified electrodes, a blank

GC sample and a bulk platinum electrode, as shown in Figure 2.11.
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Figure 2.11 - Linear scan voltammetry showing proton reduction across the modified, blank and bulk Pt electrodes at
100mV.s! in an aqueous solution of 5 mM perchloric acid and 95 mM sodium perchlorate

The figure shows that although the lithography treated fulleropyrrolidine bipyridine platinum
chloride (ful-bipy-pt) complex is a significant improvement towards normal platinum behaviour it

doesn’t match the response of bulk platinum. Table 2-1 shows the collected onset values (obtained

from plotting pseudo tafel plots).
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proton reduction
onset value (E.

electrode base modification Vs. S.C.e
GC none -1.11
GC E-beamed control complex -1.13
GC dropcast control complex -0.994
GC E-beamed Pt complex -0.8
GC dropcast Pt complex -0.748
Pt Bulk Pt -0.38

Table 2-1 Onset potentials for proton reduction across the modified electrodes. Potentials recorded in an aqueous
solution of 5 mM perchloric acid and 95 mM sodium perchlorate, with 3mm electrodes of stated modificiation.

The table highlights the similarity of onset between the ful-bipy-Pt complex with and without

lithography treatment. It shows that the Pt complex does exhibit some extra redox characteristic

over the non-Pt complex and GC but that due to the modification technique it cannot be observed.

Interestingly, the current peak values for the bulk platinum and for the lithographed ful-bipy-Pt

electrodes give a diffusion coefficient of 7.7 x 10° cm?.s* and 7.5 x 10° cm?.s! respectively.

These values are close to literature values for the diffusion coefficients of protons an example

being 9.31 x 10° cm?2.s by Cussler.2>* This would be suggestive that although the modification

on the surface has a lower onset value for proton reduction, the surface is acting as a bulk surface

rather than a reduced surface area. This may be caused by a random and unconnected succession

of individual Pt atoms.
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2.1.4 Conclusions on the potential for reducing platinum content through

spatially resolved platinum placement

The work into the ful-bipy complexes has shown that by incorporating platinum into the complex
the onset potential for the reduction of protons can be shifted positive on modified electrodes. The
work has shown that that further modifying the electrode through lithography maintains this
positive shift in onset potential but also creates an electrode surface that is more durable and tends

towards a stable surface.

It has also been shown that this modification acts as a bulk surface, but that the electrode potential
is still much more negative than for bulk platinum. However, it is important to remember that these
layers are only 14% Pt by mass or 0.8 % by number of atoms (based on work awaiting publication

from Dr Alex Robinson).

Following this initial screening study, the work is to be reported in a paper which is currently in
draft and the electrode surfaces produced via this method were deemed appropriate for further
study. The work has been continued by a colleague. This project therefore continued with its
primary aim of developing novel chemical routes for the removal of platinum from hydrogen

fuelled proton exchange membrane fuel cells.
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2.2 Recycling platinum through biohydrometallurgy

The previous section discussed the possibility of reducing the PGM content within PEMFCs and
the use of designed surfaces to achieve this goal. This section discusses recycling PGM resources,
through the incorporation of biohydrometallurgy, and investigations into the materials produced as

potential electrocatalysts.

2.2.1 Introduction

The first example of biohydrometallurgy is debated, some cite the discovery of iron-oxidising
acidophilic archea in 1965,%° however, some cite the Kennecott Copper Corporation
demonstrations of bioleaching in the 1950s.2° Many argue that biohydrometallurgy is
environmentally advantageous and could lead to low-grade ores becoming economical.?>” Thereby
reducing demand for primary ores, energy and waste disposal sites.?®® However, the price
competitiveness compared to pyrometallurgy is often debated due to the power requirement and

reactor design.?°

Metals are involved in many of the natural processes within the natural environment and those of
microbes in particular. Their role as indirect and direct electron donors and acceptors for energy
conservation within microbial metabolism leads to the possibility of exploiting them in many

processes.?®
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Two methods of utilisation would be those of biosorption?! and biomineralisation*® at the surface
of and within microbes. One of the main issues when dealing with PGM sources is the low-
abundance. Microbes have been shown to be able to overcome this through binding the metals to
the surface of both active and dead biomass, producing a biomass with a much higher metal
concentration than the solution.?®2 Many strains of bacteria have been shown to exhibit this
ability,632%4 Desulfovibrio vilgaris, Desulfovibiro fructosivorans and Desulfovibrio desulfuricans,
for example.?®® Desulfovibrio desulfuricans in particular was shown in 1998 to reduce Pd(NH3)Cl

to form 50 nm particles of Pd® on its surface.?%

Additionally, in 2003 it was shown that by using a electrobioreactor, Pd, Pt and Rh could be
recovered from automotive catalyst waste.?®” Subsequently it was shown that by bubbling hydrogen
through the solution, acting as a reducing agent the same process occurred with waste circuit board
leachates without the need for an applied potential.2®® With Lengke et al.?%® showing the formation

of Pt nanoparticles.

The mechanisms involved are still not fully understood, but it has been reported that the reduction
of PtV to Pt° proceeds through two different hydrogenase enzymes. It is thought that the octahedral
PtV is too sterically hindered for direct bonding to the enzyme or to pass through the cell
membrane. It is at first reduced to Pt" at a cytoplasmic oxygen-sensitive hydrogenase and then
secondly a periplasmic hydrogenase to Pt°. This allows the formation the deposits within the
periplasmic space of the bacteria.?’® With a similar two or three hydrogenase enzyme model

proposed for palladium deposit formation.*4’
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PGM bio-catalysts

The use of this biomass material has been tested in several scenarios?®?

, such as the hydrogenations
of 2-pentyne?’* and 2-butyne-1,4-diol.2>2"® Additionally Bio-films that incorporate this technique
to produce a self-assembled catalytic layer have been shown by this group (working with Professor
Lynne Macaskie, School of Biosciences, UoB)?’# to be active catalytically for the hydrogenation
of dimethyl itaconate (work currently awaiting publication). If the material is pyrolysed a carbon
based powder is formed containing PGM particles and this material has been used in preliminary
studies as Bio-Pd fuel cell anode catalysts.'5%5227> Alternatively the biomass-supported Pd has
been mixed with carbon to produced catalyst layers in preliminary fuel cells studies™.

Additionally, palladium nanoparticles have been shown to increase electron transfer across cell

membranes electrochemically.?’

With these demonstrations in mind the aim of this project was to investigate whether multiple
microbial species and differing reducing agents could form PGM deposits from synthesized
leachates. Whether the type of microbe and reducing agent used influenced the particle structures

and whether without further pre-treatment this material exhibits any electrochemical behaviour.

2.2.2 Experimental

This section describes the techniques used to complete this study, exploring the methods used to
culture the bacterial strains. The focus is on the bio-mineralization process and the effects various
reducing agents and palladium precursor salts have on the process. The assessment of the process

is completed through centrifugation and assays, to estimate the extent and rate of the reductive bio-
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mineralization; electron microscopy to investigate the formation and characterization of the nano-
particle deposits; followed by electrochemical techniques to evaluate any electro catalytic
properties of the material produced. This part of the project was completed as a collaboration, with
different parts experimentally carried out by others, such areas are highlighted, as they are included
to allow understanding of the whole process however the author wishes to acknowledge and make

clear the efforts of others within the overall project.

Bio-Pd production

The initial bio-Pd production was conducted by the functional bio-nano-material group headed by
Professor Lynne Macaskie within the school of bioscience at the University of Birmingham. The
author aided in all steps in the process of bio-mineralisation and growing the specific cultures,
however the majority of the experimental work producing the deposits was conducted by Dr. K.

Deplanche and Dr. A. Murray.

Biomass Culture

The project focused of three specific bacterial strains:
1. E.coli MC4100
2. M.luteus (Gram +)

3. S.oneidensis mR1 (Gram -)
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The initial cultures were grown in Luria-Bertani (LB) broth as with previously reported methods?’*

(10 g.L* tryptone, 5 g.L™ yeast extract, 10 g.L* NaCl) with the addition of ampicillin (100 pg.mL"

1)_

Palladium mineralisation

A sample of cell suspension solution (25 mL) was taken and put anoxically (under oxygen free
nitrogen, OFN) into 200 mL serum bottles. The synthetic leachate was added as 40 mL of degassed
(OFN, 20 minutes sparging) 10mM Pd(11) with the exact salt used differing between experiments
and discussed later. The concentration of the precursor salt can be altered to achieve differential
loadings and the effect of precursor salt used is investigated; where this is the case it is highlighted
in the results and discussion section. An example that achieves a 20 wt% loading is a solution of,

10mM sodium tetrachloropalladate, 0.01 M nitric acid in de-ionised water.

The mixed solution is left at 30°C for 30 minutes with occasional shaking. The reducing agent is
then introduced; either 5 mL of 50 mM formate solution (degassed, OFN, 20 minute sparging) or

hydrogen gas is sparged through the solution (200 mL.min%, 20 min).

Assay assessment of biomineralisation

During the biomineralisation, the rate of reaction was measured through an assay of metal ions
remaining in the residual solution. A spectrophotometry technique first described by Charlot?’” was
used. Samples (1mL) were taken from the reaction mixture at predetermined times, and centrifuged
(4 min, 12000 g, IEC bench centrifuge) to separate the biomass from the solution. 200 ul of sample

was added to 800 ul of SnClz solution in a plastic cuvette. The SnCl> solution was prepared through
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dissolving 29.9g of SnCl; into 500 mL of concentrated HCI. The solution is incubated for 1 hour
at 30°C and the absorbance at 463nM compared against calibration curves of un-biomineralised
samples. This method has previously been validated at a commercial laboratory (H2B, Capenhurst

U.K).

Electron microscopy

The imaging work conducted with the electron microscopes was completed within the centre for
electron microscopy at the University of Birmingham. Sample preparation was conducted by the
author, Dr K. Deplanche and Mrs Theresa Morris. Images were taken by the author and Dr K.

Deplanche with all analysis completed by the author.

Several different electron microscopy techniques were used during the project. Standard Scanning
Electron Microscopy (SEM) techniques are not applicable to these samples due to the inherent
nature of bacterial samples. Trapped water and air within bacterial structure mean that during the
ultra-low vacuum used for standard SEM these structures can ‘erupt.” Therefore, the samples need
to be investigated using environmental scanning electron microscopy (ESEM) (both backscattered
and transmission as well as in-situ EDS spectroscopy). This technique allows for a minimal vacuum
to be used, but can lead to a lower resolution. The use of Transmission electron miscroscopy (TEM)
techniques, such as Scanning Transmission Electron Microscopy (STEM), is relatively unaffected

due to the preparation of samples (explained below) needed for this technique.

Samples for ESEM were prepared relatively easily, bio-mineralised samples were removed,

centrifuged and then dried. Samples of bio-mineralised biomass were taken as powder and
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sprinkled onto carbon tape dots. Excess materials were knocked from the dot and collected along
with any excess material from the sprinkling and kept for future studies. The modified dots were
then mounted onto a standard SEM stub. These samples can be used within the SEM directly to
obtain images and for EDS analysis. However, at times charging can occur at the surface due to
the disperse nature of the biomass leading to poor conduction within the sample. This can lead to
overexposure damage from the beam and images which are hard to interpret. For easier imaging
carbon coating or gold coating can be used; this reduces charging effects on the surface but can

make EDS analysis less reliable.

Preparation of Samples for STEM and TEM analysis was performed by the technical staff within
the Electron Microscopy centre within the School for Materials and Metallurgy at the University
of Birmingham. The samples are taken and embedded in resin allowing for ultra-thin sections to

be taken using the same technique previously reported.?’

The samples were examined using the Jeol JSM-7000f FE-SEM with Oxford Inca EDS, wave WDS
and crystal EBSD; a Philips Tecnai with STEM, GAtan EELS and Oxford Isis EDS and a Jeol

1200EX with SEM and STEM.

Electrochemistry

To assess whether the biomineralised biomass had any electro catalytic activity electrochemical
techniques were used to assess the samples. The most important part of this process is the

production of electrodes for assessment and adequate layers allowing for characterization.

Electrode preparation
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Electrode samples for assessment were produced by taking a polished glassy carbon electrode tip.
The electrode tip was polished as has been described in previous section (2.1.2). In this example a
3mm (EDI101, Radiometer analytical, Salford) and a 5mm (afe2m050gc, Pine research
instrumentation, Durham) GC electrode were used. Powders of biomineralised biomass (as
described above) are taken and suspended in either water or IPA by sonication. The concentration
(by weight %) was altered per experiment. In some samples (mentioned when used in the results
and discussion section) 10 wt% Nafion® was added to the solution, this improves the durability of
the electrode layer formed. 20 pl (Smm) or 10 ul (3mm) of this solution was taken and added as a

droplet to the electrode surface. The electrodes were put under cover and left to dry for 24 hrs.

Electrochemical cell set-up

The set-up used in the analysis was a standard three-electrode electrochemical cell, with a
surrounding water jacket kept at 25°C. A normal hydrogen electrode (NHE) was used as a reference
electrode and a platinum gauze (9 cm?) was used as a counter electrode; the working electrode was
prepared as above. The electrodes were connected to a Autolab (PGstat302N, Metrohm USA inc)
potentiostat/galvanostat with the working electrode either connecting through a Pine modulated
speed rotator (AFMSRCE, Pine Research Instrumentation, 5mm) or a EDI101 rotating disc
electrode (Radiometer Analytical, 3mm). The electrolyte in all experiments was 75 mL of 0.1 M

perchloric acid in de-ionised water.

Data recording
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The electrodes were immersed in the Cell and the working electrode was ‘cycled’ to clean the
surface; this technique is discussed below in the results and discussion section. The cycling
involved exhibiting a voltage between 0-1.1 V Vs. NHE for 50 cycles at a scan rate of 0.1 v.s™.
Different scan regions are used in the experiments with the ‘standard’ analysis scan range being

between 0-1.1 V vs. NHE at various scan rates (0.1, 0.5, 0.05, 0.025 v.s™).

2.2.3 Results and discussion

This section discusses the results obtained investigating the effect of changing the microbe species,
the reducing agent and the precursor salt (synthetic leachate) on the biomineralisation process, the
particles formed and the electrochemical behaviour observed. The biomineralisation process is
followed through a monitoring assay, electron microscopy is used to investigate the particle

formation and the electrochemical behaviour is assessed with the use of cyclic voltammetry.

Reduction assay

The process of biomineralisation was completed in conjugation with Dr Kevin Deplanche from
the functional bio-nanomaterials group at the University of Birmingham. The vast majority of the
work producing the bio-cultures and the actual biomineralisation process was conducted by Dr
Deplanche. As such the work is not presented in full within this thesis. It is important to mention
the findings of the biomineralisation monitoring as it impacts on the conclusions drawn from the
electron microscope imagery and the electrochemical analysis. It is important to note that although

the author aided in the biomineralisation process and in the monitoring of its progression through
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a UV/Vis assay, it is not claimed to be solely the authors work. All data associated with the

biomineralisation and assays is shown in the appendix (10.2.1).

It was observed that the samples with hydrogen as a reducing agent showed complete
biomineralisation after five minutes, whereas the samples with formate had a slower reaction rate

showing completion after ten minutes. The trend was shown across all bacterial strains.

The strain of bacteria also affected the biomineralisation process with the difference in gram-strain
defining the difference. E.coli and S.oneidensis strains completed biomineralisation within five
minutes (with hydrogen as a reducing agent) whereas M.luteus showed a slower rate, with
completion after ten minutes. This is assumed to be associated with the lack of a well-defined outer

membrane in the M.luteus microbe, which leads to a slower diffusion to the active enzyme sites.

The same trends across reducing agent and microbe strain were seen when using both precursers

Na2PdCls and PdCl,. There was a slight difference between the two precursor salts with PdCl,

showing a slower rate of biomineralisation.

These results indicate that there are differences across the microbe strains and the reducing agent

but that the precursor salt used may not affect the process of biomineralisation.
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Electron Microscopy

One of the key aspects of the project was to assess how the particles produced differed according
to the microbe strains, the reducing agents and the precursor salts used. To assess particles
formation, the samples were taken and examined with electron microscopy, using ESEM, STEM
and TEM microscopes to produce images to compare. The images presented were taken in
conjunction with Dr K. Deplanche (University of Birmingham) with the help of the technical staff

at the centre for electron microscopy, in particular Mrs Teresa Morris.

E.coli — H2 — PdCl2

Figure 2.12 shows TEM images gathered on samples of the E.coli strain that used hydrogen as the
reducing agent and PdCl, as the synthetic precursor. It highlights how large aggregations of
particles are formed on both the inner and outer membrane as well as within the periplasmic space.
The image on the left of the figure shows that not only do particles form on the cell walls but also
within the bacterial structure. However, no large aggregates are formed within the cell and the
particles observed are between 10-15 nm in diameter. Similar to particles in previous

studies 263,278,279

It is thought that as the hydrogen gas is bubbled through the solution the bacteria interact with both

dissolved hydrogen and the bubbles that are trapped as they cross the bacteria’s surfaces. These

bubbles cannot penetrate the cell walls and so large agglomerates tend to form on the outer surfaces.
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Figure 2.12 - TEM images of Pd deposits on E.coli bacteria using hydrogen as a reducing agent and PdCl, as a precursor
salt. Image partly published by Courtney et al.?®® and reused through a creative commons license

E.coli — formate- PdClI:

Figure 2.13 shows the images obtained of E.coli bacteria using formate as the reducing agent and
PdCl; as the precursor salt. It can be seen that the particles produced are vastly different from the
sample using hydrogen as the reducing agent with much smaller particles formed although some

aggregates still exist.

The particles are in the 10-15 nm diameter range and the images show that although there is a
thorough distribution throughout the cells, although there appears a preference to particle formation
on the cell membranes. It is hypothesized that this is caused by the difference in the interaction
between the reducing agent and the bacteria, with an even distribution throughout the solution
rather than the chaotic situation caused by bubbles of hydrogen. These particles are similar in size
and distribution to previous studies using PdClI; as the palladium source, formate as the reducing

agent and S.Oneidensis bacteria.*®
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Figure 2.13 - TEM image showing Pd deposits on E.Coli bacteria when using formate as the reducing and PdCl; as the
precursor salt.

E.coli — formate — Na2PdCl2

Figure 2.14 shows TEM images obtained of E.coli bacteria biomineralised using formate as the
reducing agent and NaxPdCl, as the synthetic leachate. The images show that the formation of
particles is very similar to the particle formation of the sample using the PdCl> precursor but that
there is arguably a slight preference for the formation of particles on the cell walls and within the

periplasmic space.

The size of the particles is again in the 10-15 nm range and there are some observable larger
aggregates with particles formed within the periplasmic space. The preference to form on the outer
cell wall and the periplasmic space may be due to the larger the precursor species inhibiting
diffusion. However, no observable difference in reaction rate was seen in comparison to the
previous experiments, something which one would expect if this was caused by natural diffusion

processes. This suggests a slight blocking of the reagent by the inner cell membrane
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Figure 2.14 - TEM image of biomineralised E.coli when using formate as a reducing agents and Na,PdCl, as the
precursor salt. Image partly published by Courtney et al.?®° and reused through a creative commons license

M.luteus — hydrogen — PdClI2

Figure 2.15 shows the images obtained from the M.luteus samples with hydrogen as a reducing
agents and PdCl; as the precursor salt. The image shows how different the M.luteus samples are
from the E.coli and the unshown S.oneidensis samples. Highlighting the effect that the lack of a
defined outer cell wall has on the particle formation, as with previous studies?®L. It can be seen that

particles form throughout the bacterial structure with large aggregates present.

It can be seen that there is a strong preference for particles to form on the inside surface of the inner

cell wall and that unlike the previous samples, the large aggregates are formed throughout the

structure. Agreeing with observations in previous studies of gram positive bacteria.?®!
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Figure 2.15 - TEM images showing Pd nano-deposit on M.luteous using hydrogen as the reducing agent and PdCl, as the
palladium precursor salt

M.luteus — formate - PdCl:

Figure 2.16 shows the images of M.luteus with a formate reducing agent and PdClI> precursor salt.
It is observed that the particles are evenly distributed throughout the bacterial structure and as with
the E.coli sample using a formate reducing agent it can be seen that no large single aggregations
are formed. Unlike with the hydrogen M.luteus sample there seems to only be a slight preference
for the formation of particles within the cell walls, with particles forming throughout the structure

relatively evenly.
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Figure 2.16 - TEM images showing nanodeposits on M.luteus bacteria using formate reducing agent and PdCl,
palladium precursor

Conclusions on particle growth and formation

It has been observed that there is a clear difference between the microbial strains with the difference
seemingly resulting from the structural differences between the strains. There has been a significant

difference observed between the two reducing agents used.

Large aggregations are formed with the use of hydrogen gas bubbling through the solution, with a
strong preference in the E.coli samples to form large aggregates on the outer surface of the bacterial

structure.

Although a small difference was observed between the two synthetic leachates used, the images

don’t provide enough evidence to conclusively say that this difference will be seen in other
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samples. The nature and the differences in the particles are predicted to have a large effect on any

electrochemical behaviour.

Electrochemical results

The results from monitoring the biomineralisation process and from analysing the electron
microscope images highlight that a range of bio-nanoparticles are formed. It was of interest to test
whether before any further treatment were made, this material exhibits electrochemical behaviour.
Previous studies have shown the material to be active following further treatment43148.282 gijther

through removal of biomass via an acid treatment or through pyrolysis.

This study investigated whether any electrochemical activity was seen in 0.1M perchloric acid at
the lower loadings (20 wt%) of metal and whether the different biomineralisation conditions and
microbe strains, exhibited differing characteristics. Obtaining true results was difficult as simply
forming electrodes from the raw material by dropcasting led to overly thick layers that were quickly
removed once in solution. As such 10 % wt Nafion was added to the materials to form layers which

did not delaminate from the electrode surface, as in previous studies.?®

With these layers electrochemical responses were seen from the samples. This was encouraging as
it was not previously known whether the layers would just act as insulating caps to the electrode
or as a pseudo-capacitor layer with the increased surface area. This response can be seen in Figure

2.17.
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Figure 2.17 - cyclic voltammograms of a GC electrode modified with a 5 mg.cm2 equivalent loading of Pd through Bio-
mass material (e.coli) that was generated with a NaPdCl, synthetic leachate and formate as a reducing agent, taken in a
solution of 0.1 M perchloric acid. Figure created with data published by Courtney et al.2®° and reused through a
creative commons license

Figure 2.17 shows a typical CV under these conditions with peaks occurring at a similar potential
to that of commercial Pt catalysts. However, the peaks are not well defined and the current
magnitudes are very small compared with the same loadings of any commercial catalyst. The peak
broadening may be due to the non-uniform nature of the particles as seen in the TEM images or
alternatively may be due to the subsurface interactions that palladium particles have with protons.
The relative magnitude of the current peak may be small due to much of the palladium mass being

inaccessible in terms of active proton electrochemistry.

Although the particle sizes seen in the TEM were relatively small (although still larger then

commercial fuel cell catalysts) a significant number of the particles were sub-surface, inside the
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bacteria. However, as shown in the TEM the different reagents and microbial strains produced

different particle distributions and sizes.

It was seen that the electrochemistry observed for samples differing in synthetic leachate were very

similar as can be seen in Figure 2.18.
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Figure 2.18 - cyclic voltammograms of two bio-Pd (e.coli) coated electrodes with an equivalent 5mg.cm2 loading of Pd,

one electrode using Na,PdCl, and one with PdCI, as the synthetic leachate both samples using formate as the reducing

agent, taken in a 0.1 M perchloric acid solution. Figure created with data published by Courtney et al.?®® and reused
through a creative commons license

It is observed that there is a slight difference in the response, however, it must be noted that the
technique used to analysis the samples, was is in its infancy and was difficult to keep consistent.
There are arguments about the complete validity of the technique in the context of the amorphous

non-uniform layer formation and thickness. This limits any direct conclusions that can be drawn
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other than that both samples showed electrochemical responses that would be expected of a

potential fuel cell catalyst.

It was interesting to see that there was also little difference between the two strains of microbes

that were electrochemically tested as can be seen in Figure 2.19.
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Figure 2.19 - cyclic voltammograms of electrodes coated with an equivalent 5 mg.cm-2 of Pd through bio-mass
biomineralised with PdClI, as the synthetic leachate and formate as the reducing agent, taken in 0.1 M perchloric acid
solution. The two electrodes are separated by the strain of bacteria used, one being S.oneidensis and one being E.coli.

Figure created with data published by Courtney et al.?®° and reused through a creative commons license

It is observed that the responses of the two electrodes using two different microbe strains are
remarkably similar, although slight differences can be seen in the figure. As with the change in

synthetic leachate the experimental method does not allow for major conclusions to be drawn from

the differences at this stage.
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The main variable to cause a change in the electrochemical response was that of the reducing agent.
A much more pronounced response was seen in samples using formate as the reducing agent rather
than hydrogen. This is not necessarily surprising in the view of the data on the rate of

biomineralisation and the images showing the particle nature.
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Figure 2.20 - Cyclic voltammogram of an electrode coated at an equivalent of 5mg.cm? of Pd through bio-mass
biomineralised using the S.oneidensis microbe, PdClI, as the synthetic leachate and hydrogen as the reducing agent,
taken on 0.1 M perchloric acid solution. igure created with data published by Courtney et al.?®° and reused through a
creative commons license

Figure 2.20 shows a typical electrochemical response for sample prepared using hydrogen gas as a
reducing agent. At first glance it appears that no signal is formed. However, it can be observed that

there is a wave present, but its reduction component is very broad and the oxidation (arrow in

Figure 2.20) is very small.
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The TEM showed that the largest difference in particles produced was between the samples using
different reducing agents. This difference is confirmed in the electrochemical results. The electron
micrograph showed that the particles formed with hydrogen were large and appeared at the edge
of the bacterial cells, rupturing through the outer membranes. It looks as though this has had a large
suppressive effect on the electrochemistry observed, whether this is due to a large subsurface
interaction or whether there is less active palladium surface area available is not determinable at

this stage.

Unfortunately, because palladium is the PGM being tested a formal assessment of the ECSA of the
material is imprecise, as with palladium protons react both at the surface and subsurface rather than

the primary surface reaction seen with platinum.

2.2.4 Conclusion

This project showed that the bacterial strain, reducing agent and the synthetic leachate used all had
an effect on the biohydrometallurgical process and as such on the particles formed and the
electrochemistry observed. The TEM imagery showed that there was a very large difference in the
distribution and size of nanoparticles of Pd deposited when changing between bacterial strain and

reducing agents used.

The largest difference in distribution of particles was caused by changing between a gram negative

and a gram positive bacterial strain, agreeing with previous studies?®.. It is observed that due to the
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lack of an outer membrane surface the distribution of particles within the M.luteous strain is very

different from that of the S.oneidensis or E.coli strains.

The reducing agent used was shown to have a very large effect on the size of aggregates formed
and on the distribution of particles across the bacterial structure. It is hypothesized that this is due
to the interaction of the different reducing agents and the physical structure of the bacterial cells.
For example that of the bubbles of hydrogen interacting with the cell walls of the E.coli bacteria

leading to large aggregate formation.

The project showed that the distribution and size of the particles within the bacteria had a large
effect on the electrochemistry and that the variables within biomineralisation had a large effect on
the distribution and size of particles formed. Initial studies were started on turning qualitative data
from TEM imagery into quantitative data. Image analysis of this type had begun to become
available at the start of experimentation, however, with the large number of particles and large
number of artefacts remaining from the bacterial cells often the automated image analysis proved
inaccurate. These initial steps towards quantification and numerical relationships between nano-
deposit formation and biomineralisation variables are shown in Figure 2.21 and developing this
technique through programming and computer science formed a key part of the project moving

forward.

The electrochemical results matched well with the TEM data showing a difference in
electrochemical response with a change in reducing agent and suggesting subtle changes between

the bacterial strains, E.coli and S.oneidensis. It was a significant finding that the un-treated biomass
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obtained after biomineralisation showed electrochemical responses typical of palladium and of fuel

cell catalysts as this had previously not been shown at the point of experimentation.

As the project had demonstrated this potential use for the biomass and the vast effect that the
variables during biomineralisation had on the electrochemistry observed, a collaborative research
project with Cardiff University was established. The project aimed at developing a much more
consistent electrochemical test and to fully investigate the effect of biomineralisation on the
electrochemical response, initially on palladium the platinum and eventually on to mixed metal

alloy nano-deposits. In addition the work has now been published in biotechnology letters.
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Figure 2.21 - images and graphs showing steps taken to quantify TEM data on particle position for a Biomineralised E.coli
bacteria that used Hydrogen as the reducing agent and PdCl, as the synthetic precursor during biomineralisation
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3.Removing platinum through alternative chemical

architecture

3.1 Introduction

This chapter looks at the first steps investigating the electrochemical behaviour of adsorbed layers
of phosphomolybdic acid and vanadium substituted subsidiaries. The electrochemical activity of
phosphomolybdic acid (PMA) adsorbed layers has been studied and is used as a practical
experiment in undergraduate laboratories.?®* The PMA adsorbed layer is used to set a precedent
and to develop methodology before initial characterization of the singularly substituted vanadium

phosphomolybdic acid (V1IPMA).

3.1.1 Phosphomolybdic acid adsorbed layers

The adsorbed behaviour of PMA dominates much of its chemistry. It is a strongly adsorbing
polyanion;?&>28 the redox behaviour of its adsorbed species; and in turn the relationship between

the adsorbed and bulk species, is integral to its general electrochemical behaviour.

The multiple oxidation states of PMA species allow for its application as a catalyst in a multitude
of reactions, involving both oxidations and reductions, examples are the oxidation of methanol?®’
and oxidising benzene to phenol.?® A review of these processes within organic synthesis was

conducted by Heravi in 2009%° and Zhou in 2014.2%
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The vanadium substituted species have also received a significant amount of research attention. A
number of patents were filed in the 1970s with interest for their application towards the oxidation
of organic compounds. Further, as discussed in chapter 1, the 90’s saw a resurgence of research
interest?®12%2 that has increased recently with their application towards energy devices?>2% as well

as their traditional use in organic synthesis.?®’

These studies when taken together have shown an increased stability of the species with vanadium
inclusion within the Keggin structure,?®® together with an increased affinity to oxygen and a
widening of the redox potential window.2°4?8” An increase in basicity of the compounds was also
seen with increasing vanadium content.?8”2! Interestingly an enhanced regioselectivity is often
observed in organic synthesis with the singularly substituted species.?®” These effects are observed

both in solution and with adsorbed species.

In this chapter, initial experiments into the redox chemistry of the adsorbed polyanions is explored.
It has been observed that these heteropolyanions willingly adsorb to the surface of many
substrates.?%®-302 \Within this chapter the adsorption onto glassy carbon (GC) and edge plane
pyrolytic graphite (EPPG) surfaces is used as a base example with the effect of different surfaces
on this process is investigated in chapter 4. It has been shown that pH affects the equilibrium
potential of observed redox phenomena.’®®3% Therefore, an in-depth differential pH analysis is

performed on the analytes in chapter 4, to investigate the reaction mechanisms.

PMA has been shown to generally form a mono-layer coverage.?*®3% However, it has also been

shown that through adaption of the adsorption procedure multi-layers can be formed on the
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surface.% This aspect of adsorption is extremely important as it will greatly affect the interaction
of species on the surface: determining whether polyanion exchange occurs between the bulk and
surface concentrations and its rate; also determining the amount of charge that can be transferred

during a redox process.

3.1.2 Model surface adsorbed species behaviour

The electrochemistry of surface adsorbed layers can be modelled and then compared to
experimental data. A complete description of these equations was first derived in a series of papers
by Laviron et al.3%-3% in the late 1970’s and early 1980’s. Additionally the equations described are

applied to a similar example of self-assembled monolayers (SAMs) by Eckermann et. Al..31°

Initial assumptions must be made to allow for the equations to be built. Primarily, that the surface
reactions are in equilibria, with the net effect that the current is not influenced by the rate of
reaction. In addition, it is assumed that all surface sites are equal, and that there are no net
interactions between molecules on the surface, as such a Langmuir isotherm is presumed. As is

discussed later this leads to an ideal case but allows of an initial description.

Laviron defines an expression for the surface standard potential (E*) as Equation 3.1,

Equation 3.1
/ RT b
0 _— o _ [
Er=£ (nF)ln ( O/bR)

Where, bo and br are the respective adsorption coefficients for the oxidized and the reduced species

and EC is the standard potential for the solution phase. Taking this forward and assuming Nernstian
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behaviour for the reaction, Equation 3.2 can be formed with effective surface concentrations (I'o,

I'r respectively).

Equation 3.2
Iy bo

i =5 5 [(r) € - 5]

Laviron then further refines this equation to describe the free energy of adsorption for the oxidised
and the reduced species. To form the equation to calculate the current response at a given potential,
this equation is taken and combined with the general flux equation under the given conditions to

produce Equation 3.3.

Equation 3.3
e a3 (70, )expl(V/pr) (B - )]

' [1 + (Po/, Yexpl("F/pp)(E - 5]

Subsequently this leads to the familiar equations for peak current (ip) and peak potential (Ep).

Equation 3.4

n?F?
P~ RT

e = (i) n (1)

Due to the assumptions made, if there are truly no molecular interactions and the surface adsorption

i VAT

Equation 3.5

holds to a Langmuir isotherm the reduction and oxidation peaks appear symmetrical about the

potential axis leading to the equation of the half-peak height width.

Equation 3.6

AE _353RT_90.6 v
p1/2 = 293 0= T oM
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3.1.3 Application of adsorbed models

Equation 3.4 relates the peak current to the surface coverage of the redox active species and scan
rate of the experiment. This allows for two test parameters to be established. First, a method for
investigating the surface coverage of a species; secondly, a method to investigate whether the redox
properties are truly dominated by adsorbed species or whether a diffusion regime dominates. A
diffusion regime could dominate if the species has a high exchange rate, either in the oxidized or

reduced form, or if counter ions/reactants must penetrate the layer to balance any charge within.

Recalling discussions in previous chapters, the Randles-Sevcik equation shows the relationship of
peak current to scan rate in diffusion controlled regimes as being directly proportional to the square
root of scan rate. Comparing this to Equation 3.4 a clear difference arises. This leads to the
conclusion that a log |ip| versus log (scan rate) graph should show a linear relationship in both cases
if ideal behaviour is observed. Additionally, if the response is dominated by adsorbed layer
behaviour the gradient of the linear relationship will equal 1 and if it is dominated by a diffusional

aspect it will equal 0.5.

The surface coverage of phosphomolybdic acid has been well documented in previous studies
which allows for a prediction of peak current values, and a measure of whether true ideal behaviour
is observed. In addition, this information can show whether a monolayer of adsorbed material is
formed. Even if the redox characteristics do not follow ideal behaviour, the charge transferred
within a redox event should equal the charge needed to oxidise (or reduce) the number of adsorbed

species (with respect to the number of electrons involved in the process) adsorbed to the surface.
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This means that if the area under the peak is integrated, a value for the charge transferred to the
surface species (if adsorbed behaviour is assumed) can be obtained. This in turn allows the
calculation of the number of chemical units on the surface. As this surface coverage value is known,
it can subsequently be established whether a true monolayer exists. When discussing the vanadium
substitutions, the reference value for the surface coverage of phosphomolybdic acid can be
considered. It must be noted that substitution will lead to a change in size of the chemical unit,
however, the effect of substitution, especially in singularly substituted species will be relatively

small in terms of magnitude.

3.1.4 Deviation from ideal behaviour for adsorbed species

It should also be noted that the description above based on Laviron’s early work described the
behaviour in ideal circumstances using the Langmuir isotherm, which does not account either for
non-linear adsorption, or for interactions between chemical units on the surface. In subsequent
work Laviron and others went on to describe multiple models with differential isotherms used to
include these complications. The main effects of surface interactions between species are peak
flattening, deviation from symmetrical peak shape and peak offset (where the peaks are offset from
each other on the potential axis). Regarding the species considered here, multiple reduction and
oxidation processes occur across the potential window and as such multiple multi-electron transfer
processes occur leading to highly charged species on the surface. This in turn leads to considerable

interaction between molecules on the surface.
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3.1.5 Conclusion

There is a large volume of research material into the adsorbed layers of phosphomolybdic acid and
its vanadium substituted derivatives. However the fundamental study of the electrochemical

behaviour of adsorbed layers is incomplete.

This chapter covers the initial electrochemistry of the phosphomolybdic acid and singularly
substituted vanadophosphomolybdic acid adsorbed layers. A key area missing from the literature
is the rate of adsorption and how both species deviate from ideal behaviour with a developed

systematic, reproducible approach to surface modification.

Chapter 4 covers the lack of information relating to the effect of graphitic surface, pH and cation
used. Specific information on the interaction between the adsorbed layer and the solution phase has
not previously been available, and is covered in chapters 5 and 6 of this thesis. Although ideas on
the influence of increasing vanadium content within the heteropoly acid have been developed and
explored, details of the relationship between the singularly and the doubly substituted species are
not fully available due to previous synthetic routes, and incomplete studies. This subject area is

covered in chapter 6.

3.2 Experimental

3.2.1 Electrode Preparation

Electrode preparation proved challenging due to PMA contamination, as such, repeatable and

effective electrode cleaning and preparation procedure was developed specifically for this work.
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After each experiment the electrode was polished for 50 cycles with 45um diamond paste (Buehler,
Germany) on a polishing cloth (Buehler, Germany). The electrode was then immersed in a stirred
solution of 0.1M sodium hydroxide for ten minutes before rinsing and further polishing for 50
cycles with 15, 9, 6, um diamond pastes on polishing pads subsequently followed by 1, 0.3 and
0.05 pm alumina slurries on polishing pads with the electrode rinsed in distilled water between
each step. The electrode was then dried in a stream of nitrogen before further use. Where not
specifically discussed the method used was to take an electrode as described above and immerse
in 0.1 M aqueous solution of phosphomolybdic acid (diluted from 0.3 M solution provided by
ACAL Energy Ltd), or phosphovanadomolybdic acid (diluted from 0.3 M solution provided by
ACAL Energy Ltd), for 30 seconds before rinsing with ultrapure water and drying under blown

nitrogen gas.

3.2.2 Cell preparation

To complete the electrochemical assessment a simple three electrode cell was constructed using a
bright platinum as the counter electrode and a SCE reference. The beaker was filled with 50 mL of
0.1 M sulfuric acid then covered with parafilm™ and sealed. Holes were made in the parafilm™
to insert the 3 electrodes and to allow the cell to be purged with a nitrogen stream (20 minutes). A
positive pressure of nitrogen was maintained above the solution throughout experimentation. A

magnetic stirrer bar was inserted to allow agitation between experiments.

The electrodes were connected to an lvium potentiostat, controlled through a PC driven by the
Iviumsoft software (Alvatek Ltd. UK.). Standard cyclic voltammetry programs were used at the

ranges and scan rate discussed in the results and discussion section.
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3.3 Results and discussion

The system was found to be highly sensitive to self-contamination. It was not clear whether the
contamination was residual adsorbed molecules or a reabsorption effect from the solutions and
pads. This led to the development of a specific cleaning routine (detailed above), where the
electrode was polished using highly abrasive slurry and soaked in alkali solution. The effect that
alkali solution had on the adsorbed species is subject to further investigation in section 4.3.4 as this

simple measure resulted in a distinct change in the behaviour of the layer with pH.

Having established a repeatable methodology for generating blank scans following active scans,
the initial experiments focused on producing a repeatable layer on the electrode for experimentation

and an initial study on the adsorption rate that was occurring.

3.3.1 Adsorption rates

A 3mm glassy carbon electrode was taken and dipped in a 0.1 M solution of PMA before rinsing
with distilled water and being dried with compressed air. The electrode was then used as the
working electrode in a 0.1 M sulfuric acid solution and the electrochemical response to cyclic
voltammetry at 100 mV.s was recorded. The length of time that the electrode remained dipped
into the solution was varied to investigate whether a time dependence existed. These results are

shown in Figure 3.1.
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Figure 3.1 — Overlay of cyclic voltammograms obtained from 3 mm GC electrodes modified via dipping in 0.1 M PMA
solutions and taken at 100 mV.st in 0.1 M sulphuric acid solutions. Each electrode has been dipped for a differing
length of time.

It was seen that the change in cyclic voltammetry was established after a very short dip time in the
solution of PMA, Figure 3.1. Dip timings up to 3600 s were used on multiple GC electrodes (both
2 and 3 mm GC), to investigate whether a relationship between dip time and the magnitude of
current existed. Peak current values were taken from cyclic voltammetry for reduction peaks, R1,
R2 and R3, as denoted in Figure 3.1, and averaged to enable a plot of average peak current density
versus dip time, Figure 3.2. The initial fast increase in magnitude appeared to take place within ten
seconds. At this point, there was not enough information from this data to comment on any

adsorption process, and it is explored in much greater detail in section 4.3.1.
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Figure 3.2 - Left, average reductive peak current density (across R1, R2 and R3) for GC electrodes modified by dipping
in 0.1 M PMA solution, from cyclic voltammetry in 0.1 M sulphuric acid. Right, a highlighted section of quicker dip times
using the same data as the left plot. Electrode 1 was a 3 mm GC electrode and electrode 2 was a 2 mm electrode.

Figure 3.2 shows a clear point at which an initial adsorption has taken place, however, that this is

not repeatable enough at short dip times at this concentration. From this initial assessment, it was

seen that dipping an electrode in the solution for 30 seconds produces a layer with a repeatable

response, similar to previous studies.®***?The next step was to repeat the initial assessment with

V1PMA. These results can be seen in Figure 3.3.
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Figure 3.3 - Cyclic voltammetry of 3 mm GC electrodes modified with singular substituted vanado-phosphomolybdic
acid at varying dip times at 100 mV.s* in 0.1 M sulphuric acid.
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The dip-time response of singularly substituted vanado-phosphomolybdic acid was similar to that

of phosphomolybdic acid, albeit the cyclic voltammetry is different. Taking the peak current values

of R1 and R3, Figure 3.3, a plot of peak current density versus dip time can be plotted, Figure 3.4.
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Figure 3.4 - Peak current density of R1 and R3, obtained from cyclic voltammetry of V1IPMA modified 3 mm GC
electrodes at 100 mV.s' in 0.1 M sulphuric acid, showing the magnitude versus dip time for the modification.

It can be seen that R1 in VIPMA is significantly lower in magnitude than R3. Also observed is

that the response is observed with very short dip times, stabilising in magnitude within 15 seconds.

With the two cases supporting each other it was decided that in order to study the electrochemistry

of the adsorbed layers, electrodes should be dipped for 30 seconds to ensure adsorption has

occurred. Effects on this adsorption behaviour caused by changing concentration, pH and electrode

surface are investigated further, in 4.3.1.
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3.3.2 Signal degradation rates

The next experiments examined how these layers deteriorated. GC electrodes were taken, dipped
for 30s in the phosphomolybdic acid solutions and the electrochemical response to repeated cycles

was recorded, as shown in Figure 3.5.
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Figure 3.5 - repeated cycling (20 cycles at 100 mV.s in 0.1 M sulphuric acid) of a 3 mm GC electrode modified by
dipping into a 0.1 M PMA solution for 30 seconds (blue) and an unmodified electrode (black)

It was observed that repeated cycling led to little deterioration in the magnitude of the current
response. This was relatively unsurprising given the resilience of the layer during electrode
polishing. It can be seen in the cyclic voltammograms that the GC electrode produced a relatively
ill-defined electrochemical response with a large contribution from background capacitance. As

such, an edge-plane pyrolytic graphite (EPPG) electrode was used to see if more pronounced
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signals were observed. Response to repeated cycling of a phosphomolybdic acid modified EPPG

electrode are shown in Figure 3.6.
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Figure 3.6 - repeated cycling (20 cycles at 100 mV.st in 0.1 M sulphuric acid) of a 3 mm EPPG Electrode modified by
dipping in a 0.1 M PMA solution for 30 seconds (blue) and an unmodified electrode (black)

It was observed that indeed the signals are ‘sharper’ with a reduction in the contribution from back-
ground capacitance. A full investigation into the effects caused by the electrode material is covered
in section 4.1.2. As with the GC electrode little reduction in the magnitude of the observed response

was seen after repeated cycling across the selected potential window.

Within this window three reversible redox phenomena are observed. However, Figure 3.6 hints
that further redox processes occur at lower (more negative) potentials, with the onset of a further

redox process observable at around -0.2 V vs. SCE. It was also noted that the removal of the
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modification from the surface is linked to a chemical change, this was achieved by exposing the
surface to an alkaline pH. It is possible that further reduction of the surface species could lead to a

structural change and a break-down in the structure.

3.3.3. Effect of potential scan range

To investigate whether this degradation could be induced at lower potentials, EPPG electrodes
were modified with singularly substituted vanado-phosphomolybdic acid as has previously been
described. These electrodes were subject to incrementally wider potential ranges, with a new

electrode used for each increase in range, as in previous studies.®!*
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Figure 3.7 - Cycle voltammograms (taken at 100mV.s't in 0.1 M sulphuric acid) of 3 mm EPPG electrodes modified by
dipping in 0.1 M V1PMA solution for 30 seconds at increasing potential ranges.
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Figure 3.7 shows the initial scan of each increase in potential range. The first observation is that in
total 7 reduction processes occur (peaks A-G in Figure 3.8) and that the return oxidations are not
consistent across the increasing potential ranges. At potential ranges not venturing lower than -0.2
E. Vs S.C.E., four reduction processes occur and the reversible corresponding four oxidation
process are present at this scan rate (100 mV.s). Venturing below this potential range the oxidation
processes are affected and break down into multiple events that are hard to decipher, as with
previous polyoxometalate studies.®® Figure 3.8 shows two selected potential ranges with repeated
cycles alongside a plot of the current of the first reduction (peak) degrading with repeated cycles

at the different potential regions.
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Figure 3.8 - cyclic voltammograms of repeated cycling (20 cycles at 100 mV.s in 0.1 M sulphuric acid) at selected
potential ranges of 3 mm EPPG electrodes modified by dipping in 0.1 M V1PMA solutions for 30 seconds, and the
corresponding degradation in reduction peak (A) peak current at these extended potential windows, legend refers to
lower potential limit.

Figure 3.8 shows that as the potential range is extended not only do the oxidation peaks become

difficult to assign but that the degradation in peak magnitude occurs more rapidly. This indicates
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that the layer is breaking down during these further reduction processes and it leads to the
conclusion that when investigating the electrochemical behaviour of these layers, the potential

window should stay above -0.2 Vs. S.C.E. to avoid the breakdown of the surface.

3.3.4 Analysis of phosphomolybdic acid electrochemical response

Peak Shape analysis

A phosphomolybdic acid modified EPPG electrode was taken and the electrochemical response to
cyclic voltammetry between 0.8 and -0.2 E. Vs. S.C.E. was measured. The response from a blank
electrode was recorded and then subtracted from the previously recorded data. This allows for
assessment of the response from the layer without contribution from the background capacitance
of the electrode. Subsequently the positive sweep data was taken and inverted so that oxidative and

reductive sweeps overlay one another, resulting in the data seen in Figure 3.9.

125



" - Reduction
' Oxidation
0 al
=
£ 54
-
O
_10 -
-15 : I : : : |
-0.5 0.0 0.5 1.0

E.Vs.8C.E./IV

Figure 3.9 - overlaid oxidative and reductive cyclic voltammetry responses from a 3 mm EPPG electrode modified by
dipping in a 0.1 M solution of PMA taken at 100 mV.s* in 0.1 M sulphuric acid, with a blank baseline removed

This way of presenting the data allows several characteristics to be observed. The deviation of the
response from the baseline that takes place once the first reductive process (A) has been initiated
shows that there is a resistive component to transferring electrons into and out of the adsorbed
layer, as shown in the difference between the two lines labelled ‘Base’ and ‘Layer’ in Figure 3.9.
It can also be observed that the peaks are not a perfect mirror image across the x-axis, meaning that
the behaviour of the layer was not perfectly ideal. Table 3-1 lists the peak potentials and shows this

non-symmetry, although it also highlights how small the shift in position is, being on average a

shift of 10 mV.

126



A
B
C

Reduction
0.323

0.181
-0.04

Oxidation
0.337

0.191
-0.034

Difference
0.014

0.01
0.006

Table 3-1 — Potential values of peak current for the oxidative and reductive process observed at a phosphomolybdic acid
modified EPPG electrode in a 0.1 M sulphuric acid solution. Values are taken versus S.C.E.

Taking each peak individually the half peak height widths can be calculated and an idea of the
symmetry can be obtained for the peak. This was achieved by separating the data associated with
each peak and adjusting the potential so that it is referenced to the central peak height. The locations

of the half peak height can then be found and the half peak height width calculated as is shown in

Figure 3.10.
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Figure 3.10 - Analysis of Peak A observed in cyclic voltammetry at 100 mV.s* in 0.1 M sulphuric acid for a 3 mm EPPG
electrode modified by dipping in 0.1 M PMA solution for 30 seconds

Figure 3.10 also shows analysis of the symmetry of the peak. This can be represented by the
difference in current response at equal distance from the peak centre, this is shown on the right-

hand side of Figure 3.10. The data shows that for peak A, the reductive half peak width is 82 mV
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and the oxidative half peak width is 67 mV. It has been shown in previous studies that the three
peaks A, B and C are attributed to two electron redox processes. As such, and from Equation 3.6,

the half peak height width should be 45 mV.

This deviation from ideal behaviour could be due to several possibilities. The data on the right-
hand side of Figure 3.10 shows that the peak is not symmetrical and that the oxidative peak is less
symmetrical then the reductive peak. However, the data is difficult to correctly baseline adjust.
As can be seen in Figure 3.10 the peak is clearly not positioned on the baseline due to the
contribution of the resistance within the layer and due to the overlapping of the peaks. This is
also alluded to in the gradient shown in the right hand-side graph. If a second baseline adjustment

is made, taken from the leading edges of the peaks it results in the data shown in Figure 3.11.
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Figure 3.11 - Additional baseline corrected analysis of Peak A observed in cyclic voltammetry at 100 mV.s*in 0.1 M
sulphuric acid for a 3 mm EPPG electrode modified by dipping in 0.1 M PMA solution for 30 seconds

With the data processed in this way the half peak height width for the reductive process is 71.5 mV
and 54.5 mV for the oxidative process. It can also be seen that no gradient exists in the right-hand

graph and that the data points surround a collective zero figure, showing that both peaks are very
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symmetrical. The question of how to take correct baselines is a very important issue and is returned

to frequently when analysing the electrochemistry of the adsorbed layer.

The same methods were applied to peaks B and C of Figure 3.9 leading to the data presented in

Figure 3.12.
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Figure 3.12 - Additional peak analysis for peaks B and C observed in cyclic voltammetry at 100 mV.s* in 0.1 M

sulphuric acid for a3 mm EPPG electrode modified by dipping in 0.1 M PMA solution for 30 seconds

Figure 3.12 shows that both peaks are symmetrical, with the reductive peak C showing the biggest

deviation from symmetry. The negative deviation shows that the peak is biased to the negative
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potential side, producing more current on the left hand side of the peak then the right. The reductive
half peak width for Peak B was 47 mV with the oxidative being 49 mV. For peak C the values were
62 mV for the reductive and 63 mV for the oxidative process. Peak B shows the most ideal
behaviour being very similar to the ideal calculated value, whereas, peak C shows some deviation.
To ensure this deviation is not caused by the surface species exchange into solution or by the
limitation of counter ion diffusion, scan rate analysis was used to determine whether the layer is

exhibiting truly adsorbed layer behaviour.

Scan rate analysis

EPPG electrodes were modified with phosphomolybdic acid and their response to cyclic
voltammetry and various scan rates recorded. These responses were plotted (Figure 3.13) and the

peak heights were taken.
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Figure 3.13 - Scan rate analysis of cyclic voltammetry in 0.1 M sulphuric acid of 3 mm EPPG electrodes modified by
dipping in 0.1M PMA solution for 30 seconds

Logarithms were taken of the scan rate and corresponding peak height and plotted against each
other (Figure 3.13). As can be seen the slope of this relationship is equal to 1 for each of the three

redox process and their corresponding oxidation and reduction peaks. This information agrees very
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well with the hypothesis that the electrochemical responses are all adsorbed layer behaviour and

that deviation from ideal behaviour is due to physical parameters within the layer itself.

Charge transferred at each redox event

Having investigated the general shape and response of the redox peaks observed for
phosphomolybdic acid modified EPPG electrodes and seeing how this relates to the ideal cases for
two electron transfer processes it was decided to investigate the charge transferred to the layer in

each redox process, relating this to the monolayer coverage of the electrode.

The size of a phosphomolybdic acid molecule reported in literature is between 10-12 A 3% this
leads to a theoretical surface coverage of 1.7x10™° mol.cm?. Using the equation that relates

surface coverage to charge,
Equation 3.7 Q

U= ar
A theoretical value for the charge passed to reduce or oxidise a complete layer of phsophomolybdic
acid on the surface of the electrode can be calculated as 2.32 uC. In addition, when studies have
factored in surface roughness they have found values of surface coverage of 2.0x101° mol.cm™
leading to a charge of 2.73 pC. It must also be noted these studies were using ITO based electrodes

which are inherently flat smooth surfaces compared with polished graphite.?!’ In addition studies

of silicone based vanadium substituted HPAs reported a maximum coverage of 1.4x10%° mol.cm-

2 314
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To obtain the charge values two EPPG electrodes were taken and for each scan rate they were
prepared as previously described with phosphomolybdic acid. The data was taken with each peak
treated to the same baseline correction as in previous sections and then integrated to calculate

charge. The data was then plotted against the redox peak and results in Figure 3.14.
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Figure 3.14 - Charge transferred in each redox process at each scan rate for a 3 mm EPPG electrode modified by
dipping in a 0.1 M PMA solution for 30 seconds.

Figure 3.14 shows that the charge transferred for each layer is slightly larger than for the theoretical

values for a monolayer coverage and slightly higher than previous reported studies using ITO.
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However, considering the surface roughness of polished graphite when compared to ITO surfaces

these values are reasonably similar.

3.3.5 Analysis of singularly substituted vanado-phosphomolybdic acid

The work into phosphomolybdic acid modified electrodes provided a baseline, and provided more
information than is currently available from literature. The next step was to investigate the effect

of substituting vanadium into the molecule.

Peak analysis
In the same way that the initial assessment of phosphomolybdic acid was conducted, an EPPG
electrode was taken and modified with VIPMA. A blank scan was measured and subtracted, Figure

3.15.
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Figure 3.15 -Left, Cyclic voltammetry of a 3 mm EPPG electrode modified by dipping in a 0.1 M V1PMA solution for 30
seconds taken at 100 mV.s in 0.1 M sulphuric acid, with a blank scan also shown. Right, the same data for the VIPMA
modified EPPG electrode with the blank scan removed from the data and the oxidative portion inverted.

As with the phosphomolybdic acid electrode the oxidative signal is inverted and overlaid onto the

reductive sweep (right, Figure 3.15). It can clearly be seen that the peaks are less symmetrical then
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with the phosphomolybdic acid. Additionally, the onset of reduction has shifted positive and the

first peak has appeared to be split into two separate peaks with 4 redox processes now evident. The

initial redox peak is shown in Figure 3.16.
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Figure 3.16 — Analysis of the first peak observed within cyclic voltammetry of a 3 mm EPPG electrode modified by
dipping in a 0.1 M V1PMA solution for 30 seconds taken at 100 mV.s* in 0.1 M sulphuric acid

This first peak is attenuated and difficult to resolve. Its half height peak width can be determined
by using the fitting function within Origin (Microcal Inc, USA) and using a Gaussian function to
determine its statistical spread. Using this, the half-height widths are 135 mV for the reductive

process and 381 mV for the oxidative. These greater than for any of the peaks in the
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phosphomolybdic acid response and suggests that surface interactions are having an extremely

significant effect on the process.

The second peak appears at the same position as the first peak for phosphomolybdic acid. It too

looks diminished and asymmetric, however, in this case it appears this is due to overlaying peaks,

Figure 3.17.
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Figure 3.17 - Analysis of the second redox peak observed within cyclic voltammetry of a 3 mm EPPG electrode modified
by dipping in a 0.1 M V1PMA solution for 30 seconds taken at 100 mV.s* in 0.1 M sulphuric acid
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It can be observed that the peak is much more symmetrical then the first peak observed. Applying
the same fitting protocol, it was determined that the reductive half height width was 89 mV and the
oxidative was 116 mV. These values show an enlargement over the first peak observed in the
phosphomolybdic acid modified EPPG electrode. This is indicative that this peak has become a
one electron transfer process and allows for the hypothesis that the initial two electron redox
process observed in the phosphomolybdic acid modified EPPG electrode has split into two, one

electron processes, with one process occurring at higher potentials. The further two peaks are more

symmetrical and are closer to ideal behaviour, Figure 3.18.
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Figure 3.18 — Analysis of the 3@ and 4" observed peaks within cyclic voltammetry of a 3 mm EPPG electrode modified by
dipping in a 0.1 M V1PMA solution for 30 seconds taken at 100 mV.s* in 0.1 M sulphuric acid

The half-height peak widths for peak 3 were 68 mV and 65 mV for the reductive and oxidative
processes respectively and in the case of peak 4 both the oxidative and reductive peaks half height
widths were 81 mV. These numbers indicate that these processes have been relatively un-perturbed

by the substitution of vanadium. Similar to a reported 77 mV for the fourth reduction peak of silicon

based vanadium substituted HPAs on gold electrodes.3'
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Scan Rate Analysis

The same scan rate analysis was performed for the singularly substituted vanado-phosphomolybdic
acid modified EPPG electrodes as for the phosphomolybdic acid modified EPPG electrodes. This

can be seen in Figure 3.19.
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Figure 3.19 - scan rate analysis of cyclic voltammetry of a 3 mm EPPG electrode modified by dipping ina 0.1 M V1IPMA
solution for 30 seconds taken in 0.1 M sulphuric acid

The figure shows that the modified layer responds to cyclic voltammetry in a similar way to the
original phosphomolybdic layer. All observable peaks generate a gradient in a log vs log plot of
approximately one. It is interesting that the peaks become more defined at faster scan rates but that
this also leads to increased asymmetry in the peaks. This is due to the rate at which the potential
sweep increases, which may limit the time available for rearrangement on the surface making the

surface interactions more evident.
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Charge transferred at singularly substituted vanado-phosphomolybdic acid electrodes

Charge analysis was performed on the data obtained for the singularly substituted vanado-
phosphomolybdic acid EPPG electrode. Additionally, a value of 1 for electrons transferred instead

of two gives a theoretical value of 1.16 uC, and with the surface roughness factored in, of 1.37uC.
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Figure 3.20 - charge transferred per redox process observed within cyclic voltammetry of a 3 mm EPPG electrode
modified by dipping in a 0.1 M V1PMA solution for 30 seconds, taken in 0.1 M sulphuric acid

Figure 3.20 shows that the charge transferred in the first two redox process (R1, R2 and O1, O2)
IS representative of a one electron transfer process. This adds weight to the argument that the
vanadium substitution has split the initial first peak of the phosphomolybdic acid layer into two

separate peaks, with one peak occurring at a more positive potential.
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3.3.6 Comparing Phosphomolybdic acid and singularly substituted vanado-
phosphomolybdic acid modified EPPG electrodes

In previous studies the response of phosphomolybdic acid modified electrodes with three
observable redox processes has led to the proposal that the phosphomolybdic acid molecule is

reduced sequentially.*®® As proposed:

Equation 3.8
(PM0Y1040)%~ + 2e~ —» (PMoYiMoY 0,0)%~

Equation 3.9
(PMoYEMo0Y 0,0)3~ + 2e™ = (PMoY MoY 040)7~

Equation 3.10
(PMo¥T™Mo0Y0,0)7~ + 2e~ > (PMol'Mo¥ 040)°~

These individual two electron transfer processes correspond to the peaks 1, 2, 3 in Figure 3.1. It
has been seen that the initial redox process (Equation 3.8) appears to split from a single two electron
process into two, one electron processes and that these peaks no longer behave in a way that is true
to ideal theoretical behaviour. It is hypothesized, due to the initial process being shifted much

further positive, that the vanadium cluster within the molecule is the first metal centre to be

reduced. As such,

Equation 3.11
(PVY Mo0{{040)*” + e~ = (PV{VMo{{04)°~

Equation 3.12
(PV{VM0{{040)°~ + e~ = (PV{V Moy Mo{3040)®~

Equation 3.13
(PV{VMoY M0Y{040)°~ + 2e™ — (PVIVMo¥ Mo§'0,0)8

Equation 3.14
(PV{" Moy Mog' 040)8~ + 2e~ = (PV{"Mog Moy’ 040)*°~
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It must be noted that these equations are neither fully balanced nor have the associated counter ion
species accounted for but are similar to those proposed in literature for solution phase species in

organic media.??®

Comparing cyclic voltammetry responses of phosphomolybdic acid EPPG electrodes and
singularly substituted vanado-phosphomolybdic acid electrodes.
The first direct comparison of the two modified EPPG electrode types is an overlay of their

corresponding responses to cyclic voltammetry, shown in Figure 3.21.
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Figure 3.21 - CV responses of PMA and V1PMA modified (30 seconds dipped in 0.1 M solutions) 3 mm EPPG electrodes
taken at 100 mV.stin 0.1 M sulphuric acid
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It can be seen that the 3" and 4" redox processes are approximately the same. However, it is evident
that although the second redox processes (R2, O2) appear at the same potential a large drop in
magnitude is observed. Additionally, the initial redox process (R1, O1) is not observed in the
response from the phosphomolybdic acid modified electrode and present in the singularly
substituted vanado-phosphomolybdic acid. This adds to the hypothesis and the equation scheme

already put forward.

Comparison of charge transferred for PMA and V1PMA modified EPPG electrodes

The charge data was averaged (across scan rates) to enable a comparison, shown in Figure 3.22.
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Figure 3.22 - charge comparison (averaged across scan rate) per redox process observed within cyclic voltammetry of
PMA and V1PMA modified (30 seconds dipped in 0.1 M solutions) 3 mm EPPG electrodes in 0.1 M sulphuric acid
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This data shows that the 1%t and 2" redox process for VIPMA modified EPPG transfers the charge
associated via a one electron process. The 3" and 4" (R3, 03, R4 and O4) are observable as two
electron transfer processes matching the respective peaks in the PMA modified EPPG electrode.
This data clearly supports the hypothesis for the change in redox processes, although more data

would be beneficial to demonstrate this conclusively.

3.3.7 Conclusion on initial investigation

The cyclic voltammetry for phosphomolybdic acid matches previously recorded CVs. In addition,
through analysis of charge transfer and peak current values it has been shown that the layer

represents an approximate monolayer coverage of the surface.

Qualitatively, when comparing the two species it can be deduced that the first reduction wave has
shifted. The magnitude of the shift suggests that a new reduction process has been introduced to
the system with the substitution of vanadium into the species. The first reduction wave is more
positive, approximately 200mV, and agrees with previous work suggesting vanadium would shift
this potential in a positive direction.°%25 |t is also observed that the second wave of the substituted

compound corresponds to the first of the original acid but is approximately half its peak current.

It has been shown that phosphomolybdic acid redox processes concur with ideal theoretical
behaviour but upon substitution the peaks affected deviate significantly from described behaviour.
This leads to the need for additional data to conclusively demonstrate that the mechanisms have
shifted to those proposed. The difference in responses seen between EPPG and GC electrodes

highlights the need to investigate the effect of electrode surface on the electrochemistry. With
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additional data, accounting for counter ions and electrode surface, it may be possible to model the
surface electrochemistry. It may also be possible with additional scan rate data and conclusive
information on the shift in the electron transfer process to calculate the change in surface coverage

between the two species. These aspects are the focus of investigations in Chapter 4.
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4. Characterisation of Singularly Substituted

Vanadophosphomolybdic acid adsorbed layers

4.1 Introduction

This chapter continues from chapter three, progressing from an initial investigation of the surface
chemistry of phosphomolybdic acid derivatives to a characterization of the electrochemistry of the
adsorbed layers. It considers the effect that a change in counter ion, a change in electrode material
and a change of pH has on the adsorption and the subsequent electrochemistry of adsorbed layers

formed by these species.

4.1.1 Effect on surface chemistry of vanadium inclusion

It has been observed that the heteropolyacid species undergoing reduction distorts but retains the
polyanion structure and that this deformation increases with vanadium inclusion.®*® This may have
implications for the adsorbed electrochemistry observed, leading to an increase in interaction
between adsorbed species. As discussed, this can produce a peak suppression effect and a deviation
from ideal behaviour, using a Langmuir isotherm (as described by Laviron®®’) and leads to the

description using different isotherms, such as the Frumkin isotherm.
This effect on the electrochemistry of the species has not been fully investigated. Surface coverages

of the material and the deviation caused by deformation from ideal behaviour have not been

characterised.
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4.1.2 Electrode Materials

The electrode material used has a large effect on these surface coverage values and in general the
response of a system. It has been shown that VIPMASs have a periodicity on graphitic surfaces of
10-11 A, these studies were performed on highly ordered pyrolytic graphite (HOPG) and
additionally showed that the cation of choice effected the periodicity with caesium, and potassium

increasing to 12-14 A 3%

Studies have shown that HPA species adsorb readily at a multitude of surfaces. Additionally, that
the change in surface affects their effective surface coverages and subsequently the
electrochemistry observed.31631° In particular, studies have used 1TO, metals,3%%?! graphene
oxide?**2% and carbon nano-tubes (CNTs).?®3 HPAs on titanium oxides have also received recent
attention for use within photovoltaic cells.®?? It has been demonstrated that the electrode material
can markedly affect the redox behaviour of the PMA and VIPMA species.®?* However, in fuel
cells, batteries and other energy applications there is a need for understanding the behaviour on
carbon based electrode materials.>** As such, one aim of the chapter establishing the effects
observed of changing the electrode material, several graphitic and carbon materials were chosen

for investigation.

4.1.3 pH effects in surface electrochemistry

It has been observed in previous studies that the basicity of the species increases with the
introduction of vanadium.?®! This has an important bearing on the effect that may be observed with
pH variance. A full understanding of the role of protons within the electrochemistry of the adsorbed

layers has not been developed, especially for the VIPMA species.
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In general, the effect of protons within a mechanism can be first investigated by linking the
equilibrium potential of an observed redox process to the pH of the experimental solution. This
results, for this example, in information on the number of protons consumed for each electron

transfer.

It was discussed in the conclusion to Chapter 3 that the likely reductive mechanism sees up to 6
electrons transferred to each molecule within the adsorbed layer. This leads to a large number of
protons being needed to balance this charge transfer. It has been demonstrated and shown in
previous literature that the mechanism and type of electron transfer observed with HPAs can often
alter dramatically with pH.!* Since data such as a Pourbaix diagram is unavailable for the
particular species under investigation, it is an aim of this chapter to develop the understanding of
how the electrochemical processes and the stability of the species changes across increasing pH

values.

4.1.4 Effect of counter ion on heteropolyanion species

The counter ion alters many properties of the heteropolyanion.3?®> Most commonly referred to in
the literature is the ability to alter the solubility of the species through the cation. In addition, it has
been shown that the cation affects the periodicity of the adsorbed species and as such the effective
surface coverage.3** To ensure that this effect was mitigated in these investigations, multiple cation

species were used; the fully acidic PMA derivatives and the Na* cation derivatives.

146



4.2 Experimental

4.2.1 Electrode preparation

For general experimentation and where a different process is not specifically stated the electrodes

were prepared as described in previous section 3.2.1.

Electrode preparation for adsorption rate experiments

To investigate the adsorption rates of the phosphomolybdic acid derivatives, the electrodes were
prepared as in section 3.2.1., unless different surfaces were used as described below. The dip time

was altered as described within the results and discussion section.

Basal-Plane Pyrolytic Graphite

BPPG electrodes (ALS, Japan) required a special preparation technique. This was investigated as
part of the experimental work and is discussed in more detail in section 4.3.2. The standard
preparation technique to produce a true basal plane was to wash the electrode in 0.1 M sodium
hydroxide to chemically remove the adhered surface species. The electrode was then polished as
described (section 3.2.1) however this creates a disordered multi-species terminated electrode
surface. To investigate this effect adhesive tape (Sellotape, 3M) was used to remove the top surface
by adhering it to the tip of the electrode and then removing; this was repeated 5 times. It was noticed
that this sometimes left a ‘sticky’ residue on the surface which ‘dulled’ the electrochemical
response. Therefore, numerous solvents and solutions were investigated to remove the residue
without affecting the electrochemical response. Acetone was most effective at removing the residue

but led to less reproducible results. The final procedure was to soak for 15 minutes in 0.1 M
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sulphuric acid as it produced repeatable results and was most similar to experimental conditions.
After the surface was prepared the modification step was performed identically to all other

electrode experiments.

Cell Preparation

A standard three electrode electrochemical cell set-up was used throughout, connected to an Ivium
compactstat potentiostat (Alvatek, UK) controlled by an external PC using lviumSoft (Alvatek,
UK) software. The counter electrode was a high surface area bright platinum gauze. Two reference
electrodes were used in experimentation, a saturated calomel electrode (ALS, Japan) and a

saturated Ag/AgCl (CH Instruments, UK).

The electrolyte was varied with experiment where required. A stock solution of 0.5 M sulphuric
acid was prepared for every experiment from concentrated sulphuric acid (s.g. 1.83, Sigma Aldrich)
and ultrapure water of resistivity not less than 18.2 MQ.cm (Milli-Q, Millipore). These solutions
were diluted where required to 0.1 M as a standard electrolyte. pH was controlled through the
addition of sodium hydroxide (Sigma Aldrich, UK) and the addition of the original 0.5 M stock
solution, and monitored with a pH meter (Mettler-Toledo International Inc.). Other electrolytes
were used such as 0.1 M perchloric acid (Sigma Aldrich, UK) and 0.1 M HCI (Sigma Aldrich) to
ensure no effect of electrolyte was observed. Before each experiment electrolyte solutions were

purged with nitrogen gas for 20 minutes.
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4.3 Results and discussion

Chapter 3 focused on establishing a protocol for experimentation with PMA and V1PMA. This
allowed for a basic hypothesis to be formed around the redox phenomena observed and the effect

of substituting vanadium into the phosphomolybdic heteropolyanion.

This chapter develops this understanding, exploring the effects caused by changing the following:
counter ion species, the electrode surface and pH. This allows for a much more detailed and
comprehensive view on the adsorption behaviour at different surfaces, the nature of the adsorbed

species and the mechanism involved in electron transfer.

4.3.1. Counter ions in singularly substituted vanado-phosphomolybdic acid

An area that was lacking in the initial study was the effect of the counter ion species on the redox
process. ACAL Energy Ltd. have studied the effect in detail on the catalysts that they currently use
and were able to supply a second sample of VIPMA. The studies in chapter three used the sodium
version of the vanado-phosphomolybdic anion, formally, [NaH3][PVV1M011040] and the protonated
corresponding parent phosphomolybdic acid, [Hz][PMo012O40]. This first section of chapter 4
considers the fully protonated singularly substituted vanado-phosphomolybdic acid species,
[H4][PV1Mo011040] to investigate the effect of a switch in counter ion. For ease and to clarify which
species is being considered the denotation HV1PMA is used for protonated singularly substituted

vanadophosphomolybdic acid and NaV1PMA for the sodium species.
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It has been shown in several studies that the electronegativity and composition of the cation used
to support the heteropolyanion has an effect on the chemistry of the anion.3?® Some debate remains
about the ability of cation electronegativity to affect the redox potentials of

phosphomolybdovanadic acid.®?’

EPPG electrodes were initially used, but additional electrode materials were investigated. The
response of the modified EPPG electrodes is shown in Figure 4.1. It was a concern that the change
in counter ion species could result in a difference in adsorption behaviour; this is discussed further

in section 4.3.2. In this study the prerequisite 30 seconds dipping time is maintained.
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Figure 4.1- Cyclic voltammograms taken at 100 mV.s* in 0.1 M sulphuric acid of 3 mm EPPG electrodes, modified by
dipping in solutions for 30 seconds of NaV1PMA and HV1PMA
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Interestingly there is no observable difference in the two samples using different counter ions. This
leads to the conclusion that the adsorbed layer response in unaffected by this switch in counter ion.
The fact that no change is observed in subsequent electron transfers suggests that the species that
acts to balance the charge transferred is not changed, as the diffusional rates must be
(approximately) constant. This is expected under these conditions (at pH 1) as the number of
protons available as part of the electrolyte support fair outweighs the effective presence of Na*

ions.

It is surprising that no difference is observed as the change in size of the counter ion could have
influenced the effective volume of the species to be adsorbed. However, this suggests that only the
polyanion is adsorbed and the effective change in volume is negligible with a switch between Na*

and H* counter ion species.

The previous chapter highlighted that the redox process denoted R4 in Figure 4.1 is relatively
unperturbed and is the peak to follow closest to ideal redox behaviour. Using peak current values
obtained for R4, through the same baseline correction applied in chapter 3, and plotting against dip
time for the modification, it can be considered whether the switch in counter ion has produced any

significant change in the adsorption rate.
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Figure 4.2 - Peak current of reduction process R4 obtained from cyclic voltammetry of 3mm EPPG electrodes modified
by dipping in solutions of PMA, NaV1PMA and HV1PMA, taken in 0.1 M sulphuric acid at 100 mV.s!

The plot in Figure 4.1 shows that the adsorption process is similar across the PMA derivatives, in
that the magnitude of the peak current establishes itself within a short dip time. There appears to
be a small difference with the HV1PMA species, establishing a higher peak magnitude in a shorter

dip time. However, the spread in values makes a conclusion difficult to draw.

4.3.2 Effect of electrode surface on the adsorption effects and the redox

chemistry

In chapter 3 the difference between a GC electrode surface and an EPPG electrode surface was

seen. Invariably when concerned with carbon surfaces the predominant bulk material discussed is
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of a graphitic nature, due to its conductivity and relative ease of manufacture, even within its
different forms. It is now possible to obtain graphitic materials with various densities and, when in

electrode form, specific surface structures.

This section explores the effect of various carbon based electrode surfaces and the effect that these
have on the electrochemical response of the adsorbed layers. Although not described here, metallic
electrodes; platinum and gold, as well as semi-conductor materials such as indium doped tin oxide,
were also trialled. These were trialled in early studies before rigorous protocols were in place and

as such aren’t shown.

An EPPG electrode was used extensively in chapter 3 and here it forms a baseline for comparison
to other electrodes. It was seen in Chapter 3 that the cyclic voltammetry responses of layers
produced on GC and EPPG were distinct although of similar magnitudes. The change did not affect
the potential position of the redox processes but were closer to ideal behaviour for EPPG then for

GC. The following sections widens to more carbon electrode surfaces.

Basal-Plane Pyrolytic Graphite Electrode

The Basal-Plane Pyrolytic Graphite Electrode (BPPG) is a particularly interesting case the basal
plane provides a different surface structure, one that is parallel to the graphitic planes within the
HOPG structure. In addition, the plane is highly stable with few defects across the plane and low-

energy surface groups. The low concentration of oxygen containing terminal groups (when
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compared to EPPG) was of interest to this project as the adsorption of the heteropolyanion may be

associated with the outer sphere oxides of the Keggin species.

To render a true Basal-plane the electrode must be cleaned electrochemically and then sellotape
used to remove the top layer of material to reveal a ‘fresh’ basal-plane. In practice this was not
sufficient to generate a clean electrochemical response from the electrode surface. This is suspected

to be a result of ingress of the PMA and its derivatives into the graphitic layers.

In order to obtain a ‘clean’ electrochemical response, with no residual redox phenomena relating
to PMA species, the electrode had to be soaked in NaOH and polished, following the same
procedure as with other electrode materials. It could be argued that this methodology could fracture
the basal-planes leading to an increasing character of an edge-plane pyrolytic graphite electrode.
Unfortunately, this was the most effective method to obtain a blank scan and so the reduction in

reliable basal-plane character had to be accepted and noted when analyzing the data.

Figure 4.3 shows the response of PMA modified BPPG electrodes with various pre-treatments
before modification with PMA. It can be seen that when the surface was produced by using
sellotape to remove the top basal-plane layers a significant reduction in electrochemical response
resulted. However, it was observable that significant residue was left on the surface on the electrode
after using the sellotape, effectively reducing the size of the electrode surface area, which would
lead to the effective suppression in the peaks. Several types of sellotape where trialled, with 3M

sellotape leaving the least observable residue, and producing the data shown in Figure 4.3.

154



[(Blank)

[((PMA normal)

[(PMA sello)

| (PMA, sello, Ethanol)

Current / pA

-0.5 0!0 Of5 1.0
E.Vs.SCE./V

Figure 4.3 — Cyclic voltammetry taken in 0.1 M sulphuric acid at 100 mV.s* of 3 mm BPPG electrodes modified by
dipping in 0.1 M PMA solution for 30 seconds. The BPPG surfaces have been prepared with slightly different
techniques. The blank electrode is unmodified. The normal electrode has been prepared via the same preparation as all
other electrodes. The sello electrode has been polished then the surface prepared with 3M sellotape. The ethanol
electrode has been prepared with polishing, 3M sellotape and then a wash in ethanol.

To try and overcome the issue with surface residue the BPPG electrodes were exposed to organic
solvents after the use of sellotape but before modification to remove the residue. The results for a
BPPG electrode that was soaked in ethanol is presented in Figure 4.3. Acetone and acetonitrile

resulted in vastly suppressed responses and left a visible sheen on the surface.

It can be observed from the data that using ethanol results in a response which is not vastly

depressed but is still significantly reduced. The most significant observation is the apparent shift
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in peak position. The onset values for reduction are the same but the peak position is shifted

positive. These two observations lead to a hypothesis that the surface coverage has reduced but the

surface possess a more ordered structure.

Once a methodology for preparing a repeatable surface was established, the modified electrode’s

response was compared to the EPPG electrode. Figure 4.4 shows the difference in electrochemical

response.
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Figure 4.4 -Cyclic voltammetry of 3mm EPPG and BPPG electrodes modified by dipping in 0.1 M NaV1PMA solution
for 30 seconds, taken in 0.1 M sulphuric acid at 100 mV.s

It can be seen from the figure that the two electrodes behave remarkably similarly but that it appears
the BPPG electrodes produce a slightly higher current response. This goes against what might be

expected for BPPG electrodes, as theoretically it is a lower energy surface and a more difficult
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surface for the phosphomolybdic acid derivatives to adsorb to. However, the difference is within
the error of electrode surface area and so if the adsorption of the phosphomolybdic acid species is
the same on both electrodes the data would suggest there is no real difference once the two electrode

surface types have been modified.

Monitoring the electrochemical response against dip time to elucidate adsorption behaviour for

BPPG, the same behaviour was observed as has been seen for EPPG surfaces (Figure 4.5).
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Figure 4.5 — Peak current responses for reduction process R4 within cyclic voltammetry for EPPG and BPPG electrodes
modified by dipping in 0.1 M PMA solution, taken at 100 mV.s't in 0.1 M sulphuric acid.

The adsorption behaviour of PMA on BPPG were remarkably similar to that of EPPG. When also

comparing the effect with NaV1PMA the similarity is again observed, Figure 4.6.
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Figure 4.6 - Peak current responses for reduction process R4 within cyclic voltammetry for EPPG and BPPG electrodes
modified by dipping in 0.1 M NaV1PMA solution, taken at 100 mV.s? in 0.1 M sulphuric acid.

Figure 4.6 shows a greater spread of peak current values for the R4 reduction of NaV1PMA layers
on BPPG. It is possible that the difficulty in preparing surfaces has contributed to this spread in

values. In addition, it makes it difficult to fully characterise the process of adsorption at this stage.

Plastic Formed Carbon Electrode (PFCE)

PFCE electrodes are a different type of carbon electrode from either the GC electrode surface or
the HOPG electrodes. The method used to create the surface forms a very dense material with an

irregular surface compared to HOPG and GC when it has been tested in previous studies.32832°
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Qualitatively it was an easier electrode material to handle then BPPG, and the same methods used
to obtain a clean scan as for GC and EPPG could be used. The electrochemical response was

markedly different in magnitude then for the previously explored electrodes as can be seen in

Figure 4.7.
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Figure 4.7 Cyclic voltammetry of 3mm EPPG, BPPG and PFCE electrodes modified by dipping in 0.1 M NaV1PMA
solution for 30 seconds, taken in 0.1 M sulphuric acid at 0.1 mV.s?

However, the ratio of charge transferred in each process is maintained, and charge values are not

as disparate as the peak current magnitudes. It is also observable that the capacitance and layer
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resistance values are contributing as much to the peak current magnitude and that after baseline

correction the values become much more similar.

It is apparent that the surface coverage of species is slightly reduced and this is explored when
calculating values for surface coverage, in a later section, after the number of electrons transferred
in each process is confirmed. The PFCE was also ‘easier’ to clean then other electrodes, with fewer
scans being affected by residual electrochemical responses after cleaning. This may be a sign that
due to the denser material, the ingress effect is reduced and that this effectively reduces the size of

the electrochemical response. The effect of dip time was also affected in the same way, Figure 4.8.
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Figure 4.8 — Peak current of reduction R4 taken from cyclic voltammetry of 3mm PFCE electrodes modified by dipping
in 0.1 M PMA solution, taken in 0.1 M sulphuric acid at 100 mV.s®,

Figure 4.8 shows the adsorption effect seen at the PFCE surface. It is the same pattern as previously

seen with GC, EPPG and BPPG electrodes, in that the magnitude of current response is established
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at fairly low dip times. The peak current was considerably less than for other carbon electrodes for

both PMA, Figure 4.8 and NaV1PMA, Figure 4.9, modified electrodes.
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Figure 4.9 Peak current of reduction R4 taken from cyclic voltammetry of 3mm PFCE electrodes modified by dipping in
0.1 M NaV1PMA solution, taken in 0.1 M sulphuric acid at 100 mV.s™.

Comparing Adsorption Rates across electrodes

The sections above have covered the separate adsorption seen at each of the surfaces. Although the
magnitudes are slightly different between the different electrodes the predominant patterns remain.
The magnitude of peak current is quickly attained before settling to an apparent slow increase of
response with dip time. It is also observable that there is little difference between the two counter

ion species of singularly substituted vanado-phosphomolybdic acid.

It is difficult to fully analyse this relationship due to the time periods used for the dip time. This

leads to a large uncertainty and an observable spreading in experimental values. The need to rinse
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and dry the electrode after dipping introduces a large uncertainty in the time that the electrode is
exposed to a certain species, and adds a disproportionate error, the error being larger at shorter dip

times. To help analyse this relationship, different concentrations of dipping solutions was used,

shown in Figure 4.10.

O_
A 01MPMA
5. e 0.05MPMA
<§L v 0.01 MPMA
3
A
g4 4
-]
3 &
X~ " &
361 v
o v L i
%° M
4
N v
1 > I = 1 E I ' 1 4 1
0 200 400 600 800 1000
Dip time /s

Figure 4.10 — Peak current for reduction process R4 for 3 mm EPPG electrodes modified by dipping in 0.1 M, 0.05 M
and 0.01 M PMA solution, taken at 100 mV.s!in 0.1 M sulphuric acid

The data in Figure 4.10 shows that the concentration of the dipping solution seemingly has little
influence on the rate in adsorption response. It was deemed that extending to lower concentrations

would neither add any additional insight, without a higher degree of error, nor bear a resemblance

to real-life conditions inside a fuel cell.
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Charge Transfer at different electrodes

Chapter 3 showed that by calculating the charge transferred through each redox process an idea of
the number of electrons for each process can be attained. Each species was put through a series of

scan rates as adsorbed layers on each graphitic surface. The charge transferred under each peak

was calculated as in chapter 3. The oxidative and reductive charge for each process was averaged

and this allows for a plot of scan rate normalized, absolute charge per redox process, as shown in

Figure 4.11.
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Figure 4.11 - Charge transferred through each redox process across the phosphomolybdic acid species and electrode

surfaces normalised for scan rate
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It can be seen from the data (Figure 4.11) that clearly the initial redox process (1) and the second
redox process (2) of the vanadium substituted species is about half of the initial redox process (2)
of the parent phosphomolybdic acid. It is also clear that the pattern seen across the electrode
materials is still present in the data, once normalized for scan rate. To remove this pattern from the
data, to allow for electron number comparisons, the data is averaged across electrode material (left,
Figure 4.12). As has been shown in previous studies, each redox process in the parent
phosphomolybdic acid anion is a two electron process.?t”2 |t has been seen in previous section
that the second redox process exhibited by phosphomolybdic acid is the process which most closely
follows ideal behaviour. The charge transferred through this process is factored to reference two
electrons (as all other factors are constant across the samples, once all the averages have been
applied), this allows for a comparison to see how many electrons are transferred in the other

processes and in the cases of the vanadium substituted species (right, Figure 4.12).
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4 B Nav1PMA
B Avg NaV1PMA — i
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1 2 3 2 3 4
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Figure 4.12 - collected and averaged charge values for phosphomolybdic acid derivatives (left) and the referenced charge
values to represent a two electron transfer process for PMA at process 3 (right)
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Figure 4.12, helps to conclusively show that the mechanism put forward in chapter 3 (and shown

below) involves the correct number of electrons in each process.

Equation 4.1
(PVY Mo{{040)*™ + e~ = (PV{M0{{040)>~
Equation 4.2
(PVY M0{{040)°~ + e~ = (PV{"Mo{ Mo{3040)®"
Equation 4.3
(PV{" Mo M0{3040)°™ + 2e~ — (PV{" Mo Mog' 04)®~
Equation 4.4

(PV{V Moy Mog'040)% + 2e™ — (PV{"Mog Moy’ 040)*°~

This shows that the adsorbed layer redox processes follow the same mechanisms observed in
similar HPAs in organic media and those for the vanadium species proposed in solution by

Nambu.2%

Surface coverage determination through charge transfer

Through taking the values of charge transferred in each redox process above, the surface coverage
can be calculated. This is done through taking the charge transferred and dividing it by, the number
of electrons transferred in the process, surface area and then the Faraday constant, for each species

on each surface.

PMA NaV1iPMA HV1PMA

(10 mol.cm-?) (10 mol.cm-?) (10 mol.cm™)
EPPG 2.38 2.21 2.20
BPPG 3.16 2.41 3.23
PFCE 1.55 1.44 1.21
Average 237 2.07 2.2

Table 4-1 surface coverage for each species at each surface calculated through charge
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As can be seen most of these surface coverage values are close to those previously observed,?t7-304
especially when surface roughness is taken into consideration. It must be noted that all values for

the BPPG are higher than would be expected, this may come from the imperfect surface.

4.3.3 Effect of pH on surface redox chemistry

One important variable in experimentation is the pH of the electrolyte solutions. In experiments,
multiple electrolytes were trialled, the data so far has been presented using sulphuric acid as the
supporting electrolyte. Phosphoric acid, hydrochloric acid, potassium chloride, potassium nitrate,
sodium hydroxide, and sodium phosphate were all used to investigate the effect of the electrolyte.
It was found that the supporting electrolyte did not affect the redox behaviour seen, as long as the
pH was kept constant. However, a dramatic shift in behaviour was observed with pH. Indeed, the
most effective method for ‘cleaning’ the electrodes was to immerse the electrode in 0.1 M sodium

hydroxide solution.

This dramatic shift points to a change in stability of the adsorbed species, as has been seen with
similar heteropolyacids in previous studies.*® Several electrolyte solutions were prepared at
various pHs and the electrochemical response to cyclic voltammetry was recorded for all
phosphomolybdic species on all electrode surfaces. In addition, at several points full scan rate
analysis was conducted and degradation studies performed. Finally, several studies were completed
starting either at very low or very high pH, with additions made to the solution to sequentially raise

or lower the pH to give data across the whole pH range and with multiple electrolyte species.
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General observations on the effects of pH

As described above all phosphomolybdic species were investigated on all the graphitic electrodes
surfaces mentioned. The data was collected and sorted by scan rate, phosphomolybdic acid type

and electrode surface. Figure 4.13 shows the example CVs at a pH of 0.8 and at 2.6.
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Figure 4.13 — cyclic voltammetry of two 3 mm EPPG electrodes modified by dipping in 0.1 M NaV1PMA solution for 30
seconds, taken at 100 mV.s!, at a pH of 0.8 and a pH of 2.6. The electrolyte is 0.1 M sulphuric acid, with added aliquots
of 0.1 M NaOH and 0.5 M sulphuric acid to achieve the desired pH which was measured with an in-situ pH meter.

Figure 4.13 shows the dramatic effect on the response that a change in the electrolyte pH has on
the redox processes, similar to previous studies.??® The plots demonstrate that as pH increases there
is a significant shift negative and a fall in current. The response is further altered at higher pH,

moving towards alkaline conditions as shown in Figure 4.14
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Figure 4.14 - cyclic voltammetry of two 3 mm EPPG electrodes modified by dipping in 0.1 M NaV1PMA solution for 30
seconds, taken at 100 mV.s?, at a pH of 4.4 and a pH of 12. The electrolyte is 0.1 M sulphuric acid, with added aliquots
of 0.1 M NaOH and 0.5 M sulphuric acid to achieve the desired pH which was measured with an in-situ pH meter.

It shows that as pH proceeds towards alkaline pH values the response tails off, no longer
representative of the redox behaviour at low pHs. This trend was observed across all
phosphomolybdic acid derivatives at all electrode surfaces, and is different from behaviour of

larger crown polyoxometalates®*° but similar to other heteropolyacids,?86:300:331.332

Figure 4.15 shows the effect of altering pH on electrodes modified with phosphomolybdic acid.

Showing the same general trend in cyclic voltammetry response as for electrodes modified with

NaV1PMA.
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Figure 4.15 - cyclic voltammetry of two 3 mm EPPG electrodes modified by dipping in 0.1 M PMA solution for 30
seconds, taken at 100 mV.s%, at a pH of 4.4 and a pH of 12. The electrolyte is 0.1 M sulphuric acid, with added aliquots
of 0.1 M NaOH and 0.5 M sulphuric acid to achieve the desired pH which was measured with an in-situ pH meter

Important information alluding to the stability of the adsorbed layer across the pH range is the
magnitude of the peak current for each redox process, which varies dramatically across the full pH
range. However, a general pattern emerged for both V1IPMA and PMA modified electrodes. There
was an initial area of stable peak current, followed by a constant reduction in peak current with an
increase in pH of the electrolyte. This is observable for the example of process O2/R2, shown in

Figure 4.16, for both PMA and NaV1PMA.
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Figure 4.16 — Averaged absolute peak current values for O2/R2 in previous figures, recorded from baseline corrected
cyclic voltammetry at 0.1 mV.s'! of 3 mm EPPG electrodes modified with by dipping for 30 s in either 0.1 M PMA or 0.1
NaV1PMA solutions plotted against the pH of the electrolyte.

At high pH the currents drop dramatically until no current response is seen that can be described
as arising from one of the aforementioned redox processes. At mid pH values a general decrease
in current response is observed, agreeing with previous studies with phosphomolybdic acid,
showing a transition from a two electron process at low pH to a one electron process at higher pH
values.??52?7 This is attributed to a gradual change in structure at the surface with increasing pH. It
has been seen in previous studies that multiple polyoxometalate species exist at these pH values
and that the Keggin structure is no longer the dominant species within higher pH regions.%0333
This transitional decrease represents a general decline in the dominance of the Keggin species at

the surface which is observed by the change in shape of the CV response as seen in, Figure 4.13,
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Figure 4.14 and Figure 4.15. The transitions in peak current agree well with previously established

Pourbaix diagrams for vanadium and molybdenum oxides as described in detail by Sadakane.®

The exact relationship between pH and Ey/2 potential for each redox process is examined further in
the subsequent section, however if it is viewed across the full pH range, Figure 4.17, it shows a
characteristic transition in relationship at pH 4, further agreeing with previous studies on these

types of species.
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Figure 4.17 - Observed Ey;,; potential for redox process R2/02 recorded from cyclic voltammetry at 100 mV.s* of 3mm
EPPG electrodes modified by dipping for 30 s in either 0.1 M PMA or 0.1 M NaV1pma versus pH of electrolyte solution.

At a pH value of 2 and below the current is much more stable and slowly increases. In acidic

conditions the keggin structure is the most favourable with, the loss of metal centers at higher pH
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possible. 190290333 As has been discussed the relation to ideal behaviour of an adsorbed species is
affected by inter-molecular interactions within the surface species and the need for balancing
counter ions to diffuse through any such layer. If a species is tending towards more ideal behaviour
the peak becomes less suppressed leading to an increase in peak current, even though the charge
transferred in each process is the same. This can be seen when analysing individual peaks. As
shown by the example, of a PMA modified EPPG electrode, with the data corresponding to

reduction peak three highlighted at a very low pH and then at an increased pH, Figure 4.18.
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Figure 4.18 - Reduction R3 for a 3mm EPPG electrode modified by dipping for 30 seconds in a 0.1 M PMA solutions, at
pH 0.54 and a pH 1.35. Data selected from cyclic voltammetry taken at 100 mV.s2,

This data shows that at pH 1.35 the half peak width is 58 mV which is close to ideal behaviour for

a two electron process but that at 0.54 pH it is 48 mV, a lot closer to the 45mV of ideal behaviour
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for a two electron process. The data at these peaks can be analysed using a simple model built on
Laviron’s equation based on the Langmuir isotherm (described in chapter 3). This is shown in

Figure 4.19.
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Figure 4.19 - Reduction R3 for a 3mm EPPG electrode modified by dipping for 30 seconds in a 0.1 M PMA solutions, at
pH 0.54 and a pH 1.35. Data selected from cyclic voltammetry taken at 100 mV.s*pH compared to modelled behaviour

It can be seen that the peak at pH 0.54 is more closely aligned to ideal behaviour. In addition, the
peak at pH 1.35 uses a surface coverage of 2.3x1071° mol.cm? and the peak at pH 0.54 uses a

surface coverage value of 2.85x10° mol.cm™.
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Shift in redox equilibrium with pH

To obtain information relating pH to the electron transfer process at the adsorbed layers, lower pH
values were focused on. The experiments so far have provided data that suggests multiple electron
transfer reactions occur across the pH range. It has also clearly demonstrated that these reactions
are dominated by the influence of pH. When considering two electron transfer mechanisms there
are multiple pathways these mechanisms can take. Before the nature of the mechanistic pathway

can be addressed the exact dependence on proton concentration must be established.

The Nernst equation can be used to aid in establishing the ratio of protons to electrons transferred
to the adsorbed layer. As discussed in chapter 1, a gradient of 59 mV.dec in a plot of equilibrium
potential versus pH would indicate a direct 1:1 correlation of proton concentration to electron

transfer.

Equation 4.5 is an example reaction quotient in the phosphomolybdic acid derivatives. It shows the
proposed reaction quotient for the R2/02 redox process in singularly substituted vanado-
phosphomolybdic acid. Within this equation, because we are considering the transfer of electrons
and an adsorbed species, the activity of these species can be considered to be 1 within the quotient.
This leads to Equation 4.6 and the relationship of a 59 mV shift per pH unit. However, if the
relationship is not 1:1, for example if the mechanism deviates from ideal behaviour then an

additional factor needs to be added, z in Equation 4.7.
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This relates to the ratio of protons to electrons, (z/n). Subsequently it can be seen that plotting pH
versus redox potential yields this ratio from the gradient and any deviation away from a gradient

of 59 mV.dec™.

Equation 4.5
_ [HePVYMo{ Mo 0401 [e"1?[H*]*
[He+xPV{" Moy Mog' O4]
Equation 4.6
RT
Ereq = EPy + o7 In((H*])
Equation 4.7

o ZRT +
Ered = E‘r'ed + F = ll’l[H ]

As has been discussed in a previous section the layer’s response has not been demonstrated as
ideal behaviour. This introduces a difficulty in establishing the exact redox potential for each
process as the peaks are not perfectly symmetrical. With this in mind, data was gathered for the
oxidation and reduction peaks and an average value was taken for the redox potential to be plotted
versus pH. This data is shown for the example of PMA and NaV1PMA modified EPPG electrodes

in Figure 4.20.
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Figure 4.20 — Observed E;;, for the redox processes observed during cyclic voltammetry at 100 mV.s* of 3mm EPPG
electrodes modified by dipping for 30 s in either 0.1 M PMA or 0.1 M NaV1PMA versus pH of electrolyte species.

The data allows for the calculation of the z/n values, as presented in Table 4-2.

PMA BPPG PMA EPPG NaV1PMA BPPG NaV1PMA EPPG
1 1.22 1.22
2 0.95 1.07 0.95 1.09
3 1.44 1.35 1.38 1.22
4 1.24 1.30 1.23 1.27

Table 4-2- z/n values calculated from figure 4.21 for redox processes on PMA and NaV1PMA on EPPG and BPPG

The figures for z/n are all close to a value of one, indicating that the mechanism proceeds with one
proton for each electron transferred. However, most values are larger than one, showing that there
is a non-ideal relationship, dominated by the concentration of protons available, and are similar to
previous studies on similar heteropolyacid species®**3% and phosphomolybdic acid within an layer-

by-layer assembled layer.>*? This indicates that the mechanism is more reliant on proton diffusion
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than electron transfer. However, the values are also slightly misleading as the effective pH
surrounding and within the monolayer may differ from the bulk. This difference may be caused by
the position at which reduction takes place within the species and the decreasing concentration of

protons within the layer as they are consumed.

4.4 Conclusion on the characterization of singularly substituted
vanado-phosphomolybdic acid

This chapter has completed the investigation into the adsorbed layers of phosphomolybdic acid and
its singularly substituted vanadophosphomolybdic acid derivatives. It has analysed the effect that
the surface of an electrode has on the electrochemical response observed and the surface coverage

of the species on that surface.

The work has shown that the layers adsorbed onto EPPG and BPPG electrodes behave very
similarly, that the layer on GC produces slightly depressed responses and that PFCE has the lowest
surface coverage value. With the additional data it can be concluded that for VIPMA species the

redox processes show two, one electron transfers followed by two, two electron transfers.

Additionally, with the data produced through varying pH the ratio of protons to electrons
transferred can be calculated and the full reaction mechanisms can be put forward, as in the example

for sodium phosphovanadomolybdate below,

Equation 4.8
NaH;(PVYMoYl0,) +e~ + H* —» NaH,(PV'VMoY!0,,)
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Equation 4.9
NaH,(PV'VMo0}!0,) + e+ H* - NaHg(PV'VMoYMoY!0,)

Equation 4.10
NaHs(PVVMoYMoY10,,) + 2e~ + 2H* = NaHg(PV'V MoYMo¥' 0,4)

Equation 4.11
NaHg(PV'VMoYMoY'040) + 2+ 2H* — NaHg(PV'" Mo!MoY'0,¢)
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5. Solution Phase Chemistry of substituted

vanadophosphomolybdates

5.1 Introduction

Chapter 3 and chapter 4 explored the electrochemistry and redox mechanism of the adsorbed layers
of phosphomolybdic acid and the singularly substituted vanadium phosphomolybdic acid. In the
FlowCath® system, liquid catholytes are used and so information relating to the electrochemical
behaviour of the solution phase is of particular interest. As has been discussed in chapters 1 and 3,
a volume of research exists on the solution phase of phosphomolybdic acid and singularly
substitution vanadophosphomolybdic acid. However, much like the research available on the

adsorbed layer equivalents, important characteristic information is missing from the literature.

Similarly, the information that is required is the effect of electrode surface used, the cation and the
exact effect of pH, the same gaps that exist for the adsorbed species. Additionally, the effect of the
concentration of the solution and the interaction between the adsorbed and solution phase is an area

specifically requiring understanding.

5.1.1 Solution phase electrochemistry

It has been seen that solutions of phosphomolybdic acid and its singularly substituted vanadium

derivatives have numerous applications from imagery, medicine and organic synthesis,%%-200.318:333
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The redox properties of these solutions are the source of their great application range. However,

stability of these solutions has long been a concern in their commercial application,00288

The electrochemical behaviour of these solutions has been explored by previous studies, but gaps
remain in the literature regarding a full understanding of the effects the parameters of electrode
surface, pH and concentration. Due to the formation of adsorbed layers the electrochemical

response is often difficult to interpret.3%

It has been observed that due to the heterogeneous nature of the reaction the adsorbed species of
polyoxometalates show inferior catalytic performance to their homogeneous solution phase
equivalents.?®® Their ability to mimic the redox shuttles within biology leads them to be attractive
catalysts within fuel cells. The inclusion of vanadium within the keggin phosphomolybdic acid
structure, increasing oxygen affinity and widening its redox properties!®°201:33% means that a full

understanding of its electrochemistry may further develop their application as redox mediators.

5.1.2 Concentration effects in electrochemistry

It is clear from the Butler-Volmer equation and the Randles-Sevcik equation the effect that
concentration has on the electrochemical behaviour of solution based systems. However, with this
specific case concentration plays a more important role than in standard solution phase

electrochemistry.
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It has been shown that the stability of HPA’s is dependent on concentration and that at low
concentrations the molecule is more susceptible to dissociation and pH shifts.2% Additionally, due
to the formation of adsorbed layers which have been shown to still form at fast time scales (chapter
3) at low concentrations the electrochemical response may be difficult to interpret. This is because
at low concentrations the effective surface concentration (due to the surface coverage of any

adsorbed layer) may be larger than the bulk concentration.

The effect that this will have on the system is unclear, whether the response seen will effectively
be that of the adsorbed layer alone, or that at low concentrations the mediating effect of the solution

may become clearer and more determinable.

5.1.3 Interactions between solution phase and surface bound redox active
species

Possibly the largest hole in the literature reflects the interaction of adsorbed phosphomolybdic acid
derivatives with the solution phase and the effect it has on the observed electrochemistry. There
are several possible ways the layer-solution interaction could appear. It is possible that the layer
acts as a catalyst/mediator to the reduction of the solution phase species, which would appear as a
catalytic wave in the cyclic voltammetry. It is also possible that the adsorbed layer inhibits the
electrochemistry of the solution phase acting as a resistor to the electron transfer across the layer,

although previous solution phase electrochemical studies are not suggestive of this.
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5.1.4 Effect of pH on solution phase phosphomolybdic acid derivatives

The multiple reactions that the heteropolyacids can partake in have been highlighted in numerous
research papers. Also highlighted has been the possibility of disproportionation (Equation 5.1)
reactions in the vanadium substituted species and protolysis (

Equation 5.2) occurring in strong acids.?26:3%7

Equation 5.1 3%
2H,_1PVyMo01;_, 05y 2 2HyPVyy1 Moy Oy + 2Hy 5PV, 1Moy3_ 055

Equation 5.2 %7
(13 — x)H,_,PV,Mo,,_, 0% + 16H*

S (12 = x)Hy_yPVy_1Moqy5_,045 + 16H* + 12V0S + H3PO, + 12H,0

These reactions, particularly the possibility of increasing protolysis at increased pH need to be

considered when conducting solution based electrochemistry.

5.2 Experimental

5.2.1 Electrode preparation

The electrodes used in experimentation were prepared as has previously been described,
predominantly without prior-modification through dipping in the phosphomolybdic acid

derivatives.

5.2.2 Analyte preparation

This experimental series looks at the solution phase electrochemistry of the phosphomolybdic acid

derivatives. All vanadium substituted phosphomolybdic acids were supplied as 0.3 M aqueous

182



solutions by ACAL Energy Itd. These were diluted to the required concentration with either stock
electrolyte solution (as described in chapter 4) or distilled water. Phosphomolybdic acid solutions
were produced by diluting stock phosphomolybdic acid (Sigma-Aldrich) or sodium

phosphomolybdate (Sigma Aldrich).

5.2.3 Cell preparation

Standard three electrode electrochemical cells were used as described in previous chapters (3 and
4). The pH was altered in the same way that the pH was altered and described in chapter 4. Due to
the presence of the phosphomolybdic acid derivative species in the solution, extra care was taken
in preparing the platinum gauze counter electrode and the reference electrode (described in section
5.2.4). The platinum gauze was flame cleaned after each experiment, to avoid a build up of

adsorbed species affecting measured results.

5.2.4 Reference electrode preparation

With the increase in phosphomolybdic acid derivative species in solution, an issue of contamination
with the reference electrode arises. It can be seen visually that the frit and solution of the reference
electrode can become stained and that the potential of the electrode can drift. Therefore, an S.C.E
and Ag/AgCI reference electrode were permanently kept separate from any contaminants to
function as an in-house reference to check against the reference electrodes used with the
phosphomolybdic acid derivatives. The S.C.E. did not show any drift during experimentation and
the solution was changed frequently within the electrode, commonly with saturated (or 0.3 M,

depending on reference electrode used) KCI solution made with KCI crystals (Sigma Aldrich) and
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ultrapure water. The Ag/AgCI electrodes were less stable but the ease of remaking the electrode

held an advantage.

To construct an Ag/AgCl reference electrode a glass pipette is taken and a molecular sieve is flame
sealed at one end of the pipette so that it is exposed. The pipette is filled with degassed (oxygen-
free nitrogen for 20 minutes) KCI solution. A silver wire is polished and placed within the pipette
which is then sealed with either blu-tack (WHSmiths) or epoxy resin. A layer of AgCl is then
formed on the wire by driving an oxidizing potential (0.9 V Vs S.H.E) within a standard
electrochemical cell (prepared as previously described) with a 0.1 M KClI solution as an electrolyte.

Finally it’s potential was checked against a commercial electrode.

5.3 Results and Discussion

The study of the bulk solution phase electrochemistry is made more complicated due to the
knowledge that whatever concentration of phosphomolybdic species was used, an adsorbed layer
would form on the electrode. As such all experiments were conducted thirty seconds after the
electrode had been introduced into the cell. This was done in order that any layer formed on the
electrode would be similar to the layers that have been examined in previous sections allowing for
identification of any redox processes arising from the adsorbed layer. In addition, it has already
been identified that after thirty seconds of dip timing the adsorption of additional material to the
electrode dramatically reduces, meaning that any layer already formed should be less dynamic than

if the experiment were conducted immediately.
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The effect that the adsorbed layer has on the bulk solution electrochemistry is subject to study in a
later section of this chapter; this initial section aims to characterize the bulk solution
phosphomolybdic species at analytical concentrations (1-10 mM). A later section looks at the
electrochemistry as the phosphomolybdic concentration approaches self-supported
electrochemistry, where the concentration of active species, approaches the same and exceeds the

concentration of the supporting electrolyte species.

5.3.1 Initial assessment of low concentration solution phase electrochemistry

As with the adsorbed layers, multiple redox processes are evident in the bulk solution
electrochemistry. At lower concentrations some of these redox processes are of the same current
magnitude as the adsorbed layer electrochemistry. Figure 5.1 shows an increasing potential range
experiment for a 1 mM solution PMA in 0.1 M sulfuric acid at an EPPG electrode. A series of

redox processes are clearly visible.
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Figure 5.1 - Cyclic voltammograms at differing potential ranges of 1mM PMA in 0.1 M sulphuric acid at a 3mm EPPG
electrode at 100mV.s™*

Although it can be seen that the electrochemical response is clearly different to that of adsorbed
layers, differentiating a contribution from the adsorbed layer is difficult at this concentration. For
example, the peak labelled R2 has a current peak of -12.9 pA which is not dissimilar to the adsorbed
layer’s response at EPPG, which saw current magnitudes of around -10 pA. Whereas, peak R3 has

a current magnitude of -38 pA which is a four-fold increase on current magnitudes seen for

adsorbed layers.
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This is clearly visible when using the potential range established for the adsorbed layer, seen in
chapters 3 and 4. Figure 5.2 shows an overlay of a cyclic voltammogram of an adsorbed layer
response and of a ImM PMA solution, on EPPG at 100mV.s™. It can clearly be seen that the first
reduction peak (labelled as R2) is smaller for the solution phase than for the adsorbed layer,

whereas the peaks for R3 and R4 have doubled.
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Figure 5.2 - Cyclic voltammograms of 3mm EPPG electrodes, in ‘blank’ 0.1 M sulphuric acid, in 1ImM PMA in 0.1 M
sulphuric acid and a modified 3mm EPPG electrode, modified by dipping in 0.1 M PMA for 30 s in 0.1 M sulphuric acid
at 100mvV.s*t

Responses like those shown in Figure 5.2 are difficult to interpret and almost impossible to

characterise. It is a similar situation when examining the vanadium substituted species. Figure 5.3
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shows similar potential range experiments conducted on a 5mM NaV1PMA solution. It can be

observed again that there are multiple redox processes that are difficult to interpret.
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Figure 5.3 - Potential range cyclic voltammetry of 5 mM NaV1PMA in 0.5 M sulphuric acid and 0.55 NaOH at a 3mm
EPPG electrode at 100mV.s*

The two figures, Figure 5.1 and Figure 5.3, shows the difficulty is assessing the multiple redox
processes in the solution phase. Whilst studying the adsorbed species, the species are not subject
to diffusion and so the data is relatively clear to analyse. In the bulk phase, diffusion and interaction
between the bulk and adsorbed species make the data harder to interpret. However, whilst in the

adsorbed phase, concentration was not a variable available to use in analysis.
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As well as concentration being utilized to discern the electrochemical properties, the same variables
as in previous chapters of, electrode, scan rate, derivative type and pH were used. This enabled a

picture, although qualitative, of the electrochemical behaviour.

5.3.2 Electrode surface effect on the solution phase electrochemistry

As with the analysis of the adsorbed layer, the electrode surface can be changed and the effect of
different surfaces investigated. It has been noted above that the adsorbed layer has a strong
influence on the solution phase electrochemistry. Chapter 4 discussed how the electrochemical
response of the adsorbed layers did change subtly between the graphitic electrode surfaces. Figure
5.4 shows the cyclic voltammetry of 1mM solutions of phosphomolybdic acid on a range of
graphitic surfaces.
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Figure 5.4 - Cyclic voltammetry of 1 mM PMA in 0.1 M sulphuric acid taken with 3mm, EPPG, BPPG, GC and PFCE
electrodes at 100mV.s™*
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It can be seen in the figure that the response on most surfaces is the same, but that the GC electrode
has a slightly exaggerated response. It is not surprising that the responses are similar, as there was
little difference between the electrode surfaces when analyzing the adsorbed layer. It has already
been seen that the electrochemistry at these concentrations is dominated by the interaction between
the bulk and the surface species. As the adsorbed layers were similar on these electrodes it would

be expected that the solution phase electrochemistry would further tend to an average response.

This is confirmed when looking at the response of the NaV1PMA species, shown in Figure 5.5.

The cyclic voltammograms are virtually identical across the electrodes.
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Figure 5.5 - cyclic voltammetry of a 1ImM NaV1PMA in 0.1 M sulphuric acid solution at 3mm EPPG, BPPG, PFCE
electrodes and a ‘blank’ scan taken at a 3mm EPPG electrode in 0.1 M sulphuric acid at 100 mV.s?
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It can be observed from the cyclic voltammetry displayed so far in the bulk phase that the
electrochemistry is dominated by the adsorbed layer and that it is very different in nature from the
simple three step process (PMA) or the four step process (V1IPMA) of the adsorbed layer. This
difference is most likely created by the effect of a much more active environment, with diffusion

and surface-bulk interactions leading to a more complicated response.

5.3.3. Counter lon effect

Chapters 3 and 4 showed that there was little difference when changing the counter ion when
studying the adsorbed layer. In the bulk phase the supporting counter ion may play a bigger role in
supporting the anion species before and after the redox process. Figure 5.6 shows the cyclic
voltammetry response for the different phosphomolybdic acid derivatives at an EPPG electrode at
100mV.st. It can be seen in the figure that as with the adsorbed layer changing the counter ion of
the substituted phosphomolybdic acid from Na® to H* has little effect on the electrochemical
response. The small effect of cation on solution phase electrochemistry has previously been seen

in acetonitrile for phosphomolybdic acid.33
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Figure 5.6 - Cycle Voltammograms of 1 mM NaVIPMA and 1 mM HV1PMA both in 0.1 M sulphuric acid at a 3 mm
EPPG electrode at 100mV.s?

Figure 5.6 quite clearly shows that although there is little difference when changing the counter ion
in the substituted species, there is a large difference between the PMA and its substituted
derivatives. It also shows that the change that comes from substituting vanadium into the keggin
structure is similar to that seen on the adsorbed layer, with the initial reduction shifted positive and
a subsequent change in the redox processes that occur at a lower potential. Also included in Figure
5.6 is the effect of using an electrode with a pre-established adsorbed layer being introduced to the

cell. This shows no discernible difference at these concentrations.
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5.3.4 Concentration effect on the redox behaviour of the redox couples

As has been discussed, if the electrochemical response is dominated by the bulk solution phase
and follows ideal behaviour then the peak current will grow linearly with concentration. As can be
seen in the cyclic voltammetry already presented the initial reduction process does not follow ideal
behaviour. As such the second redox process labelled R2/02 in Figure 5.7 is used to plot absolute

peak current versus concentration.

150
100

50

-50

-100 -

Current / pA

-150

-200

-250

-0.2 | 0.0 ' 0f2 ' 0?4 ' 0.6 ' 0.8
E.Vs.S.CE./V

Figure 5.7 - Cyclic voltammetry of 1-5mM PMA solutions in 0.1 M sulphuric acid meter taken at a 3mm EPPG electrode
at a pH of 1.23 and 100 mV.s™*

Figure 5.7 shows the increases in current response seen with increasing concentrations of PMA

solutions at 1.23 pH. Values were also calculated at several other pH values, (the effect of pH is
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discussed in section 5.3.6). It can be seen in this figure (and in data not shown) that the initial peak,
is somewhat unpredictable at low concentrations. Taking the absolute peak current at the R2/02
(as labelled above) redox couple and plotting it against concentration gives Figure 5.8. This figure
also includes the peak current data for the equivalent (pH considered) CV response of the adsorbed

layer of PMA on EPPG labelled as concentration O for this representation.
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Figure 5.8 - Peak current versus concentration for peak R2/02 (labelled in plot 5.7) for PMA solutions in 0.1 M
sulphuric acid and additionally 0.25 M sulphuric, taken at 3mm EPPG electrodes at 100mV.s%,

It can be seen in Figure 5.8 that peak current grows linearly with concentration. The effect that the
adsorbed layer is having on the solution phase electrochemistry is evident, especially at low
concentrations. This can be observed in Figure 5.9. The linear growth of current gives a gradient
value which can be used to calculate an experimental diffusion coefficient for the species through

rearranging the Randles-Sevcik equation. For these experiments with PMA solutions it gives a
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coefficient of 1.83x10° cm?.s™ and 1.48x10° cm?s? for the 0.73 pH and 1.23 pH samples
respectively. These are smaller than would be expected, following similar previous studies on
Keggin species,??’f further indicating the adsorbed layer interaction is dominating the

electrochemical response.
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Figure 5.9 — Cyclic voltammetry of 1 mM PMA solution and 2 mM PMA solution in 0.1 M sulhuric acid at a 3 mm EPPG
electrode, with the corresponding ‘blank’ eppg electrode and a 3 mm EPPG electrode modified by dipping in PMA
solution for 30 s taken in 0.1 M sulphuric acid. All scans shown have been taken at 100 mV.s™2,

Figure 5.9 shows this effect by highlighting the very low concentrations of PMA. It is possible to
determine the three redox processes that were observed at the adsorbed layer and how these
correspond to the solution phase. It is shown that no redox processes occur before the initial

adsorbed layer reduction, an onset only being seen at the higher 2 mM concentration However, on
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the return oxidation it can be seen that this initial process has split into two peaks, the solution
phase and the adsorbed responses. This leads to the idea that at these pHs the initial reduction
equilibrium potential for the adsorbed layer is lower than that of the solution phase, but for the
solution phase to be reduced, first the adsorbed layer must be reduced to then mediate the electron
transfer. With initial reduction of the V1PMA this may not be observed due to the higher reduction

potential and it may be possible to separate these peaks by altering pH.

The same effect of concentration was studied for the vanadium substituted species. In this study
concentrations as low as 0.1 mM and as high as 100 mM were used and are shown in Figure 5.10.
This was to investigate whether the behaviour deviated at ultralow concentrations, affecting the

adsorbed layer, or at high concentrations, as the electro active species became self-supporting.
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Figure 5.10 — The absolute peak current values taken for the R2 and O2 peaks (as labelled in figure 5.11) taken from
cyclic voltammetry of different concentrations of VIPMA in 0.1 M sulphuric acid at a 3 mm EPPG electrode at 100
mV.st. The trendlines show a ‘hypothetical’ linear fit
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Figure 5.10 shows that the peak current in general increases linearly with peak current even at the
extreme lower and upper concentrations, although with significant deviation. The figure shows a
hypothetical line of linear best fit, and highlights that the behaviour is not truly linear acros the
range but may have areas of different relationships. Using the Randles-Sevcik equation this data
yielded diffusion coefficient values of 3x10” cm?.s™L. This value is much lower than for the PMA
sample and is smaller than may be expected, indicating that the adsorbed layer is still having a
large influence over normal behaviour. This can again be seen when highlighting the lower end of

the concentrations used as shown in Figure 5.11.
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Figure 5.11 - Cyclic voltammogram showing low concentrations (0.1, 0.5, 1 and 2 mM) of NaV1PMA in 0.1 M sulphuric
acid at 3 mm EPPG electrodes as well as a modified 3 mm EPPG electrode, dipped in 0.1 M NaV1PMA solution for 30 s
taken in 0.1 M sulphuric acid, all scans taken at 100 mV.s™.
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Figure 5.11 shows that as with the PMA solution the adsorbed layers response is superimposed on
the solution electrochemical response, but that the peaks are much more clearly separated (with the
exception of R4/04). It also appears that the main peak for adsorbed R1 appears at a more negative
potential then the main peak height for the solution based R1 peak. However due to the non-ideal
nature of the adsorbed peak R1/01 the onset of reduction occurs at a similar potential to that of the
solution based reduction, meaning reduction of the adsorbed layer has begun at a higher potential
than that of the solution. This is evident when the data is processed to produce a pseudo Tafel plot,
indicating the position of reduction onset, shown in Figure 5.12. Figure 5.11 also shows that at the
very low concentration of 0.5 mM the response is different from the adsorbed layer and the peak
currents are lower than the adsorbed layer, this may indicate that the adsorbed layer is incomplete,

or not fully formed.
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Figure 5.12 — Left, Selected R1 reduction taken from cyclic voltammetry at 3 mm EPPG electrodes in 1 and 2 mM
NaV1PMA in 0.1 M sulphuric acid and a 3 mm EPPG electrode modified by dipping in 0.1 M NaV1PMA for 30 s taken
at 100 mV.s't. Right, the corresponding pseudo-tafel plot.
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5.3.5 Scan rate analysis of solution phase phosphomolybdic acid derivatives

The effect of scan rate on diffusion controlled and mediated electron transfer can provide
mechanistic detail. The ability to out run reactions with scan rate exceeding the rate of reaction can
yield information on those processes. As has been seen in previous sections there is a considerable
interaction with the adsorbed layer from the solution, making analysis difficult and potentially

confusing.

The diffusion coefficients have been relatively small compared to what one might expect and hint
at these additional processes. When analysing the concentrations above, scan rates of 100mV.s™
were used. If the same analysis is completed at 10mV.s and 1000mV.s*? different values are
calculated. Figure 5.13 and Figure 5.14 show the effect of concentration at these scan rates.
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Figure 5.13 — Absolute Peak current versus concentration for the R2 and O2 peaks (labelled on previous figures) taken
from cyclic voltammetry at 3 mm EPPG electrode with differing concentrations of NaV1PMA in 0.1 M sulphuric acid,
taken at 10 mV.s™™.
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Figure 5.14 - Absolute Peak current versus concentration for the R2 and O2 peaks (labelled on previous figures) taken
from cyclic voltammetry at 3 mm EPPG electrode with differing concentrations of NaV1PMA in 0.1 M sulphuric acid,
taken at 10 mV.s?

From this data, using the same derivation for the Randles-Sevcik equation, diffusion coefficients
at these scan rates can be calculated. At 10mV.s™* the calculated diffusion coefficient is 1.32x10"
6 cm2.stand at 1000 mV.s? it is 3.13x10° cm?.s?. The diffusion coefficient of a substance in a
given environment is independent of scan rate and so the effect that is really being observed is the
change in the timescale used to observe a given process. A method to resolve the confusing effect
of dominance of adsorbed layer electrochemistry at low concentration and also the change in
observed process with increased scan rate is to create a plot incorporating both components. Within
this study complete scan rate ranges were taken across a complete concentration range. Figure 5.15
and Figure 5.16 show variable scan rate graphs and the difference between the plots shows how

the relationship with scan rate changes across the concentrations.

200



300
200 -
- 05 mM Scan Rate
- —10mV.s™
i —25mV.s’
= ——50mV.s™
& 07 100 mV.s™!
5 —— 250 mV.s”
O 1004 —— 500 mV.s™
] ——1000 mV.s™
-200 - —— 2500 mV.s™’
—— 5000 mV.s™
-300
T 3 T v 1
0.0 0.5 1.0

E.Vs.S.CE./V

Figure 5.15 — Cyclic voltammetry at variable scan rates of 0.5 MM NaV1PMA in 0.1 M sulphuric acid at 3mm EPPG
electrodes
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Figure 5.16 - Cyclic voltammetry at variable scan rates of 5 mM NaV1PMA in 0.1 M sulphuric acid at 3mm EPPG
electrodes
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Taking this data and processing it to give peak current vs concentration vs scan rate, allows for a
multitude of graphs to be compiled. The scan rate vs peak heights can be used to plot normal
Randles-Sevcik graphs to calculate diffusion coefficients, as shown in Figure 5.17. It is important

to remember that these diffusion coefficient values are not truly valid across the whole range.
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Figure 5.17 - Square root of scan rate versus peak height for the initial reduction process of VIPMA at 3 mm EPPG
electrodes taken at various concentrations (mM) in 0.1 M sulphuric acid.

The data can also be used to plot concentration versus peak height to calculate diffusion coefficients

as shown in Figure 5.18.
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Figure 5.18 - Concentration versus peak height for the initial reduction process for VIPMA at EPPG electrodes taken at
various scan rates (mV.s?) in 0.1 M sulphuric acid

As has been discussed these values are not valid across the whole range of scan rate and
concentration and this leads to a huge variation in the calculated diffusion coefficient across the

range. This is shown in Table 5-1.
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Scan Rate Diffusion Coefficient Concentration Diffusion Coefficient
(mV.s) (cm2.s1) (mmM) (cm2.s1)
5000 1.03 0.1 162.57
2500 1.19 0.5 11.92
1000 1.48 1 2.63
500 1.62 5 1.64
250 1.93 10 1.45
100 1.88 100 0.97
50 1.87
25 2.28
10 2.30

Table 5-1- table of calculated diffusion coefficients for the initial reduction process for VIPMA

It can be seen in Table 5-1 that a relatively large spread of values exists. The data can be taken and
plotted as a surface plot, together with a calculated plot for a given diffusion coefficient, shown in

Figure 5.19.
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Figure 5.19 - Surface plot of peak current versus the square root of scan rate versus concentration for the initial
reduction process of VIPMA solutions in 0.1 M sulphuric acid at 3mm EPPG electrodes

Figure 5.19 allows for a visualization of where the experimental data deviates from a theoretical
flat sheet plot using an input diffusion coefficient. The diffusion coefficient used was fitted through
progressive iterations reducing an average error in the calculated and theoretical current values.

These errors can also be plotted to highlight the deviation from theory, as shown in Figure 5.20.
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Figure 5.20 - 3d plot showing error in calculated and experimental current peaks versus the square root of scan rate and
the concentration (logarithmic scale) for the initial reduction process in V1IPMA solutions in 0.1 M sulphuric acid at
3mm EPPG electrodes

The lowest average error across the plane reached 24.8 % when using a coefficient of 1.73x107°
cm?.st. It can be seen that at low concentrations and high scan rates the maximum error occurs.
This is because at these conditions the largest percentage contribution of the adsorbed layer is seen
and the scan rate is faster than the mediation process between the solution phase and adsorbed layer

phase.
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Using the same process as laid out above, diffusion coefficient values can be calculated for all the
redox process across the cyclic voltammograms. These are shown Table 5-2. As discussed, using
this methodology is not ideal to produce valid diffusion coefficients. Different methods including
simulation using DigiElch™ were also trialled, however, due to the complicated multi-step, multi-

electron transfer and non-ideal behaviour, issues with over-parameterisation occurred.

Diffusion
Coefficient numberof
(106 cm2.s7) electrons
R1 1.73 1
o1 0.35 i I
R2 2.3 1
02 1.05 1
R3 0.65 2
03 1.1 2
R4 2:3 2
04 2.15 2

Table 5-2 - Diffusion coefficient values for all redox process in VIPMA at EPPG electrodes

5.3.6 Effect of pH on the redox couples

As with the adsorbed layer electrochemistry in chapter 4, pH adjustment can be used to identify

attributes within the reaction mechanism. It has already been seen how the electrochemistry of the
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solution phase involves interaction with the adsorbed layer and that the redox processes exhibited

by the adsorbed layer shift with pH.

The sequence of redox processes is not as clear within the solution phase due to the interaction
with adsorbates. Sections 5.3.4 and 5.3.5 showed how the degree of this interaction was affected
by scan rate and concentration. Additionally, it was thought this interaction would be affected by
pH. Figure 5.21 and Figure 5.22 show the effect of changing pH on the cyclic voltammetry seen

when conducted variable scan rate assessment of PMA solutions.
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Figure 5.21 — Cyclic voltammetry of 5 mM PMA in 0.5 M sulphuric acid at 3 mm EPPG electrodes at variable scan rates
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Figure 5.22 — Cyclic voltammetry of 5 mM PMA in 0.5 sulphuric acid adjusted with NaOH to reach 2.42 pH (measured
with a pH meter) taken at 3 mm EPPG electrodes at variable scan rates.

By analyzing these plots and comparing to literature, it can be deduced that a similar overall
reaction scheme to that of the adsorbed layer is dominating, of three two electron reductions.
However, when analysing slow scan rates additional processes are seen which do not shift in the
same manner with pH. In particular, R1/O1 labelled in Figure 5.23 is an additional feature that does

not shift with pH. Additionally, the reduction is particularly difficult to observe, often appearing

as an onset feature rather than a full peak.
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Figure 5.23 — Cyclic voltammetry at 3 mm EPPG electrode at 100 mV.s™! of 5 mM PMA solution in 0.5 sulphuric acid
with aliquots of 0.1 M NaOH solution to adjust pH, the pH in this example was 1.14.

This makes a full pH analysis difficult and as such it makes any information obtained about the

proton to electron ratio highly susceptible to error. However, the analysis can still provide insight

into the redox process, as shown in Figure 5.24.
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Figure 5.24 — Observed E;;, versus pH for redox processes (labelled in figure 5.23) observed during cyclic voltammtry of
5 mM PMA solution in 0.5 M sulphuric acid adjusted with aliquots of NaOH solution to achieve pH taken at 3 mm EPPG
electrodes at 100 mV.s™* and 1000 mV.s™%,

The data shows that the redox equilibrium positions for most processes observed are dependent on
pH and so that the reactions are dependent on proton concentration with processes 2, 3 and 4,
having slopes of 44, 106.5 and 73.5 mV.dec*respectively. However, the initial redox process’
equilibrium is independent of pH with a slope of 4 mV.dec™. This indicates that this is a mediated
reduction, where the layer is being reduced and ‘passing’ the electron onto the bulk solution phase.
This interpretation is supported by the shift in this peaks equilibrium position with concentration,
as the reduced species in the layer is being oxidised by a reduction in the bulk solution and as such

is more dependent on the concentration of the bulk solution.
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It is a similar situation with the more complex redox processes observed within the V1IPMA

solutions, Figure 5.25.
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Figure 5.25 - Cyclic voltammetry at 3 mm EPPG electrode at 100 mV.s'! of 5 mM NaV1PMA solution in 0.5 sulphuric acid
with aliquots of 0.1 M NaOH solution to adjust pH, the pH in these examples were 0.276 and 3.595.

At low concentrations, it is possible to see evidence of the shifting underlying redox processes of
the adsorbed layer, although at higher concentrations, the main processes exhibited by the bulk
solution (R1/01, R2/02, R3/03 and R4/04, in following figures) are clearer. However, there are
additional peaks (R1a/Ola and R1b/O1b, in Figure 5.26 and Figure 5.27), which are superimposed

upon these waves.
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Figure 5.26 — Cyclic Voltammetry at 10 mV.s* of 5 mM HV2PMA in 0.5 M sulphuric acid adjusted to a pH of 0.47 with
NaOH taken at 3 mm EPPG electrodes.

These additional redox features are especially difficult to identify. Additionally, changing in
prominence with scan rate and pH, as can be seen comparing Figure 5.26 with Figure 5.27. This

suggests that the difference in scan rate is again ‘out-running’ some redox mechanisms at fast scan

rates.
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Figure 5.27 - Cyclic Voltammetry at 1000 mV.s! of 5 mM HV2PMA in 0.5 M sulphuric acid adjusted to a pH of 0.47 with
NaOH taken at 3 mm EPPG electrodes.

This difference across the scan rates led to the determination of the shift with pH to be conducted
across different scan rates. This allowed for the difficulty identifying peaks to be mitigated against,

although it must be incorporated when assessing the results. Figure 5.28 shows an example of

results determined at 100 mV.s™.
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Figure 5.28 — Observed Ei/; versus pH for HV2PMA, values taken from cyclic voltammetry at 100 mV.s! of 5 mM
HV1PMA in sulphuric acid adjusted for pH with NaOH taken at 3 mm EPPG electrodes.

This data was collected and tabulated into Table 5-3 showing that the ratio of protons to electrons

in the redox reaction taking place changes with each process. It is especially evident that the ratio

is no longer purely 1:1.

Scan Rate (mV/s) |E1 Ela Elb E2 E3 E4
10 0.42 0.44 1.09 1.32 1.38
50 0.42 0.46 1.26 1.55 1.34 1.26
100 0.25 0.62 1.05 1.10 1.37 1.28
500 0.41 0.98 0.96 1.28 1.57 1.44
1000 0.51 0.70 1.00 1.16 1.62 1.65

Table 5-3 — tabulated proton to electron ratios of the different redox process, labelled in previous figures, for cyclic
voltammetry of 5 mM HVIPMA at 3 mm EPPG electrodes in sulphuric acid adjusted for pH with NaOH.
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The same pattern was observed between the two species of VIPMA using the H* and the Na*
counter ions. A much more detailed study at 100 mV.s™ was undertaken, using multiple scan ranges

to allow the identification of the different peaks easier.

From the previous data, Table 5-3, the first and second redox processes where still unclear,
especially regarding the ratio of proton to electrons in the reaction. Figure 5.29 shows the

highlighted R1/0O1 peak and demonstrates clearly that the E1» does not change but the shoulder

R1a/O1a does change with pH.
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Figure 5.29 — Cyclic voltammetry of 5 mM NaV2PMA in 0.5 M sulphuric acid adjusted for pH with NaOH taken at 100
mV.st at 3 mm EPPG electrodes.
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Figure 5.30 - Plots of observed E;/; versus pH for the redox process observed (E1-E4, labelled figure 5.25) for cyclic
voltammetry of 5 mM HV1PMA and NaV1PMA 5mM solutions in 0.5 M sulphuric acid with aliquots of NaOH solution
to adjust pH taken at 100 mV.s!

The slope values for processes, E1, Ela, E1b, E2, E3 and E4, taken from Figure 5.30, of 3.6, 51.4,
61.5, 75, 85.6 and 77.4 mV.dec™. These again indicates that the first redox process is independent
of pH but that the following processes are much closer to the 1 electron 1 proton ratio observed
previously and in literature.??33%2 However, it infers that the processes are no longer simple
processes and have been complicated deviating away from 1:1 ratios, possibly mixing mechanisms

or the existence of multiple species at higher pH, as seen previously with HPAs,338:33°
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54 Conclusions on solution phase electrochemistry for
phosphomolybdic acid and singularly substituted vanado-

phosphomolybdic acid

It has been observed that the bulk solution phase electrochemistry of phosphomolybdic acid
derivatives is much more complex than the adsorbed layer or of standard redox processes. It has
been shown that this is due to the interaction between the bulk phase and the adsorbed layer phase
of the species. The same redox processes, of three two electron transfers for phosphomolybdic acid
and two, one electron and two, two electron transfers for singularly vanadium substituted

phosphomolybdic acid are observed.

However, the initial reduction process is dominated by the mediation of the adsorbed layer
reduction by the bulk phase and hence is no longer showing a 1:1 proton to electron dependence.
It is almost impossible to tell from the data the rate at which the mediation occurs but, it can be
shown that it is the dominant process at low concentrations and low scan rates. Additionally, at
high scan rates the mediation rate is out run by the rate of excitation increase and as such is not
observed. It is also noted that at higher concentrations, the interaction has been dominated by the
bulk solution electrochemistry so that the interaction with the layer is no longer observable, even

though the process is underlying.
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6. The effect of further vanadium substitution into

the keggin structure of phosphomolybdic acid.

6.1 Introduction

The surface adsorbed and the solution phase electrochemistry of phosphomolybdic acid and
singularly substituted vanadophosphomolybdic acid has been investigated in chapters 3, 4 and 5.
The clear difference between the surface electrochemistry between the mother phosphomolybdic
species and the singularly substituted vanadium derivative has been shown with the effect of
electrode surface and pH in chapters 3 and 4. The influence of the adsorbed layer on the solution
phase electrochemistry was demonstrated in chapter 5 with the effect of concentration, pH and

electrode structure.

Often the research has focused across species containing multiple substitutions into the keggin
structure of vanadium.??222 This is because it has been difficult to isolate one derivative from
another due to disproportionation of the species in previous studies. ACAL Energy Ltd. supplied
two cation variants of the doubly substituted vanadium species of phosphomolybdic acid, which
was shown to be pure (by their in-house analysis). This presents the opportunity to investigate the
effect of increasing the substitution of vanadium into the structure by one atom and observing its

effects on the electrochemistry of the adsorbed layer and in solution.
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6.1.1 Multi-substituted keggin species

Additionally to the increased oxygen affinity??#33! and the volcano curve of activity, the increase
in vanadium concentration also leads to the possibility of increased rates of disproportionation
(Equation 5.1 337),29133L337 1t has also been observed that only VIPMA solutions can truly be
described as a single species solution but the increased disproportionation at higher vanadium
inclusion values leads to mixed species.?®* However, discussions with the synthetic chemists within
ACAL Energy Ltd suggests that with modern synthetic routes (the previous references are all prior

1995) that V2PMA is also a solution of a single species.

It was discussed in chapter 1 and further in chapter 3 that the adsorbed layers of PMA and V1PMA
show catalytic, electrochemical and electrocatalytic behaviour. Similar behaviour is observed in
V2PMA. Which has been shown to catalyse dye molecules,®® perform oxidations®**** and

chemical synthesis,3*3%* as adsorbed layers.

The effect of further inclusion of vanadium within the phosphomolybdic species has been well
documented in terms of its affinity to oxygen, its increased stability and its effect as a solution
based catalyst.*%0200-338 However, its electrochemistry remains relatively unexplored as a separate
entity. As such this chapter aims to address this gap in knowledge and perform the same
characterisation that has been seen for phosphomolybdic acid and its singularly substituted

derivative in chapter 3, 4 and 5.
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This chapter will explore the adsorbed layer and the solution phase electrochemistry of doubly
substituted vanadophosphomolybdic acid, including the effect of electrode surface, pH and

concentration on the redox processes observed.

6.2 Experimental

The equipment and techniques used to assess the surface species electrochemistry of doubly
substituted vanadophosphomolybdic acid was the same as that described in chapter 4. The solutions
used for modification consisted of aqueous 0.1 M doubly substituted vanado-phosphomolybdic
acid diluted from 0.3 M solutions provided by ACAL Energy Ltd. Similarly, the solution phase
electrochemistry of doubly substituted vanado-phosphomolybdic acid was investigated using the
same methods described in chapter 5. The solution used to make the analyte solutions being the

aqueous 0.3 M doubly substituted vanadophosphomolybdic acid.

6.3 Results and discussion

After analysing the change in redox processes introduced by substituting a single vanadium atom
into the phosphomolybdate heteropolyanion, the effect of substituting two vanadium atoms into
the species was investigated. The aim was to see how this affected the redox behaviour and whether
it led to a higher first potential at which reduction would take place. If so, this would lead to a
higher open circuit potential within a fuel cell application. Additionally, if this was not the case a
second question was whether it would increase the current density observed within the first

reduction wave seen at singularly substituted species.
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6.3.1 Surface redox behaviour of doubly-substituted vanado-phosphomolybdic
acid

The previous chapters investigated the formation of adsorbed layers by the singularly substituted
phosphomolybdic acid derivatives and subsequently how the formation of these layers significantly
affected the electrochemistry of the solution phase. Having established techniques to investigate
the adsorbed layers and solution phases in previous chapters the same techniques were used to

investigate the adsorbed layers formed by doubly substituted vanado-phosphomolybdic acid

(V2PMA.).

Adsorption rates of doubly substituted vanado-phosphomolybdic acid

The first step was to study whether the extra substitution had affected the rate of layer formation.
As with previous experiments a 0.1 M dip solution was used and a variety of graphitic electrodes
were tested, Figure 6.1 shows initial cyclic voltammetry.
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Figure 6.1 — Cyclic voltammetry in 0.1 M sulphuric acid at 100 mV.s* of a 3 mm EPPG electrode modified by dipping in
0.1 M V2NaPMA solution for 30 s.
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Figure 6.2 -Peak current of the R1 and R2, as labelled in figure 6.1, observed in cyclic voltammetry in 0.1 M sulphuric
acid at 100 mV.s! of 3mm EPPG electrodes modified by dipping in 0.1 M NaV2PMA for variable timings, versus the time
that the electrodes were dipped for.

It can be seen from Figure 6.2 that the same pattern in the development of the layer exists, with an
initial dramatic rise in current that then reduces. This suggests that the process of adsorption has
not been affected by the extra substitution. This validates using the same methods for analysing the

electron transfer processes as previous experiments.

Figure 6.1 also highlights the slight switch in the magnitudes between the electron transfer

processes. The substitution appears not to have shifted the initial reduction more positive but does

seem to have increased its magnitude whilst the third reduction wave has seemingly reduced in
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magnitude. The effect on the redox processes is much clearer when viewing a direct comparison
with PMA and NaV1PMA, Figure 6.3.
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Figure 6.3 - cyclic voltammetry at 100mV.s™! of phosphomolybdic acid derivatives

Figure 6.3 shows the transition of redox processes with the inclusion of vanadium within the
phosphomolybdic heteropolyanion Keggin structure. The R1/O1 redox process doubles in
magnitude between the singularly and doubly substituted species. It can also be seen that the R2/02
peak seems to stay stable in terms of magnitude but that its equilibrium potential shifts negative.
Additionally, the R3/0O3 process reduces in comparative current magnitude as well as shifting
slightly negative. This is suggestive that the redox processes have changed and now proceeds
through a two electron process at R1/O1 followed by the two single electron transfers, R2/02 and

R3/03 and then by a two electron transfer process R4/04. It is clear that four processes exist,
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contrary to a study suggesting three, two electron transfers took place at immobilised V2PMA

species within a polypyrrole layer.3%

Scan rate analysis of doubly substituted vanadophosphomolybdic acid adsorbed layers

This hypothesis was investigated using scan rate analysis and the charge transferred through each

process. The initial scan data can be seen in Figure 6.4 and Figure 6.5.
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Figure 6.4 — Cyclic Voltammetry at 50 mV.s'! of 3 mm EPPG electrodes modified by dipping in either 0.1 M HV2PMA or
0.1 M NaV2PMA solutions for 30 seconds taken in 0.1 M sulphuric acid

It can also be seen in Figure 6.4 and Figure 6.5 that as with previously seen examples in singularly
substituted species the change between H* and Na* cations does not cause a significant difference

in the observed cyclic voltammetry.
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Figure 6.5 - Cyclic Voltammetry at 2500 mV.s-1 of 3 mm EPPG electrodes modified by dipping in either 0.1 M HV2PMA
or 0.1 M NaV2PMA solutions for 30 seconds taken in 0.1 M sulphuric acid

This cyclic voltammetry data was used to plot log of peak current versus log of scan rate plots, as
shown in Figure 6.6. The gradients from these plots showed that as with previous examples of
phosphomolybdic acid derivative adsorbed layers the redox processes are adsorbed layer

electrochemistry, similar to other V2PMA adsorbed layers.341:346

Process R1 R2 R3 R4 01 02 03 04
Gradient 1.039| 1.163| 1.023| 0.986| 1.038| 0.973| 0.986 0.96

Table 6-1 — Gradient values taken from log peak current versus log scan rate, as figure 6.6, for cyclic voltammetry of 3
mm EPPG electrodes modified by dipping in 0.1 M HV2PMA for 30 s, taken in 0.1 M sulphuric acid across a range of
scan rates.
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Figure 6.6 -Example plot of log peak current versus log of scan rate for the R1 and O1 redox process, labelled in figure
6.3, obtained from cyclic voltammetry at 3 mm EPPG modified by dipping in 0.1 M HV2PMA solution for 30 s taken in
0.1 M sulphuric acid at the defined scan rates.

In addition to information on whether the electrochemistry is dominated by diffusion or the
adsorbed species the cyclic voltammetry data across the scan rates can be used to calculate the
charge transferred at each process. Following the same procedure laid out in chapter four the

average charge transferred through each process was calculated, Figure 6.7..
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Figure 6.7 - Charge transferred for each redox process during cyclic voltammetry at a 3 MM EPPG electrode modified
in 0.1 M NaV2PMA solution for 30 s, taken in 0.1 M sulphuric acid, averaged across scan rates.

As can be seen in the figure this data adds to the evidence suggesting that when moving from
singularly to doubly substituted vanadophosphomolybdic acid derivatives the initial process R1/02
has become a two electron process, whilst R3/0O3 has become a one electron process. However

overall the charge values are much smaller than previously seen.

Effect of pH on the electrochemistry of doubly substituted vanado-phosphomolybdic acid

As with previous investigations into adsorbed layers, pH variance was used to understand the effect
on the electron transfer processes. The same experiments across scan rates were conducted across

the graphitic electrode types at varying pHs leading to the data in Figure 6.8.
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The behaviour of the redox processes for the adsorbed layer of V2PMIA is very similarly to that of
the previously examined adsorbed layers. It shifts towards more negative potential with decreased
pH and reduces in magnitude to become unrecognizable at high pHs. This is supported by the data

collected on the equilibrium potentials of each process, shown in Figure 6.8.
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Figure 6.8 — Observed Ey;; versus pH, during cyclic voltammetry at 3 mm EPPG electrodes modified by dipping in 0.1 M
NaV2PMA for 30 seconds, taken at 100 mV.s* in different concentrations of sulphuric acid adjusted with NaOH to
achieve desired pH.

The slope values of, 67, 79, 87 and 77 mV.dec™ for the 1%, 2"4 3" and 4" redox processes suggest
that, just like the processes for PMA and VIPMA adsorbed layers and a limited previous study,*
they proceed with a 1 electron: 1 proton ratio. However, these values are much larger than one

might expect and are certainly larger than the 59 mV.dec? normally indicative of a 1:1 ratio.
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Conclusions on the surface adsorbed electrochemistry of doubly substituted vanado-

phosphomolybdic acid

The gathered data shows how the adsorbed layer electrochemistry has changed from singularly to
doubly substituted vanado-phosphomolybdic acid, and indicates that the doubly substituted
derivative adsorbs in the same manner as both PMA and the singular substituted species. It has also
been shown that changing the counter ion from H® to Na* has no effect on the surface
electrochemistry. Additionally, the V2PMA species shows the same change in behavioural

characteristics across the graphitic electrode surfaces as VIPMA.

Through scan rate analysis and charge association it can be seen that the number of electrons
associated with each electron transfer process has changed. Combining this with pH variance

experiments allows the equations below to put forward as responsible for each redox process.

Equation 6.1
Na,H;(PVY MoYt0,,) +2e™+ 2H" - Na,Hs(PViVMoll0,y)
Equation 6.2
Na,Hs(PV)VMoY}0,) + e™ + H* = Na,Hg(PVIVMo" Mo§'0,0)
Equation 6.3
Na,Hg(PV)VMoY M0¥'0,,) + e~ + H* - NayH,(PVSV Moy Moy’ 0,0)
Equation 6.4

Na,H,(PV{"MoYMo§'0,,) + 2e~+ 2H* - Na,Hoe(PVIY Mo}l Mol 0,)
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6.3.4 Solution based electrochemistry of doubly-substituted vanado-

phosphomolybdic acid.

The electrochemical response for the solution phase of the V2PMA species is further complicated
by the shift caused by the additional substitution of vanadium into the heteropolyanion. This can
be seen in the cyclic voltammetry of 1mM and 5mM solution when compared to the V1IPMA and

PMA species which can be seen in Figure 6.9.
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Figure 6.9 - cyclic voltammetry at 100mV.s! of solutions of 5 mM NaV2PM, 5 mM NaV1PMA and 5 mM PMA in 0.1 M
sulphuric acid at 3 mm EPPG electrodes.
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From these cyclic voltammetry responses, very little quantitative information can be obtained
further than the qualitative view of the increasing and shifting redox processes being similar to the
adsorbed layer. It can be seen that the initial redox process, R1/0O1, enlarges, as with the adsorbed
layer. The second redox process shifts negative and the third, R3/O3, reduces in magnitude. This
Is indicative of the same shift in redox processes seen in the adsorbed layer, although it is difficult

to draw any definitive conclusions.

Effect of scan rate on doubly substituted vanadophosphomolybdic acid derivative solution

phase electrochemistry

Previous experimental work into the solution phases of the phosphomolybdic acid showed that by
altering the concentration and scan rate, some separation of the peaks could be identified. Variable
scan rate experiments of a 5 mM NaV2PMA solutions is shown in Figure 6.10. The figures show
both the effect that it is much harder to elucidate quantitative information for the V2PMA samples

than for the previous V1IPMA or PMA
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Figure 6.10 — Variable scan rate cyclic voltammetry of 5 mM NaV2PMA in 0.1 M sulphuric acid at 3 mm EPPG electrodes

However, to gain any additional information the scan rate data, must be viewed alongside the cyclic
voltammetry obtained across the concentrations of HV2PMA and NaV2PMA. This is evident when

comparing Figure 6.10 with Figure 6.11 and Figure 6.12.
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Figure 6.11 — Cyclic voltammetry at 2500 mV.s™* at a 3mm EPPG electrode in 1 mM NaV2PMA in 0.1 M sulphuric acid.

Figure 6.11 shows that at low concentrations and at high scan rates the redox processes R1-4/01-

4 are more evident that at higher concentrations and high scan rates.

20 ~

-20 -

Current / pA

40 -

EVs.SCE./V

Figure 6.12 - cyclic voltammetry at 25 mV.s! of 1 mM NaV2PMA in 0.1 M sulphuric acid at a 3 mm EPPG electrode
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Figure 6.12 shows that at reduced concentrations and slow scan rates the cyclic voltammetry is
less discernible again. Additionally, an extra feature, labelled O1la, hinting at an interaction with
the adsorbed layer is evident. Plotting the square root of the scan rate versus peak current, Figure

6.13, can sometimes be used to calculate diffusion coefficients for solution based systems, as in

chapter 5.
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Figure 6.13 — Absolute peak current of the R1/0O1 process, previously labelled, versus the square root of scan rate,
values taken from cyclic voltammetry of 1 mM NaV2PMA in 0.1 M sulphuric acid at 3 mm EPPG electrodes.

However, as can be seen from Figure 6.13, the relationship is not linear with a significant kink
between scan rate of 100 mV.s* and 250 mV.s1. Using a Log (peak current) versus log (scan
rate) plot the gradient can be used to indicate if the electrochemistry is diffusion controlled, with

a value of 0.5, or associated with the adsorbed layer, with a value of 1. In this case the gradient
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for scan rates below 100 mV.s is 0.46 and above 250 mV.s? is 0.65. This may indicate that
below 100 mV.s™ the system is behaving more as a traditional solution based system, possibly
mediated through the adsorbed layer. However, above 250 mV.s™ the contribution from the

adsorbed layer is greater. This change in behaviour with concentration has previously been seen

with HPAs in acetonitrile.3%

Effect of concentration on doubly substituted phosphomolybdic acid derivatives solution

phase electrochemistry
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Figure 6.14 — Cyclic voltammetry at 100 mV.s* of solutions of NaV2PMA in 0.1 M sulphuric acid at 3 mm EPPG
electrodes, as well as an additional plot of a 3 mm EPPG electrode modified by dipping 0.1 M NaV2PMA solution for 30
s in a blank 0.1M sulphuric acid solution.
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Figure 6.14 shows that although the redox processes are hard to distinguish, the general trend is
similar to previous PMA derivatives. The only redox process which can be reliably isolated is that
of the R1/0O1 process labelled in previous figures. When this is plotted against absolute peak current

for this process a linear relationship exists as shown in Figure 6.15.
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Figure 6.15 — Absolute current of the peaks R1 and O1, as previously labelled, versus concentration, taken from cyclic
voltammetry at 100 mV.s? of different concentrations of NaV2PMA in 0.1 M sulphuric acid at 3 mm EPPG electrodes,
additionally including results taken from a 3 mm EPPG electrode modified by dipping in 0.1 NaV2PMA for 30 sin 0.1 M
sulphuric acid.

By analysing different concentrations at different scan rates, it can be seen that at low
concentration and low scan rates the adsorbed layer behaviour is dominant but at high
concentrations and high scan rates the bulk solution electrochemistry is dominant. Similar to the

singularly substituted species. This can be seen in Figure 6.16.
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Figure 6.16 - Effect of concentration at low and high scan rates for NaV2PMA cyclic voltammetry on EPPG electrodes
showing the splitting in the R1/O1 peak at fast scan rates

In addition, the mediation effect of the adsorbed layer that was clearly seen in the singularly
substituted derivative is observable in the doubly substituted species. The appearance of a semi-

catalytic reduction at R1 at low scan rates and a non-catalytic and separated double peak at R1 at

fast scan rates is seen.

Effect of pH on the solution phase electrochemistry of doubly substituted vanado-

phosphomolybdic acid derivatives

The electrochemistry of the solution phase doubly substituted vanado-phosphomolybdic acid has
been difficult to quantitatively analyse. Altering pH has been a useful way of analysing the

electrochemistry of the previously seen derivatives in the adsorbed and solution phase.

238



Altering the pH of the solution had a dramatic effect on the electrochemistry observed for the
solution phase of the doubly substituted species and allowed a much greater insight into the
splitting of the first reduction process. At higher pH values this split in the peak was not observed,
the process occurring at the highest potential was only activated at lower pH values. Additionally,
the process occurring at the highest potential did not seem to shift with pH whilst the lower process

of the split process did shift with pH. This can be seen in Figure 6.17.

02

\ O1b

200 ~

100

o
1

-100

Current / pA

-200

-300

-400 I & I > I L I :
-0.2 0.0 0.2 0.4 0.6 0.8

E.Vs.S.CE./V

Figure 6.17 — cyclic voltammetry of 1 mM NaV2PMA in 0.5 M sulphuric acid solution adjusted to a pH of 1.23 with
NaOH, taken at 100 mV.s* at a 3 mm EPPG electrode

This R1./0O1, process is very similar to the R1 process highlighted for the solution phase of the

V1PMA derivatives with the R1,/O1, process behaving like the rest of the observable processes in
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its shift with pH. This indicates that the initial two electron reduction process observed in the
adsorbed layer is replaced by two separate one electron processes when considering the solution
phase. Additionally, when considering the different scan rates and concentrations, the mechanistic
route to this overall two electron transfer changes from being an adsorbed layer mediated process

to a solution phase process across these variables.

0.55
e T T a " E = B
H—‘—*—‘ *
0.50 o OO o © e
m Ofa
2 0.45 4 v e R1a
L i | O1b
O Vy | v Ri1b
> E1b
W 0.35 -
0.30
0.25 T T . T T T ' T
0.5 1.0 1.5 2.0 2.5

pH

Figure 6.18 - Observed peak current potential plotted against pH, taken from cyclic voltammetry at 3 mm EPPG electrodes
in 1 mM NaV2PMA in 0.5 M sulphuric acid, adjusted to pH with NaOH, taken at 25 mV.s!

When plotting the equilibrium position versus pH to obtain the ratio of protons to electrons within
the mechanism it can be seen that the two processes proceed through differing mechanisms, as

shown in Figure 6.18.
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Figure 6.19 - Equilibrium position versus pH for V2PMA 5nM solution phase electrochemistry

The slope values obtained from Figure 6.19, of 4, 86, 125, 129 and 100 mV.dec™ for the processes
El,, Elp, E2, E3 and E4 respectively show that this first process is not dependent on pH, where-as,
all other processes are and that these mechanisms do not proceed with a simple 1:1 proton to

electron ratio with processes E2-4 approaching and exceeding 2:1 at 100 mV.s™™.

Scan Rate

Ela

Elb

E2

E3

E4

100

0.08

1.45

2.12

2.18

1.70

25

0.03

1.28

1.86

2.22

1.78
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Table 6-2 — tabulated values of Proton to Electron ratio for the different redox processes as previously labelled.
Calculated from Cyclic voltammetry of 1 mM NaV2PMA in 0.5 M sulphuric acid adjusted to pH with NaOH, taken at
100 and 25 mV.s!



Conclusion on the solution phase electrochemistry of doubly substituted

vanadophosphomolybdic acid.

It has been seen that the solution phase electrochemistry of doubly substituted
vanadophosphomolybdic acid is difficult to interpret. Through scan rate and concentration
variation it can be seen that as with the singularly substituted species adsorbed layer domination
and mediation is observed at low concentrations and slow scan rates and this is reversed when at

high concentration and high scan rates.

It is apparent that when transitioning from singularly to doubly substituted species, the same
increase in the initial redox process is observed in the solution phase as with the adsorbed layer
phase. However, it is observed that at low pHs this initial process is in fact two processes and not
a single two electron transfer and that these two individual processes behave differently when

altering pH, indicating a difference in mechanism.

The other observable process all exhibited a slope of close to 100mV.dec when plotting

equilibrium position versus pH. This indicated that they proceed with a 1:1 proton to electron ratio.
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/. Extra experimental work into the development of

cathodic flow fuel cells.

7.1 The use of image analysis in analysing fuel cell electrodes

Previously, the surface area of an electrode has been used to ‘normalize’ a current response to allow
comparisons and to analyse catalytic and kinetic parameters. However, when designing a device to
generate power, and therefore, inherently increase the total current density of a device, the surface

area of an electrode per volume unit is a key design concern.

There are many ways to produce a larger surface area within a given electrode type, often with an
associated ‘trade off” cost. In the example of liquid catholyte cells this ‘trade off” cost is often an
increase in the pressure drop across the electrode through greater turbulence, or physical path
length. This in turn leads to an increase in parasitic loss in the extra energy needed to produce fluid
pressure across the cell. Typically, in large surface area electrodes such as foams, felts or expanded
structures the flow channels are small in relation to the fluid velocity leading to a mainly laminar
flow. Laminar flow across an electrode surface leads to an increase in the electrochemical double
layer size down the length of the electrode, and as such a lower overall current density compared

to the electrochemical surface area.

Methods to increase the surface roughness and induce turbulence could increase the total

volumetric current density of a device. Many methods have been tested, such as dip coating in
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carbon, to add additional material to the surface of these electrodes. The physical surface area
increase obtained by using such techniques can be measured through several methods, such as BET

adsorption or electrochemical surface area measurements.

This section of the thesis deals with the assessment of some of these techniques through image
analysis. SEM images were taken and compiled to form cross sections of the whole electrode

structure, allowing for a complete depth analysis of the deposition.

A sample of untreated RVC (reticulated vitreous carbon), a sample of high density heat treated
RVC, a sample of high density dip-coated RVC and a sputter coated sample of RVC were
investigated. The principle reasons for investigation were both to see the effects of each treatment
technique and to assess the use of imaging techniques to produce usable design data. The exact
electrodes used and the exact production parameters of each sample were of proprietary
commercial value. The experiments were designed for physical characterization and development
of the analysis technique; it was considered that the ultimate methodologies in production should

not be revealed to the author as this would not inhibit the relevant goals of the experiment.

7.1.1 Introduction

ACAL Energy Ltd has been developing liquid catholyte technology through their Flowcath system.
Recently they have installed commercial units3#7** for in-situ testing®*® and announced plans to
develop units for the automotive market.®*® As has been previously discussed the technology
allows for a reduction of up to 90% in the platinum content within the PEMFC unit.®' However,

the liquid catholyte system is still in need of development.
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The liquid system relies on a mediatory catalyst, in solution, which is reduced at a solid cathode

electrode and oxidised within a separate ‘lung’, Figure 7.1.

Cathode Electrode

Anode FFP

Flowcath Proton Exchange
Membrane Membrane
Fuel Cell

Figure 7.1 - Flowcath Proton Exchange Membrane Fuel Cell.

The anodic side of the cell operates in the same way as a regular PEMFC. However, the cathode
is designed differently to allow a flow of catalyst solution over the solid cathode section. Therefore,
the cathode electrode must be designed and constructed from material allowing the greatest

transport of electrons from the solid cathode to catalyst in solution.
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Reticulated vitreous Carbon

RVC is a promising electrode material and has been used since its discovery in the 1950’s.3%? The
manufacture of RVC is achieved by the polymerisation of a resin combined with a foaming agent
preceding a carbonisation step.®23%2 The process produces a material highly resistant to chemical

attack (especially to acids and bases), highly porous and possessing little electrical resistance.3>

It is an ideal substance for use as the solid electrode component in a liquid catholyte system as the
pressure drop across the structure is relatively small and has led to its use in, diesel engine exhaust
cleanup,®* removal of metal ions from solutions®® and noise reduction within liquid systems.3*
The structure exhibited is of interlocking tetrahedral structures, with the ‘strut’ dimensions
affecting the pore size and as such the density of the material. The typical characterisation of an

RVC sample is either, strut length or pores per inch (ppi).%?

In addition, the temperature at which the material is ‘carbonised’ or heat treated after carbonisation
can have considerable effect on the properties of the material. For example, heat treatment above

315 °C in air can lead to significant oxidation and enhanced adsorption properties.3>2

The carbon structure within the RVC is still under debate. It was initially thought to contain a
mixture of sp? and sp® bonds this was followed by a general consensus that ‘glassy carbon’
possesses a complete sp? bonding structure,®3 however, some now conclude that glassy carbon

exhibits a fullerene type structure.’
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The reason for its use within the liquid catholyte system is the high surface area (65 cm?.cm™ for a
100ppi RVC sample),®? low resistivity and low pressure drop across the structure. In this
investigation, different treatment techniques have been assessed through SEM to try to determine
the effect that the different treatments have had on the structure and any potential changes caused

to the surface.

The use of image analysis techniques and image data representation is explored to be able to
quantify the images, and therefore making the technique more quantitative then the qualitative

nature of SEM imagery.

7.1.2 Experimental

Materials

The samples of treated RVC were supplied by ACAL Energy Ltd. Four separate sample types were

given:

Sample 1 was a dense RVC sample which had been put through a heat-treatment process.

Sample 2 was a dense RVC sample that had an additional coating of carbon added through a dip
coating technique.

Sample 3 was a normal density RVC sample that has had additional carbon added through a sputter
deposition process.

Sample 4 was a normal density control sample of RVC.
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Techniques

Several sample preparation techniques were trialled. The sample was taken, a fresh cross section
cut with a razor blade, it was then mounted with carbon tape onto a standard SEM Stub, ensuring
that the cross section was perpendicular to the beam direction. The samples were imaged using a
Jeol JSM-7000f FE-SEM with Oxford Inca EDS, wave WDS and crystal EBSD and a XL-30 FEG

ESEM (Cambridge Instruments, Cambridge, UK).

Afterwards the images were assessed and grafted together using Jasc Paint Shop Pro 7, or GIMP
software. Areas which were identified as modified were highlighted and differential colour analysis
allowed for a percentage covering of modification. This then could then be plotted versus a distance

from the leading edge.

7.1.3. Results and discussion

Heat treated RVC samples

Heat treatments of RVC have been shown to greatly reduce the resistivity of RVC, decreasing
rapidly up to 700°C, before decreasing more gradually until reaching a constant value at 1500°C
for samples derived from phenolic resin). This relates to the removal of heteroatoms on the surface,
specifically removal of water (up to 400°C), removal of CO2 (up to 700°C), removal of CO (up to

1200°C), Hz and CHa4 (above 950°C) and nitrogenated and sulfonated forms (above 1800°C).8
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Figure 7.2 - SEM images of heat treated RVC  Thege effects are presumed to be related to electron
sample, highlighting areas where edx spectra

have been taken

delocalization across the surface as the bonding structure

tends towards sp? hybridization.
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The purpose of the investigation was to see the effect of

the treatment procedures and detect any cracking or
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deformation that had occurred. Figure 7.2 shows the path taken to the inspected area with the blue
x’s highlighting areas inspected by the adjacent EDX spectra (Figure 7.5). Figure 7.3 shows one

area of interest with the blue circles indicating area of damage and cracking to the RVC structure.

Figure 7.4 shows a higher resolution area of interest with arrows labelled a, showing areas of what
looks like compressive or damaged tips and circles labelled b showing possible cracks in the

structure.

AccV Spot Magn “Det WD
100kvy 3.0 1360x SE 10.1

Figure 7.4 - High resolution image of heat treated RVC sample, highlighting a cracked area and
broken 'tip of the RVC structure

The spectra, shown in Figure 7.5, indicate that no contaminants are present. Oxygen has been
detected within the spectrum but at a very small level. Interestingly the spectra of the small particles
present are the same as the base material. It has previously been reported that RVC sample contain

up to 0.1%-0.5%>%8 ash presence remaining from the carbonisation process. It is possible that these
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particles on the surface are these remaining ash particles or debris left from the damage to the RVC

C Spectrum 1 I Spectrum 2
0 0
D e T s LM e i Lt L s L s s s L
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Full Scale 743 cts Cursor: 0.767 (7 cts) kev| Full Scale 748 cts Cursor. 0.767 (Bcts) ke

Figure 7.5 EDX Spectra of heat treated RVC sample, the Left Spectra represents area a, with the
right spectra representing area b from Figure 7.2.

Dip Coated RVC sample

Dip coating can be a precise method for producing a layer on a material. It has been used to form
layers in electrode preparation,®®° carbon nano-tube formation®® and many more applications.
However, despite the process being simple to perform, it is complex to correctly adjust each

variable to achieve a particular layer. The solvent used, method of ink preparation, speed, shear

Sample 2
(back)

Sample 2 (front) W Sample 4

% . o i
\ X R
AccV “Spot Magn = Det’ WD A—=—— 200 um
100kV 80 170x ~ SEnJ01 ¢

Figure 7.6 - Dip coated RVC sample showing the back and front of the sample and a comparison against
a control sample (sample 4).
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force and pre-treatment can all affect the formation of a layer and the nature of its surface structure

and chemistry.

Figure 7.6 shows a comparison of the ‘front’ and ‘back’ sides of the dip coated RVC compared
against the control RVC sample. It shows a clear difference between the two sides. The ‘back’ side
shows significant blocking of pores and coating of the RVC. The front side shows coverage of the
RVC surface but much less material filling the void space within the struts of the tetrahedral RVC
structure. Figure 7.7 shows a much higher resolution image of the material on the surface of the

RVC showing the long needle crystalline shape.

-

AccV - SpotMa Det-wD ————— 2um

100kV 30 21 R SE 101

Figure 7.7 - high resolution SEM image of the crystal formation on the RVC
surface.

Figure 7.10 shows one of the areas that was investigated on the back of the dip coated RVC sample.
It highlights where the crystal growth occurs on the surface of the RVC and the blocking of the

void space with the RVC strutted structure.
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Figure 7.8 - EDX spectra position a, of crystalline formations
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7 a 2 5 ] Figure 7.9 - EDX spectra position b, showing RVC surface
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Figure 7.10 - SEM image of the 'back' side of the dip coated RVC sample,
highlighting the areas that EDX spectra were taken and where the crystal
structures occur
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Combining this imagery with
the EDX spectra of Figure 7.8
and Figure 7.9 demonstrates
that the ratio of peak
intensities shows the crystal to
have a much  higher
composition of silicon. This is

somewhat unexpected.
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interest within the sputter coated
RVC sample with the areas where
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Without knowing the full details of the methodology used for dip
coating, it is difficult to ascertain where the crystal of silicon has
arisen. It is apparent that the change in structure and the surface
roughness of the pores and void space will affect catholyte material
to flow through the sample. This sample was identified for further
analysis of the imagery to investigate the penetration of the dip

coating modification into the RVC structure.

Sputter coated RVC sample

Sputter coating is an increasing popular technique for depositing a
very exact layer of material as the process is becoming cheaper and
easier to customize. Companies such as TEER Coating Ltd now
offer a range of services and can even approach mass production for
certain components, typically for high end motor sport. However,
the technique is still relatively expensive compared to other methods
and contamination can occur with the sample depending on target

choice.

Figure 7.11 shows the route taken to the area of interest on sample
3 and the areas examined with EDX (Figure 7.12). Compared to the
dip coated sample there is not a significant reduction in the pore
size. It shows a higher resolution image of the area of interest

revealing possible ‘ash’ particles being present. The sample also
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showed unusual growths on the surface, possible relating to a crystal growth or a positive
deformation to the surface. It is also possible these ‘growth’ patterns are areas of least resistance
within the RVC structure which would adhere a disproportionate amount of material due to the

method of sputter coating.

Spectrum 1

02 04 08 08 1
Full Scale 166 cts Cursor: 1.493 (7 cts) kev|

Figure 7.12 - EDX Spectra of sputter coated RVC,
position a (top) and position b (bottom)

Figure 7.12 shows the EDX spectra taken in position a and b (Figure 7.11), the spectra indicate that
carbon, oxygen and copper are present on the surface of the growth in the same intensity ratios.
The presence of copper is unexpected but may be explained if a copper backing to a target was

used within the sputter coating procedure.

Figure 7.13 is the highest magnification that could be achieved with these samples and the machine
used. The presence of spherical particles on the surface can just be detected. When investigated,
these particles were measured at between 37 to 44 nm, however, significant experimental error
must be allowed as well as the inability to detect smaller particles that might be present. It must

additionally be noted that the larger particles on the surface are also covered in the smaller particles.
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Adding to the hypothesis that these are ash particles present after carbonisation. The EDX spectra

again shows the presence of carbon, oxygen and copper.

AccV SpotMagn Det WD F—— 200 nm
100kV 3.0 1738562x SE 102

Figure 7.13 - High Resolution SEM image of sputter coated RVC sample.
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Figure 7.14 shows a compiled image analysis of the depth of penetration of the dip coating
technique. SEM images were taken from a cross section of the cut RVC sample. These were
stitched together to form a high resolution image of the cross section. This was then analyzed by
taking boxes at random points across the cross section and highlighting areas of crystal growth in
red. The percentage coverage of crystal was then computed and plotted against depth, shown on
the graph (right). This shows information on the depth of penetration in the dip coated sample. The
RVC thickness was approximately 1795 microns. The analysis showed a high percentage of crystal
coverage was seen at the surface (22%) and that this dropped exponentially with depth into the

sample until reaching a constant coverage of around 5%.

7.1.4 Conclusions

The heat treated sample of RVC showed evidence of damage to the RVC structure. Damage was
seen to the peaks of the tetrahedral structure of the RVC. It is possible that these were received in
transit but may be because of the heat treatment. Cracks in the struts of the RVC were also seen.
Heat treatment may increase the conductivity across the RVC electrode, however the damage
caused may result in isolated areas and even a reduction in the surface area of the electrode. No
significant change to the overall RVC tetrahedral structure or in the void space was seen between

the heat treated sample and the control sample.

The dip coated sample showed coverage of a crystalline structure on the surface. This appeared to
reduce the pore size within the sample but only by a small percentage. The crystalline structure
was shown to contain sodium, silicone, carbon and oxygen. It was also seen that the extra material

would increase the surface area of the electrode, but could lead to a significant pressure drop as a
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result of the smaller voids. When the depth of penetration for the treatment was analysed it was
seen that the surface exhibited a high coverage of crystals (22%) and that this reduced exponentially

when moving into the sample reducing to a constant coverage of around 5 %.

It could be seen that the sputter coating treatment did not reduce the overall pore size of the sample.
It could be seen that the surface was covered with small particles measured to be between 37-44nm
although significant error resides in this measurement. The composition of the surface was of
interest as it contained carbon, oxygen and copper, possibly the result of using a copper target in

the sputter coating technique.

7.2. Novel Electrodes within fuel cell science

7.2.1 Introduction

The work covered within this thesis has focused on the three electrode cell. The three electrode cell
allows for testing in ex-situ environments and investigation of thermodynamic and kinetic
parameters of potential catalysts. The ‘two electrode’ set-up is often described as an ‘in-situ’ or a
true fuel cell set-up as it is much more akin to the environment of an eventual implementable fuel

cell device. In both cases advantages and disadvantages are seen in the choice of set-up.

The choice made for each electrode is extremely important and again has been discussed in great

detail in previous sections. In particular, the effect of a drifting reference electrode has been

highlighted due to the contamination of phosphomolybdic acid derivatives and subsequently the
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‘poisoning’ of the counter electrode through adsorbed species. Often these effects can be

overlooked in designing an appropriate electrochemical set-up.

Ti Sheath  Shaft

Figure 7.15 - Working electrode design

The working electrode, Figure 7.15, receives the most attention when determining a correct or valid
electrochemical set-up and the construction of working electrodes is the focus of the first part of
this chapter. The working electrode is the principle electrode that interacts with any redox
phenomena and the method by which it does so, drastically changes the design and function of the
electrode. The material that this tip is formed of is important and has been discussed in detail in
earlier chapters. The concern of this chapter is how to construct electrodes that can be modified in
novel processes. The modification of electrodes has been performed for an extremely long time,
the dip coating modification explored in chapters 3, 4 and 6 being just one example of a standard
modification technique. As was explored, even standard processes need to be investigated for each

example to ensure valid and repeatable experimental results.
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In fuel cell science, a standard technique to investigate potential electrocatalysts is to modify the
electrode surface through ‘drop casting’ the catalytic material onto the tip: this is the technique
used to explore the biological catalysts in chapter 2.1 and to create the control sample in chapter

2.2, Figure 7.15.

Figure 7.16 - Dropcast electrode surfaces, A - 3mm GC electrode modified with 2mg of biologically produced Pd Catalyst,
B - clump on a 2mg Bio-Pd modified electrode, C - edge of 2mg Bio-Pd modified electrode, D - 4 mg Bio-Pd modified
electrode, E - edge of 4 mg Bio-Pd modified electrode

In order to develop the understanding of new catalyst production techniques, new forms of
electrode construction are needed to allow for novel modification, such as plasma spray deposition,
spin coating or lithography (as highlighted in chapter 2). In these techniques, standard electrodes
provided by commercial companies cannot be used either because materials cannot withstand the
environments, or they are simply too big to fit into the machines. For this reason, new methods for

electrode construction were investigated.
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‘Two electrode’ electrochemical set-ups

In the ‘two electrode’ set-up the electrodes are very different. They are typically much larger; at
least several orders of magnitude in terms of effective electrochemical surface area; often they are
porous and need to retain a mechanical strength. The methodology to test these electrodes is often
very different as well. Instead a polarity is applied between the working and counter electrode (or
current demanded). This represents an issue where cross polarization can occur. This is where the
polarity of an electrode can inadvertently be inverted causing damage and giving false readings. It
is perceived within fuel cell science that if the flow rate of hydrogen at the anode is above the
stoichiometric limit that the much faster kinetics of the hydrogen oxidation reaction will lead the

anode to function as an ‘in situ’ reference, with the polarity imposed on the cathode.

Figure 7.17 - Diagram of a PEMFC showing the MEA and the two associated flow field plates

In addition, the large size of the electrode and the need for a distribution of reactant across the

electrode can lead to differential voltage effects across the electrode surface. This can be caused
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by a change in partial pressure of reactant as the reactant stream travels the distance across the
electrode surface, shown in Figure 7.17. This is of interest in catholyte cells due to the parasitic
losses caused by maintaining the reactant stream. There are only limited ways to investigate this
phenomenon; modelling has been an important tool in investigating its impact but directly

measuring the difference without directly affecting the environment is difficult.

Secondary Electrodes within Fuel Cell Science

One potential method to measure the voltage differential would be to use secondary electrodes.
These typically are electrodes that are connected to the system, usually connected to the same
counter and reference but that are subject to a different excitation to measure a secondary part of a
given electrochemical system. A good example of this kind of set-up is the rotating ring-disc

electrode.

In this method, a second ring of Pt is set within the tip of an electrode offset from the main central
working electrode tip. In fuel cell science, this is typically to investigate the production of hydrogen
peroxide as a parasitic side reaction at many common oxygen reduction catalysts. This ring is
typically set at an oxidizing potential and functions as a ‘collection’ electrode. Any peroxide that
is formed by an incomplete reduction, a 2e” process rather than the full 4e” reduction, is reduced at
the platinum ring. By measuring the current produced at the rate at which the electrode is rotated,

kinetic data can be extrapolated.

Additionally, information can be obtained about the environment that the electrode is placed

within. If the open circuit potential of the electrode is monitored any shifts in potential are
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indicative of a shift in the reaction quotient at the surface. These electrodes are essentially passive
to the system they are monitoring. As such an OCP monitor is a good candidate to investigate the

differential voltage across a flow field plate.

7.2.2 Experimental

Designing Electrodes

Computer design was used to facilitate the designing and building of the electrodes and the
structures to hold the electrodes. The main program used was Google Sketch-Up which allows for
easy 3d representation of design ideas, and when combined with other programs such as Cura it
can provide access to manufacturing techniques such as 3d printing. It also enables the export of

graphical representations like those that have been used in figures throughout this thesis.

Three Electrode cell working electrode development

The main shroud of the electrode that insulates the shaft was constructed out of Teflon or PEEK,
directplastics.co.uk. The main tip material was 3mm GC section cut with a diamond blade from
longer GC rods (alfa aesar). The plastic rods (various diameters, 6, 8 & 10 mm) were cut to the
correct length for each electrochemical cell to be used (4-10 cm) and a central column was lathed

from the rod to allow for the copper rod insert to be installed.

The methodology to produce the tips to sit on top of the shrouds forms the first part of the discussion

section later in this chapter.
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Building the monitoring electrode gaskets (MEG)

Several iterations of the monitoring electrode gasket are discussed. All versions of the monitoring
electrode gasket are formed by placing wires within a prefabricated mould and then using a potting
compound to add the mechanical strength and gas sealing along the edges. The moulds were made
from Teflon sheets (directplastics) and were machine with CNC at the facility at the Heath
Technology Centre (Runcorn), from designs generated with the aforementioned computer aided

design.

RTV silicone and epoxy resin were used as the main potting compounds. A range of these two part
cure compounds were used due to the different characteristics and chemical stability of the
compounds. In all cases the compounds chosen had a long working lifetime and were low viscosity.
This enables for the mixed compounds to be degassed in a dessicator under vacuum before use.

The compound is then poured into the moulds and left to cure for 24hrs before use.

Testing monitoring electrode gasket

To test whether the MEG worked as expected it was mounted into a catholyte fuel cell provided
by ACAL Energy Itd, with an electrode cell area of 25 cm?. The fuel cell was run through an I-V
test protocol using an ACAL Energy test rig and potentiostat, whilst the OCP (open circuit
potential) of the monitoring electrodes was measured with several Palm sense potentiostats. All
devices were time synchronized and measurements recorded to a standard timing allowing for

alignment of data afterwards.
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After initial IV experiments, EIS scan was completed on the ACAL energy fuel cell with the

monitoring gasket still in place.

7.2.3 Results and Discussion

Removable Tip Electrode

The first type of electrode to be made was an electrode suitable to fit in the plasma vapour sputter
deposition equipment. This meant the tip had to be of a maximum diameter of 8 mm and a
maximum height of 2mm. This was achieved by taking a 4 mm piece of 8mm PEEK rod and
inserting a GC section as has previously been described. The whole tip was then machined to 2mm,

with a lapping machine.

Cu Core

GC

Figure 7.18 - Novel removable tip electrode
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This tip could then be modified through sputter coating. To modify it in this way an extra mask of
Teflon gasketing was needed to only expose the 3mm GC central column of the tip to be coated.
After modification the tip was taken to be mounted on the premade shafts. A small amount of silver
epoxy (RS Components) was dabbed onto the exposed copper, and an isolating ring of epoxy resin
was used to surround this connection and isolate it from the electrochemical cell. The tip was then

placed onto the shaft. This resulted in the electrode shown in Figure 7.18.

These electrodes functioned well initially and an initial study was conducted with them. However,
the electrical connection was frequently lost, due to weakening of the epoxy connection. As a result,

further electrode designs were investigated.

Screw tip electrode

The main weakness of the removable tip electrode was the epoxy connection between the shaft and
the tip. The connection could be lost due to mechanical damage. Additionally, several electrodes
were damaged through repeated exposure to acidic conditions eventually weakening the epoxy.

Stronger epoxies could be used or specialist chemical resistant epoxies could be trialled. However,

' N\NPEEK Shaft

Silver Ink Connection

Figure 7.19 - Screw tip electrode
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even these would not allow the electrodes to be used within organic solvents. RTV silicone
compounds like those used for the MEG could be considered for these environments as these can
withstand repeated exposure to organic materials, but this would necessitate a mould and would

make post-treatments like polishing of the electrode surface difficult.

Instead a mechanical barrier was explored. A PEEK screw was taken and prepared in the same way
that the tips were produced. Additionally, the shaft was lathed so that a recess with a screw thread
matching that of the screw was present at the head of the shaft. Silver ink was used on the screw,

as shown in Figure 7.19, to provide electrical connection to the copper shaft.

These tips were successfully modified and tested. They were not able to fit in the plasma vapour
sputter deposition machine, but could be modified with spin coating and lithography. The
electrodes tested showed no loss of connection, even after repeated removal of the tip for

modification and testing.
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Monitoring gasket electrode under power curve testing

The first MGE to be made was produced using epoxy as the encapsulating material and is shown
in Figure 7.20. This electrode quickly deteriorated and failed to make a gas seal within the catholyte
cell. As with the above removable tip electrode this may have been due to the chemical degradation

of the epoxy itself.

Figure 7.20 - Epoxy MGE

A new MGE was constructed which was designed to use RTV silicone as the encapsulate. The

MGE was constructed as described in previous sections and as shown in Figure 7.21. This MGE

successfully maintained a gas and liquid seal within the ACAL Ltd. test cell.

Figure 7.21 RTV siliocone MGE
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Figure 7.22 - IV curves from MGE test cell, showing the repeated scans (rpl-5) and the difference in flowing and non-
flowing conditions

In such form the Fuel cell was operated through an I/V test sequence using a SGL felt cathode, an
lon Power supplied Nafion Membrane and a 34 BC SGL anode. The flow rate of catholyte was
200 mL/min and the 1V curve was taken in galvanostatic mode from OCP with a current ramp of

500 mA.s™. The resultant IV curve of the fuel cell’s performance can be seen in Figure 7.22.

Figure 7.22 also highlights the difference that the flow rate of the catholyte made to the fuel cell’s

performance. With no flow the cell’s current quickly became limited by diffusional limitations, but
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when flow of catholyte was maintained losses are mainly attributable to resistance and activation
losses. After observing the performance of the fuel cell itself the monitoring electrodes across the

cell were monitored for their OCP.
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Figure 7.23 - MGE OCP monitoring versus time versus electrode position

In order to obtain results from all the electrodes several IV experiments were conducted on the
cell and each electrode’s OCP was monitored (shown in Figure 7.22). Unfortunately, the electrode
closest to the fuel inlet lost connection due to a mechanical breakage and so results for this electrode
could not be recorded. Within the graph the position number increases the further the electrode’s
position from the fuel inlet. As can be seen in the data generated (Figure 7.23) the OCP and so

reaction quotient changed across the cell, as had been hypothesized although this change was slight.
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In addition to monitoring during IV curve testing the electrodes were used to monitor the voltage
during EIS experiments. During these experiments the response of the cell to an oscillating voltage
and increasing frequency is observed. The shift in the applied and recorded signal gives rise to a
time constant at each frequency of oscillation leading to information about the resistive, capacitive
and diffusional nature of the redox processes occurring at the electrode. It is important during these
measurements that the amplitude is high enough to see a response from the cell but not so high as
to shift the environment of the electrode chemically. The tests are generally conducted at a steady
state and around the OCP of the cell. Within many Fuel cell EIS experiments the amplitude can be
significant higher than in usual EIS experiments, as a methodology to overcome the noise in the
cell and the large inductance that can be inherent in these devices. Usually an amplitude lower than
10% of the operating voltage is used and in normal electrochemical set-ups this can be commonly

10 mV around an OCP of 0.8-1.0 V.
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Figure 7.24 - MGE OCP data from EIS experiments

Figure 7.24 shows the data from the OCP monitoring the MGE during an EIS measurement. The
OCP measured at the start of the experiment was 734 mV. This is the base line on top of which the
oscillating voltage should be applied. What can be seen from the experiment is that this baseline
drifts during the experiment with the result that the final midpoint of oscillation is much below the
734 mV OCP. This leads to invalid EIS data that may, in this case, reflect a higher resistance and

because the drop occurs at lower frequencies, a more capacitive and diffusion limitation than is

true of the system.
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The cause of this may be the large amplitude of oscillation being applied. The final change in
voltage is 14 mV which represents almost 20 % of the baseline potential. This could be resulting

in a change in the chemical environment and the reaction quotient during the EIS experiment.

7.2.4 Conclusion

The development of several different electrode construction types has allowed for novel
experimentation to take place. Each type has its advantages and its disadvantages but adds to the

library of techniques and electrodes that can be used in experimentation.

The development of the MGE shows the potential to match modelling of fuel cells with
experimental data. It differs from current attempts at multi-electrode fuel cell arrays by being a
separate electrode that is not part of the usual fuel cell conformation. It has highlighted the need
for careful application of EIS parameters and suggests that EIS data in liquid catholyte cells should

be taken at constant flows of reactant rather than without flow.
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8. Conclusion

This thesis has presented the work conducted by the author into reducing, recycling and removing
PGMs from PEMFCs. The following sections conclude the thesis, highlighting its key findings and

points to areas for further work.

8.1 Reducing platinum within PEMFCs

Section 2.1 of chapter 2 described the initial electrochemical assessment of a platinum atom
containing surface that has been generated through the lithography and ion beam treatment of a
fulleropyrrolidine bipyridine platinum chloride complex. The work showed that with the inclusion
of platinum in the complex the onset of proton reduction was shifted positive and once the final
surface had been generated that this positive shift was maintained and a durable surface was

produced generating the same current as the equivalent surface area of bulk platinum.

This finding was significant, given that the material was only 18% platinum by mass. This has led
to the inclusion of the work conducted in a research paper which is expected to be submitted for

publication shortly.

In addition to the work contributing to this (expected) addition to the literature it has also led to
work still being conducted within the research group. The initial assessment needs to be taken
forward to full characterisation of the surface’s electrochemical behaviour, specifically, the exact

ECSA (electrochemical surface area) per gram and the activity towards the ORR. Further, from the
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base example of platinum inclusion, the development of bi-metallics and the inclusion of metals
such as ruthenium need investigation, especially the possibility of increased tolerance to poisons

such as CO.

8.2 Recycling through biohydrometallurgy

Section 2.2 of chapter 2 presented the work conducted into the possibility of recycling PGMs using
biohydrometallurgy and producing materials capable of being used as electrocatalysts. It’s showed
how biomass containing palladium demonstrated electrochemical characteristics, which had

previously been unseen under these conditions.

The work highlighted how the bacterial strain, reducing agent and synthetic leachate all had effects
on the PGM containing biomass and the particles of PGM formed. This was shown clearly through
electron microscope imagery which detailed the large effect on particle formation of changing

bacterial strain and reducing agent.

The imagery highlighted how changing from the gram negative to gram positive bacteria caused
the largest effect and that the lack of a well-defined cell wall within M.luteous strains caused a
significant difference in particle distribution compared with S.oneidensis or E.coli strains. It was
hypothesised that changing the reducing agent changed the interaction with the bacteria and caused

a large effect on particle size and distribution of particles.
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The material was shown to produce electrochemical signals and matched the TEM results showing
differences in electrochemical behaviour resulting from the differences in particles formed which
were caused by the changes in bio-mineralisation conditions. The finding that this material
demonstrated electrochemical behaviour typical of palladium was a significant result. The

significance of the work is shown by the a paper on the work published in biotechnology letters.?

As has been highlighted in section 2.2.4 a significant amount of additional further work has already
been conducted since my contributions. This has led to examples shown producing platinum
containing and bimetallic deposits on biomass which are currently awaiting publication.
Significantly work to develop these materials as electro catalysts and in application for fuel cell

catalysts is ongoing.

8.3 Removing platinum from PEMFCs

The majority of the thesis focused on work directed at removing platinum content from PEMFCs.
Working with ACAL Energy Ltd it was determined that studying the electrochemistry of
phosphomolybdic acid together with its singularly and doubly substituted derivatives would add

valuable information towards this aim that was not available.

These species readily form adsorbed layers and the interaction between these adsorbed layers and
the bulk solution is not well understood. As such the project was broken down into stages,

developing knowledge on the adsorbed layers before moving onto the system combined.
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Chapter 3 presented the initial investigation into the electrochemical response of phosphomolybdic
acid and its singularly substituted vanadium derivative. The work showed the change in redox
behaviour between the derivatives including vanadium and the original phosphomolybdic acid
species. It highlighted that the first reduction wave of the original species had spilt, and a shift
positive of 200 mV had occurred. This was indicative that the original two electron reduction seen
in phosphomolybdic acid species (documented in previous studies'®?17) splitting into two one
electron processes, which concurs with the general effect observed when substituting vanadium

into these species and with experiments published in organic media.?%

It was also observed how the redox processes deviated from ideal behaviour, with this effect
increasing with the substitution of vanadium into the structure, supporting ideas previously held

about the deformation and change in behaviour of the species in general with vanadium inclusion.

Chapter 4 presented the continued work into heteropolyacids adsorbed layers, detailing the effect
of changing the graphitic electrode surface, the counter ion (cation) to the heteropolyanion and the
dramatic effect that pH had on the electrochemistry observed. This extra information allowed for
the inclusion of protons within the electron transfer scheme and for the general pathway to be put

forward as shown in the following equations.

Equation 8.1
NaH;(PVYMoYl0,) +e~ + H* —» NaH,(PV'VMoY!0,,)

Equation 8.2
NaH,(PV'VMoYl04,) + e”+ H* - NaHs(PV'" MoYMoY!0,4)
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Equation 8.3
NaHs(PVV Moy MoY104,0) + 2e~ + 2H* — NaH,(PV'V MoYMo¥' 0,¢)

Equation 8.4
NaH,(PV'VMoY¥MoY'0,4) + 2e~+ 2H* — NaHg(PV'"V Mo!MoY'0,,)

This work added to existing knowledge regarding the adsorbed layer of phosphomolybdic acid and
the singularly substituted vanadophosphomolybdic acid. As such it was presented at the
‘Electrochem 2014 conference in an oral presentation and has been prepared for submission for

publication shortly.

Chapter 5 detailed the work completed into the solution electrochemistry of phosphomolybdic acid
and its singularly substituted vanadium derivatives. It highlighted how the interaction between the
solution phase and adsorbed layer is extremely complex but that the underlying redox processes
still occur. However, that they are dominated by a mediation through the adsorbed layer. This was
shown by the transitions in behaviour observed between low and high concentrations and with
increasing scan rate. Where the behaviour changed from adsorbed dominated to solution based and
the electron transfer rate was out run by fast scan rates. Unfortunately, due to the complexity of the
multi-multiple electron transfer evaluation of the rate of the electron transfer have so far been

unsuccessful.

Chapter 6 covered the work that substituted a second vanadium centre into the original

phosphomolybdic acid. It showed that an adsorbed layer developed in the same manner as with the

mother complex and the singularly substituted species.
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It was shown that the substitution of a second vanadium centre, again altered the redox processes
demonstrated by the adsorbed layer. Through the same experiments that were conducted on the
singularly substituted species a general reaction scheme was deduced, that is shown in the

following equations.

Equation 8.5
Na,H3(PVY Mo{l04) +2e™ + 2H' - Na,Hs(PVI"Mo{{040)
Equation 8.6
NayHs(PVVMoYl04) + e~ + H* = NayHg(PVIV Mo Mo¥'0,0)
Equation 8.7
Na,Hg(PVIVMoY M0¥'0,,) + e~ + H* - NayH,(PVSV Moy Moy’ 0,0)
Equation 8.8

Na,H,(PV{VMoY Mok 0,40) + 2e~+2H" - NayHo(PVIYMoY Mo¥10,4)

It was also shown that the behaviour of this species was similar to that of the singularly substituted

species in respect to changing the electrode surface and cation.

Section 6.3.4 detailed the work into the solution phase doubly substituted phosphomolybdic acid
species. This showed a similar mediated process to the solution of the singularly substituted
species. However due to the first reduction wave doubling in magnitude, interpreting the resulting
electrochemical data was even more of a challenge. Some peak separation allowing for
determination of redox events was shown at low pH values which indicated the initial wave was
not a single double electron transfer but two processes which behaved independently of each other
with respect to pH. This confirmed the mediatory relationship of the adsorbed layer and the

solution, as seen in the singularly substituted species.
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There is much further work to be conducted on phosphomolybdic acid and its vanadium substituted
derivatives. Work is continuing into the modelling of the electron transfer processes to establish
possible reaction mechanisms. EPR experiments to determine the method of electron transfer
would provide invaluable information. Of significance and worthy of extra experimentation would
be any changes in electrochemical behaviour when being exposed to oxygen and how this alters

with increased vanadium substitution.
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