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Abstract

The metal-oxygen battery is the pinnacle of beyond Li-ion battery technologies,
providing a very high theoretical specific energy relative to current battery
chemistries. However, the practical use of alkali metals (Li and Na) in the presence
of oxygen species and carbon cathodes provides substantial problems in the
development of this technology. The highly nucleophilic and reactive nature of the
reduced alkali-oxygen species causes degradation of the electrolyte and cathode. In
order to overcome these factors, the fundamental reaction mechanism taking place at
the solid/electrolyte interface need to be understood. In this thesis, a range of
electrochemical and spectroscopic techniques have been used to help elucidate the
reaction pathways and products.

Initial studies have been conducted using shell isolated nanoparticles for
enhanced Raman spectroscopy (SHINERS) to allow surface enhanced Raman
studies on previously inaccessible electrode materials. The use of SHINERS utilised
the localised surface plasmon from the gold nanoparticles without any additional
effect from the particle surface, due to the Raman inactive silica shell. This allowed
the vibrational modes of nearby molecules adsorbed on the surface to be enhanced.
A comprehensive characterisation and analysis of SHINERS, as well as their
functionality on a range of different electrode morphologies has been presented.

SHINERS have been used to compare the oxygen reduction reactions (ORR)
with and without the presence of lithium on a variety of polycrystalline electrodes.
The behaviour of superoxide (O,") without the presence of lithium was shown to be
highly dependent on the electrode surface. The ORR in the presence of lithium was
demonstrated to be both surface and solvent dependent on a range of carbon

electrodes.



SHINERS were also used to study more practical battery electrodes, with the
detection of lithium oxides and side products on the electrode surface after discharge
and charge.

The use of single crystal electrode surfaces were also studied, in order to provide
an ideal surface to understand the reaction mechanisms. The effect of moving from
an aqueous to a non-aqueous electrolyte on a gold (111) surface was studied using
voltammetry and SHINERS. The inhibition of the electrode surface with trace
amounts of MeCN was detected. The degradation of MeCN was also observed with
trace amounts of water.

Finally the behaviour of the sodium-oxygen system was studied on the three low
index basal planes of platinum (111), (110) and (100). The electrochemical
behaviour was shown to be facet dependent, with the addition of a supporting salt

also affecting the reaction mechanism taking place.
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Chapter 1

Introduction

Part A - The Metal-Oxygen Battery

1.1 Energy

Over the past couple of decades there has been a noticeable increase in the
demand for energy and energy storage due to ever-increasing technological
advancements and the continual growth of the global population. In order to sustain
such demand, cleaner renewable and sustainable energy technologies need to be
developed, to move away from current fossil fuel technologies.

The storage and delivery of energy is of particular importance, especially in areas
of intermittent renewables, such as wind and solar, where maintaining a constant
supply of energy can be difficult. A variety of storage techniques are being
implemented and developed around the world, encompassing a range of forms from
electrochemical and chemical, to mechanical and thermal. The storage techniques
can be broken down related to their power rating and discharge time (Fig. 1.1).
Pumped-storage hydroelectricity (PSH) and compressed air energy storage (CAES)
can provide large power outputs for long periods of time (10 — 1000 MW for
multiple hours).! These systems are only applicable in certain geographical locations,
e.g. PSH commonly used in mountain terrain.?

Electrochemical energy storage is very adaptable to a range of systems, as it is
able to deliver an array of discharge times and power outputs, i.e. batteries and

supercacitors.® Supercapacitors have rapid charge and discharge rates, making them



suitable to supply short term power bursts, e.g. to provide rapid acceleration in cars

and buses.*
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Figure 1.1 Power supplies in terms of their power rating and discharge time,” for a

variety of energy storage systems.

Batteries provide power in the kW — MW range over a prolonged period of time,
being utilised in portable devices, electric vehicles and grid storage.® A battery
consists of a series of electrochemical cells aligned in a linear or parallel format.
Each individual cell consists of a positive (cathode) and negative (anode) electrode.
In a rechargeable battery the positive and negative electrodes swap upon charge and
discharge, however for the purposes of this thesis, the negative and positive
electrodes on discharge are referred to as the anode and cathode respectfully. The
two electrodes are separated by a conducting electrolyte and connected via an
external circuit, upon discharge and charge, ions migrate between the two electrodes

through the electrolyte, whilst electrons move round the external circuit.”



1.2. Demand for higher energy batteries

The development of battery technologies has observed a significant increase in
terms of specific energy (Wh kg™) and energy density (Wh dm™) since Alessandro
Volta’s initial battery (Fig 1.2).® At present the Li-ion battery is at the forefront of
battery technologies, since its commercialisation in 1990. The Li-ion battery is a
vast improvement on Plante’s lead-acid battery system,” which has a specific energy
of 171 Wh kg™. A steady increase in the specific energy has been observed since
commercialisation;'® however practical Li-ion batteries are fast approaching their
optimal energy storage limits (387 Wh kg™ — Li/LiC00,), **"** which is still below
the target of 400 Wh g, set by the US by the end of 2017.* The Li-ion battery still
has an important role to play in the current and short term future, but will not be able
to sustain the rapid growth required to power the technological advancements in

electric devices and vehicles in the long term.'> ¢
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Figure 1.2 — A summary of the past, present and future battery technology specific

energies and cell voltages.



A Dbroad range of new battery technologies are being developed to succeed the
Li-ion battery in terms of higher energy densities and prolonged cycle life. Lithium—
sulphur (Li-S) is a prominent choice,"?° having a high theoretical specific energy
(2566 Wh kg™).?* However, problems associated with the formation of soluble
polysulphide species upon cycling, cause capacity fading, shortening battery life.?

The metal-oxygen battery, in particular the Li-O, chemistry has been a prominent
alternative to Li-S as a successor to the Li-ion battery. The Li-O; system has a high
theoretical energy density 3505 Wh kg™ for the non-aqueous system. The aqueous
system has an even higher energy density, however the complexity of the reaction
mechanisms in an aqueous media due to the highly reactive nature of the lithium
species in the presence of water, has led to a larger focus being placed on the non-
aqueous Li-O, battery.

1.3. The metal-oxygen battery

The non-aqueous metal-oxygen battery differs from the lithium ion battery,
which requires the intercalation of lithium in the electrodes. The M-O, system relies
upon the reversible formation of peroxide or superoxide products (depending on the
metal cation).?® The non-aqueous Li-O, battery consists of a solid metal anode, a
conducting electrolyte, a composite porous cathode and a catalyst or redox mediator
to lower the voltage gap between charge and discharge (Fig. 1.3).%

On discharge, metal cations move from the lithium anode through the electrolyte
to the composite carbon cathode. At the cathode, the cations are reduced in the
presence of oxygen to form the peroxide (Li and Na) or superoxide species (Na and
K). The oxygen is sourced from the environment through a permeable membrane to
prevent any impurities and moisture contaminating the reaction mechanism. The

benefit of sourcing oxygen from the environment, allows the battery to be much



lighter as oxygen is not stored within the cell. The reversible formation of the MO,
(peroxide or superoxide) species upon charge and discharge,® forms the basic

principle for the metal-oxygen chemistry.
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Figure 1.3 Schematic of the non-aqueous metal-oxygen battery showing the
movement of ions upon charge and discharge and the overall reversible chemical

reaction taking place during discharge/charge.

1.4 The lithium-oxygen battery
The first rechargeable non-aqueous Li-O, cell was proposed by Abraham et al®
in 1996. Since the proposal of the initial Li-O, cell there have been a number of

factors limiting the development of this chemistry that are still to be resolved. The

stability of the electrolyte, anode and cathode are major problems, ***! as well as the
large voltage gap between charge and discharge.®
2Li* + 0, + 2e~ - Liy0, (Eq. 1.1)



The reversible formation and breakdown of Li,O, on discharge is the basis of the
Li-O, battery (Eq. 1.1), however the reaction mechanism is much more complex
than this simple equation. Previous oxygen reduction and evolution reaction
(OER/ORR) mechanistic studies have depicted two possible mechanisms. % A 1 e
reduction of O, in the presence of Li", to form lithium superoxide (LiO,) (Eq. 1.2)
proceeded by a second e reduction to form lithium peroxide (Li»O;) (Eq. 1.3) or
disproportionation of the LiO, species (Eq. 1.4). Alternatively the direct reduction of

O, and Li to form Li,O, has also been suggested (Eg. 1.5).

Ozi0n + €7 = O3ads or son ¢ LiO3(aas or sol) (Eq. 1.2)
Li0, + e~ + Lit — Li,0, (Eq. 1.3)
Li0, + Li0, — Li,0, + 0, (Eq. 1.4)
2Litoy + Oson + € = Liz0; (Eq. L5)

The reduction mechanism theoretically produces various oxygen species 0%, Oy,
0,7, as well as the different lithium superoxide and peroxide species. All of these
species readily undergo nucleophilic attack on the porous carbon cathode and some
electrolyte species.®® The unwanted and irreversible side reactions in the electrolyte
prove extremely detrimental to the Li-O, battery, reducing cycle life and causing cell
death.

The oxidation mechanism involved in the Li-O, system is complex and not
completely understood; it appears to be dependent on the surface and electrolyte
properties. However, it is known that high over-potentials (> 4 V) are required to
completely oxidise Li,O, from the electrode surface®® without the presence of a

catalyst or redox mediator.®’ The high potential is often outside most organic



solvents electrochemical window (i.e. they decompose at potentials > 4 V). This has
produced problems when cycling.*® ¥
1.4.1. Electrolyte

A key issue is finding an electrochemically and chemically stable electrolyte.
This can be achieved by elucidating the electrochemical oxidation and reduction
reaction mechanisms in the Li-O, system.

The electrolyte in the Li-O; cell is an ion conducting media, which allows the
movement of lithium ions from the solid lithium anode to the composite porous
cathode, it is important to minimise and ideally eliminate any unwanted side
reactions that may occur upon the discharge/charge cycles to optimise the batteries
efficiency and lifetime. An ideal electrolyte will have a large electrochemical
window between 2.5 and 4.5 V.*° It must be stable in the presence of the extremely
reactive oxygen and lithium species produced during charge and discharge. The
electrolyte has to have good oxygen solubility and diffusivity, mixed with lithium
ion conductivity. Other important characteristics include; low volatility to avoid
evaporation at the cathode,** be able to wet the electrode surface and most
importantly be safe.

1.4.2 Solvent

In order to achieve a stable electrolyte media a variety of non-aqueous solvents
have been tested. Early studies focused on organic carbonates,** as they have been
widely used in lithium-ion batteries. Organic carbonates (e.g. propylene carbonate
(PC)) were chosen because of their low volatility and oxidation stability.*® Studies
have shown that an organic carbonate electrolyte cannot sustain the reversible
chemical reaction taking place in the Li-O, battery.** The organic carbonates are

seen to decompose to lithium carbonate and alkyl carbonates in the presence of



superoxide, which forms an insulating layer on the electrode and cannot be oxidised
at sufficiently low potentials < 4.6 VV* causing a decrease in capacity.

More recent studies have focused on ethers (such as tetraethyleneglycol
dimethlyether (TEGDME) and diethylene glycol dimethlyether (DIGLYME). Ethers
are a prominent choice, due to their stability in the presence of the superoxide
species. LiO, was identified as the main discharge product, but the electrolyte
showed limited reversibility. Investigations using DME demonstrated decomposition
of the electrolyte does occur forming lithium carbonate in the presence of the
superoxide and peroxide species,* with only 60 % of the oxygen consumed in
reduction being released upon oxidation.*®

lonic liquids (e.g. Pyri4sTFSI) have been of considerable interest for the
electrolyte as they can possess hydrophobic properties, a large electrochemical
window, up to 5.5 V and are relatively stable to decomposition in the presence of
superoxide species but have low Li solubility.*”**They have a much greater stability
than organic carbonates to nucleophilic superoxide species, yet electrolyte
degradation is witnessed after multiple cycles.* lonic liquid blends can be tailored to
form a stable conducting electrolyte.®* These promising characteristics made ionic
liquids a prominent area of research for use in the Li-O, battery.

Other non-aqueous solvents that have been studied include amides®® (e.g.
dimethylformamide, DMF) because of their stability in the presence of the highly
nucleophilic reaction species such as superoxide. Sulphones as they can have an
electrochemical window stable up to 5 VV** but the majority of sulphones are solid at
room temperature, making them unsuitable for use. Sulphoxides, especially DMSO
have been used to study the reaction mechanisms in the Li-O, battery*® 43 48 5455

DMSO has shown reasonable stability towards the superoxide species,®® with the



reversible formation of lithium peroxide on charge/discharge as the main product
with some capacity fading overtime. IR, SERS, differential electrochemical mass
spectrometry (DEMS) and NMR experiments show some decomposition products,
indicating that DMSO does undergo degradation with methylsulphone and other side
products being detected.>” *® However, these products do not increase on cycling, as
they are dissolved into solution, and do not build up on the electrode surface, making
DMSO a good solvent for understanding the electrochemistry at the oxygen cathode
interface.
1.4.3 Solution vs. surface mechanism

The choice of electrolyte solvent has a direct impact on the reaction mechanism
that takes place in the Li-O, battery; this phenomenon has been experimentally

demonstrated to be related to the Guttmann donor number® of the solvent (Fig. 1.4).
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Figure 1.4 Schematic demonstrating the surface vs. solution mechanism. Redrawn

from Johnson et al.®°

The Guttmann donor number is a numerical way of quantifying how well a
solvent can solvate cations into solution.® A large Guttmann donor number, e.g.
DMSO (29.8) would likely solvate cations into solution. In the Li-O, cell chemistry,

this equates to Li-O, being solvated into solution.®* This allows second e” transfer or



disproportion to occur in solution, which causes large toroids to form on the
electrode surface.®® %

Alternatively low donor number solvents, e.g. MeCN (14.1) weakly solvate the
cations in solution, allowing the Li-O, to remain on the electrode surface, promoting
the growth of thin Li,O, films through second electron transfer or
disproportionation, which can lead to passivation of the electrode surface.”
1.4.3.1 Guttmann donor number

The Guttmann donor number as described above is a measure of how well a
solvent can solvate a cation into solution, i.e. the strength of the solvent as a lewis
base (the ability to donate a pair of electrons). DMSO has been previously described
as a high donor number, this is due to DMSO possessing two acceptor sites where it
can donate a lone pair (S and O), O has a very high electron density, so can be
described as a hard atom, whereas S still has nucleophilic characteristics due to the
presence of the lone pair.>* The lone pair on the sulphur can also be delocalized over

the oxygen allowing for easier donation of the lone pair. MeCN is described as a low

donor number as it cannot as readily donate an electron pair.

(a) (b) :ﬁ :
H3CEN : . E‘CH?,
CHj
(MeCN) (DMSO)

Figure 1.5 Structure of (a) MeCN, (b) DMSO demonstrating position of lone pairs.
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1.4.4 Impurities and additives

Impurities and additives can have a varied effect on the mechanism and longevity
of the cell life. The behaviour of these impurities is of particular importance, due to
the extremely sensitive nature of the intermediate and product species involved in
metal-oxygen chemistries.®

The addition of controlled amounts of water to the electrolyte, can promote the
growth of solution based Li,O,° The preferential growth of solution based peroxide
is a result of the water molecules acting as a mediator for charge transfer due its high
acceptor number (54.8). This promotes the formation of large Li,O, toroids on the
electrode surface, which has been shown to increase the capacity upon discharge.®”
% However, the addition of water has an adverse effect on the intermediates and
products, forming hydroxide side products. This can cause passivation of the
electrode surface after multiple cycles and ultimately cell death, although it may be
overcome with the presence of a redox mediator.®> The presence of water, with an
alkyl metal anode is also not practical, due to the highly reactive nature of the two
species.

Carbon dioxide would be a common contaminant from the environment and
would have to be removed when extracting oxygen for the operation of the metal-
oxygen cell. Addition of CO; into the electrolyte has been shown to have an increase
in the discharge capacity.®® However, reaction of CO, with the reduced oxygen

species can yield carbonates,”® "

which require a large overpotential to oxidise them
on charge (> 4.5 V).”
1.4.5 Salt

A lot of focus has been placed on finding a suitable solvent with much less

interest being placed on the lithium salt and understanding its role in the mechanism.
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The salt is of key importance for conductivity in the electrolyte and the stability of
the surface electrolyte interphase.”® The small ionic radius of the lithium ion means
the choice of lithium salt is limited as the salt will have low solubility, therefore may
not completely dissolve in the solvent. Other requirements of the lithium salt are;
thermal stability; stability towards any reactants, intermediates or products formed
during charge/discharge, and the anion must be stable to decomposition at the
cathode. Possible candidates for lithium salts include LiClO,4 (perchlorate), LIOTf
(triflate) and LiTFSI (imide). All have reasonable conductivity with the triflate and
imide salts having greater thermal stability compared to the perchlorate.®” The triflate
salt is becoming a popular choice as it has a negative charge on the anion which can
cause increased conductivity in solvents with less polarity.”
1.4.6 Redox mediator

The growth of large toroidal shaped Li,O; on reduction at the electrode surface
(Fig. 1.6), requires a large overpotential on charge to oxidise the Li,O, from the

surface making the reaction kinetics sluggish.®*

Figure 1.6 (a) SEM, (b) TEM of Toroidal Li,O, Taken from Shao Horn.*
A method to overcome this positive over-potential and improve the rate of charge, is
to incorporate a redox mediator into the electrolyte. A redox mediator can also be

deployed to aid in the discharge mechanism and improve cycle life.”>®°
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The redox mediator is a molecule that is dissolved in the electrolyte, upon
charge, the mediator is oxidised (e.g. tetrathiafulvalene (TTF) to TTF") at a potential
greater than the formation of Li;0,.2* The oxidised redox mediator can migrate to the
toroids and oxidise the Li,O,, in turn regenerating the mediator via reduction.’®

A number of redox mediators have been investigated, to aid in the charging and
other aspects of the Li-O, chemistry. Particular interest has focused on decreasing
the over-potential for charge. TTF being a prominent option, however a lower
potential of oxidation is required. Alternative options include 2,2,6,6-
tetramethylpiperidinyloxyl (TEMPO),®? tris(2,4,6-trichlorophenyl)methyl (TTM).%
1.4.7 Cathode

The cathode used in the Li-O, cell, usually consists of a porous composite carbon
and a binder. The porosity and morphology of the cathode is required to maximise
the surface area available for the reaction intermediates and products to react or
precipitate onto the electrode surface.?* The stability of the cathode in the presence
of the reaction species upon charge and discharge is important. Carbon electrodes
have been observed to decompose in the presence of peroxide on charge, at
potentials > 3 V.%*®" The stability of the binder has also been a topic of interest,
recently, polyvinylidenefluoride (PVDF) has been shown to decompose upon
discharge, this has promoted polytetrafuorethylene (PTFE) as the prominent choice
for the binder.®

The choice of electrode material is important; nanoporous gold has been shown
to have reasonable charge and discharge properties. However, the weight and cost of
this material make it impractical for practical application. Alternative cathode

materials of interest, other than carbon, include metal carbides.®! Titanium — carbide
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(Ti-C) has been shown to reduce the side reactions occurring as a result of electrode
decomposition, whilst retaining 98 % capacity.**
1.4.8 Anode

The maximum energy density for the metal-oxygen battery is achieved when an
alkali metal is used as the anode, i.e. Li. The use of Li or Na as the anode brings a
multitude of problems. The highly reactive nature of alkali metals in the presence of
water, plating of alkali cations, inhibition of dendrites and a stable solid electrolyte
interphase (SEI) layer are all factors which need to be addressed for the safe use of
lithium or sodium as the anode.®?Alternative anode materials include silicon and
antimony structures. These structures can be loaded with lithium or sodium ions, and
upon discharge the cations de-intercalate. This method would mitigate the problems
associated with the solid alkali metal anode, albeit at the expense of energy density.
1.5 The sodium-oxygen battery

The last few years has seen an increase in the study of alternative alkali metals,
in place of lithium, for the metal-oxygen battery. Potassium and magnesium have
been investigated as viable alternatives®’; however attention has predominantly been
directed towards sodium.*** The main drawbacks inhibiting the initial study of the
Na-O, battery, was the reduced specific energy,*® °’ the lower cell voltage and higher
reactivity of sodium, relative to lithium. However upon investigation, it was
determined that the reaction mechanisms with sodium were more simplistic, with
possibly fewer detrimental side reactions.® %1%

The main reaction product in the Li-O, battery is generally assumed to be Li,O,.
However, in the Na-O, system, the major discharge product has not been
conclusively assigned. A number of contributing factors have been shown to affect

the final discharge product, with Na,O,, NaO, and Na,0,.2H,0 all suggested in the
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literature.*® Thermodynamically, Na,O, and NaO, are both possible products, Na,O.
is thermodynamically slightly more favourable than Na0,.** ' % However, the
margin of error between the free energies is minimal, therefore either could be
formed.

The inconsistent use of solvent, salt and experimental setup across the literature
inhibits the conclusive assignment of reaction products. It is also possible that the
variation in electrolyte may be a substantial factor in the formation of the discharge
product. This was apparent in the Li-O, system where donor number had a
significant impact on the reaction pathway, although this effect is minimised with
sodium.?

The identification of Na,O,.2H,O has been thermodynamically proven in the
presence of large volumes of water; it is extremely unlikely trace water in the
electrolyte can drive the formation of the hydrated species.'® In dry electrolytes the
presence of NaO, has been conclusively assigned, however the reaction pathway is
still not fully understood. The growth of NaO, cubes has been observed via TEM,
however the growth of Na,O, has not been unequivocally assigned. It is believed that
the size of the NaO;, cube has an effect on the thermodynamic stability of the
discharge product; the growth of crystallite structures < 10 nm thermodynamically
favour NaO,, structures larger than 10 nm favour the growth of Na,0,.1%% 13

The discharge and charge reactions involved in the Na-O, battery are still not
fully understood. It is important to understand the fundamental steps that are taking
place during the reaction and the effect of solvent and salt on these pathways, in

order to progress the development of this chemistry.
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Part B — Fundamental Studies

1.6 The importance of fundamental studies for the metal-oxygen battery

The reaction mechanisms taking place in the metal-oxygen batteries are very
complex and dependent on numerous factors, such as electrolyte composition,
anode/cathode type and morphology, temperature, humidity, water content,
impurities and additives. All these factors can have a drastic effect on the reaction
pathway and overall charge and discharge products. In order to develop a greater
understanding of the reaction mechanisms, it is important to study the fundamental
processes that are occurring before applying the technology to a more practical scale.

Fundamental studies using a variety of electrochemical and spectroscopic
techniques have already helped elucidate different aspects of the Li-O, and Na-O,
batteries. Solid state nuclear magnetic resonance spectroscopy (NMR) has helped to
detect discharge products in the Li-O, battery.'® Differential electrochemical mass

spectroscopy (DEMS),** surface enhanced infrared adsorption spectroscopy,'®’

108, 109 0

various voltammetry techniques including cyclic voltammetry, rotating disc,**

111, 112

impedance spectroscopy and atomic force microscopy (AFM)*® ' have all

assisted to gain insights into the reaction mechanisms, pathways and solvent

stability. Raman spectroscopy% 1411

is another valuable technique that has already
provided a strong insight into the chemistry taking place within the metal-oxygen

batteries.
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1.7 Raman Spectroscopy

Raman spectroscopy is a type of optical vibration spectroscopy. The Raman
signal is produced by photons being inelastically scattered after colliding with
molecules in the gas phase, solution or on a substrate surface. Elastic scattering
(Rayleigh) occurs at the same time as the inelastic scattering. Rayleigh scattering is
where photons are scattered with the same frequency at which they collide with the
surface (i.e. no change in energy, therefore light of the same wavelength). This

accounts for the majority of light scattered from the surface.'**
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Figure 1.7 Energy level diagram of Raman scattering adapted from Larkin.*?
Raman scattering can be broken up into higher and lower wavelengths (Stokes
and anti-Stokes scattering) (Fig.1.7). Upon collision, if energy is transferred from
photon to molecule, then Stokes scattering occurs, (i.e. hv — dv), the reverse happens
if energy is transferred from a vibrationally excited state to the ground state
(antistokes, hv + V). The Stokes scattering is usually only measured because as in

agreement with the Boltzmann law, a molecule prefers to be in its vibrational ground
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state rather than its excited state.'?” Therefore it is much more common for a
molecule to gain energy than to lose it.

For a vibrational mode of a molecule to be Raman active, a change in the
polarisability of the molecule must occur. Polarisation and a dipole moment are
created when the molecule is present in an electric field, pushing the electrons in the
molecule away from the nuclei. The raman signal is produced by focusing the light
source (electromagnetic radiation beam) on the sample and measuring the intensity
of scattered radiation (Raman counts (photons)) in relation to the Raman
wavenumber (). The magnitude of polarisation is directly related to the strength of
the electric field. ™ 19

The Raman band position is dependent on the difference in energy between the
photons initial state and its exited state. Therefore the band position is dependent on
the force constant of the bond (k) and the reduced mass (u) (Eq. 1.6).*® In general
smaller p will have higher wavenumbers and a larger force constant (usually
associated with stronger bonds) will give bands at higher wavenumbers. It can also
be noted the type of vibrational mode will affect the positon of the Raman mode, i.e.
stretching modes (v) occur at higher wavenumbers than bending modes (8). This is a
result of the increase energy required in (v) modes as the bond length is altered,

whereas () only affect the angle of bonding.

_ [«
v = [ (Eqg. 1.6)
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1.7.1 Surface Enhance Raman Spectroscopy
Raman spectroscopy is based on a scattering processes that is intrinsically weak

123 therefore, it

when compared to optical processes like absorption and fluorescence;
requires an amplification of the signal.*?® Over the past couple of decades promising
developments have been achieved in surface enhanced Raman spectroscopy (SERS)
since its first observation in 1973 by Fleischmann and subsequent description by
Van Duyne.’”*'* The Raman signal can be enhanced by electrochemically

roughening the surface,*®

which creates a nanostructured surface, this gives a
signal enhancement of ~10** times.**
This effect is most pronounced on precious metals (e.g. Au, Ag and Cu).
Roughening the surface creates a signal enhancement because;
1. Electric field enhancement at the surface — using nanoparticles or
electrochemically roughening the surface forms nanoparticles which when

133 this creates an

excited by photons allows for a redistribution of charge,
enhancement of the local electric field as described below.

The presence of nanoparticles or a nanostructured layer on the surface creates
localised surface plasmons (LSP) if the frequency of the incident light (laser
beam) excites the electrons in the structure. A plasmon is a wave of ordered
electrons which can oscillate across the surface, forcing a charge separation
within the structure (Fig. 1.8). Roughening re-orientates the plasmon
perpendicular to the planar surface and allows the plasmons to be localised in the
vicinity of the nanostructure or particle. Energy from the localised plasmon is
temporally transferred to the nearby molecule (within 10 nm of the nanoparticle,

as the field gradient decays the further away from the nanoparticle), this causes a

change in polarisation within the molecule. The energy is then transferred back
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to the plasmon where it is scattered. The degree of polarisation is dependent on
the size of the electromagnetic field, i.e. the closer to the nanoparticle, the greater
the field gradient, therefore the greater the degree of polarisation. This coincides
with the probability of scattering, i.e. the greater the electromagnetic field, the

greater the probability of inelastic scattering.

Electric field

Metal sphere

Electron cloud
Figure 1.8 Interaction of electron field with electrons in nanoparticle. Recreated
from Van Duyne.'**

2. Chemical enhancement (Fig. 1.9) - molecules adsorbed onto the surface can

undergo charge transfer with the surface which can in turn increase the
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Figure 1.9 Chemical enhancement involves a charge transfer. Figure from

Arnolds'® and Aroca.™!
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Raman spectroscopy is a non-invasive and non-destructive technique, making it a
valuable technique for studying the interactions of species at the electrode surface
during charge and discharge in battery systems*®
1.7.2 Developments in enhanced Raman spectroscopy

136 due to

It is well known that Raman scattering is an intrinsically weak process
a limited number of inelastically scattered photons. As mentioned previously to
overcome this various surface enhanced techniques have been employed to increase
the Raman signal. However, surface enhanced Raman spectroscopy (SERS) is
generally restricted to metal surfaces that can form a nanostructured surface.*®” The
enhancement produced by this rough layer is highly dependent on the size and
morphology of the layer, with only precious metals such as Au or Ag producing a
viable surface enhancement due to their electronic structure.*® This has inhibited
surface enhanced Raman spectroscopy from being employed in biological, medical
and many more practical and industrial applications.

In 1983, Van Duyne™*® developed a method to bypass the surface limiting aspect
of SERS. This technique used a donating effect from an external source on the
surface to create a localised enhancement.’****!This effect utilised the
electromagnetic field emitted from either an Ag or Au nanostructured or nanoparticle
surface in order to enhance the vibrational effect of nearby molecules (Fig. 1.10). Ag
and Au are highly SERS active due to the large electromagnetic field enabling a
localised plasmon to be formed. The size'* and shape*® of the nanoparticle or
nanostructured surface also has an unprecedented effect on the enhancement of the

substrate.’** 1% The electromagnetic field produced from the enhanced layer has a

penetrating depth between 1-10 nm, therefore only molecular vibrations within this
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distance will be enhanced. This requires an ultra-thin layer of nanoparticles or

nanostructure in order to prevent passivation of the enhancement on the surface.**

Electrode Surface

Figure 1.10 Schematic demonstrating electromagnetic field enhancement of gold

nanoparticles on a SERS inactive substrate.

The deposited Ag or Au SERS layers produced reasonable enhancement factors
however there were problems associated with limiting the adsorption of molecules
on the nanoparticle surface in addition to the substrate surface. In some cases
adsorption on the Ag or Au was more favourable than the substrate surface. A
method of overcoming this for transition metal surfaces was developed by coating

118

the Ag or Au nanostructure*® (Fig. 1.11) or nanoparticles**’ with a thin layer of

transition metal.!*® This produced large enhancements across a range of metal

141, 149, 150

surfaces, whilst limiting any effect from the Ag or Au.
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Figure 1.11 Schematic of Au nanostructured surface with ultra-thin transition metal

coating.

1.7.3 Tip enhanced Raman spectroscopy
Tip enhanced Raman spectroscopy (TERS) results were first published in 1999

by Kawata et al,**

this built on work a number of years earlier by Kawata and
Inouye.’® TERS mixes the benefits of enhanced Raman spectroscopy with the
atomic resolution of atomic force microscopy.

The basic principle of TERS, involves a SERS active AFM tip, achieved by
using a tip coated with a metal, e.g. Au, which is SERS active.®® The area of surface
enhanced Raman effect is therefore limited to the end of the AFM tip (roughly 100
nm, depending on the tip).*>* The AFM tip is brought in contact with the surface and
the laser is then focused on the end of the tip and the surface (Fig. 1.12). TERS is
experimentally challenging but can provide substantial enhancement on the electrode
surface, being used for a number of studies and allows the detection of single

molecules.?>* 1%
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(SERS) AFM tip

Laser

Near field enhancement

Figure 1.12 Diagram demonstrating TERS near field enhancement. Recreated from
the TERS company UNISOKU*®

1.7.4 SHINERS

Shell isolated nanoparticles for enhanced Raman spectroscopy (SHINERS) were
developed by the Tian group in 2010.™" They employed the basic principle of
TERS™® by effectively creating a surface covered with a monolayer of TERS tips.
These TERS tips are Au or Ag nanoparticles encapsulated in an ultra-thin (2-3nm)
optically inert silica dioxide shell (Fig. 1.13). The shell has to be ultrathin in order
for the nanoparticles to provide an electromagnetic enhancement to the vibrational
modes of nearby molecules and to inhibit any catalytic effect from the gold
surface."”™ The accumulated enhancement across the nanoparticles can provide
enhancements up to 10° on substrate surfaces.’> SHINERS negates the limitations of
SERS to precious metal surfaces, being able to enhance most substrate surfaces
without any risk of the Ag or Au core having an effect on the system being

investigated due to the silica shell.
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Electrode Surface

Figure 1.14 Schematic of SHIN’s on substrate surface demonstrating the

enhancement distribution.

1.7.4.1 SHINERS applications

The diversity of SHINERS to be used as an analytical tool across a range of
different research areas has previously been demonstrated. Many SHINERS studies
have focused on the enhancement of single crystal surfaces which are SERS inactive
due to the flat nature of their morphologies inhibiting any surface plasmon character.
SHINERS have been able to enlighten surface interactions, with studies showing the

% in situ electro—oxidation of

structure sensitivity in catalytic hydrogenation,®
Au(111),'** and the detection of different DNA base nucleotides.*®?

Further studies have shown SHINERS to be able to detect the presence of
pesticides on orange skins, and have even been used in medical sensing.’®® %4
Overall they have been shown to enhance a variety of different substrate surfaces
both metallic and non-metallic, with applications both in situ and ex situ for
electrochemical applications. Few studies have been carried out in non-aqueous

media, with only a handful of these being conducted in relation to battery
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materials.'®> 1 Understanding the interactions occurring at electrode interfaces upon
charge and discharge would be very beneficial for developing battery technologies.
1.8 Application of enhanced RAMAN spectroscopy for battery research

The main benefit of this technique is that it permits the user to take advantage of
the SERS phenomenon, via the utilisation of localised plasmon enhancement,®’
upon a broader range of substrates, and interrogate electrode-electrolyte interfaces
under potential control. Significantly this opens up the possibility of using SHINERS
to study practical battery electrodes that consist of a porous matrix of complex
interfaces such as conductive carbons, semiconducting transition metal oxides and
‘inert’ polymeric binders. SHINERS can also be applied to studying ideal electrodes,
such as single crystals, in order to ascertain important fundamental information about
the reaction mechanisms and interactions at the electrode interface for metal-oxygen
batteries.
1.9 Single crystals

Understanding the electrochemical behaviour at the solid electrolyte interphase is
of particular interest, especially in battery applications. The complicated nature of
products and intermediates involved, mixed with the effect of surface variations
provides a large degree of uncertainty in ascertaining the reaction pathways and any
related surface effects. The use of ideal, well ordered surfaces, i.e. single crystals can
help to negate this uncertainty.

A single crystal surface, is a surface which is specifically ordered in relation to
its bulk crystallographic orientation.'®® Since the development of the half bead single

169

crystal surface by Clavilier,™ these highly ordered surfaces have been employed for

110, 161, 170, 171 The

a variety of electrochemical systems. ideal nature of these surfaces

allows the electrochemical interactions (e.g. adsorption) at the surface to be
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understood and controlled in relation to the surface orientation.'”? The use of single
crystal surfaces can aid in identifying the electrochemical behaviour occurring on
polycrystalline surfaces of the same material.*"**"
1.9.1 Miller indices

Single crystal surfaces or facets are assigned in relation to their bulk structure.
Common bulk structures are hexagonal close packed and body centered cubic. The
gold and platinum crystals used in this thesis have a face-centered cubic (f.c.c.)
structure (Fig. 1.15).2® In order to achieve a desired surface orientation or facet, the
single crystal is cut along a specific plane, using a calculated angle (see
experimental). The plane at which the bulk structure has been cut along, is

described by its miller indices.”’

c

S|

\'
Q.

Figure 1.14 Schematic of the plane intercepting the basis vectors forming the unit

cell. Recreated from Hazzazi.'™

The miller indices are defined as the reciprocals of the intercepts of the plane
on the x, y and z axis. Miller indices are defined by 3 lattice points, usually given as

(h,k,1).”® These lattice points can be calculated by the distance at which the plane
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intercepts the coordinate axis (Fig. 1.14), forming the unit cell, described by the

basis vectors d, b, ¢ . The reciprocal of these values are then taken (Eq. 1.7).

r_ 1 r_ 1 r_ 1
h' = ,k—b,l—c (Eq. 1.7)

a
The values are then scaled accordingly to produce a set of integer values, denoted by

the lattice points (h,k,1), i.e. if reciprocals = (

N |-

, % , 1) then scaled by a common

factor to produce (1,1,2).

The three low miller index planes are the (111), (110) and (100), their surface
structures have been demonstrated in Fig. 1.15. These planes have been investigated
in this thesis. The low index miller indices are of particular interest, as they are
relatively stable and make up the majority of the different aspects of polycrystalline
surfaces.™® The facets all exhibit different surface properties and reactivity’s, due to

the arrangement of the atoms and the availability of adsorption sites.'®
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f.c.c.(111) f.c.c.(110)

z r4

Square lattice Hexagonal lattice  Rectangular lattice
(C.N. 8) (C.N.9) (C.N. 7)

Figure 1.15 (100), (111) and (110) miller index planes for a face centered cubic
crystal (nb. Face centered atoms removed from (111), (110) and (100) schematics for
clarity). Surface structures relating to each facet below, with coordination number
(C.N.) to neighbouring atoms at the surface.
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1.9.2 Electrochemical identification of the low index basal planes on Pt

The voltammetric response of each of the (111), (110) and (100) platinum facets
display different characteristics indicative of that crystal plane (Fig. 1.17). Thus
cyclic voltammetry is a very useful characterisation tool to obtain information
regarding the quality of the crystal surface, i.e terrace sizes, defects.*® 18

The Pt(100) was cooled in CO after annealing (Figl.17b) and protected with a
droplet of water prior to being transferred to the electrochemical cell for
experiments. The CV of Pt(10) in 0.1 M H,SO, showed two peaks were observed in
the CV, a redox pair at 0.23 V, followed by a more intense couple at 0.35 V. The
peaks at 0.23 V are associated with the adsorption of hydrogen at step sites. The
peaks at 0.35 V haven been assigned to the adsorption of hydrogen on (100)

terraces. 84 18

(1x1) (1x2) missing row

) 1stlayer 0 2nd layer . 3rd layer

Figure 1.16 Reconstruction of a (110) surface between the (1x1) and (1x2)

arrangements. From Attard.*”
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Figure 1.17 Cyclic voltammograms of 0.1 M H,SO,4 on Pt(111) (cooled in Ar),
Pt(100) and Pt(110) (cooled in CO) Sweep rate 10 mV/s. Central schematic
demonstrating how facets relate to beads bulk structure.
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The Pt(110) was cooled in CO after annealing (Figl.16b) and protected with a
droplet of water prior to being transferred to the electrochemical cell for
experiments. The CV of Pt(110) in 0.1 M H,SO40bserved a strong peak at 0.09 V for
the adsorption of hydrogen on (110) terraces (Fig. 1.17c). Cooling in CO causes the
reconstruction of the (2x1) (missing row) surface structure after annealing to be
lifted, forming the (1x1) structure (Fig. 1.16).1%% 87

The CV of Pt(111) in 0.1 M H,SO,4 (Fig. 1.16), has a strong spike at 0.45 V, this
spike is intrinsically linked with a phase transition of the adsorbed sulphate to form
an ordered anion structure.'”® 8 The size of this spike is associated with the quality
of the surface.™®

1.10 Summary and outlook for thesis

The utilisation of fundamental techniques such as voltammetry and Raman
spectroscopy accompanied by ideal single crystal electrodes will give valuable
insight into the complex reaction pathways and mechanisms taking place in the
metal-oxygen batteries. The inclusion of SHINERS as a spectro-electrochemical
technique will provide information that was previously inaccessible due to the

limitations of SERS on more practical battery electrodes.
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Chapter 2

Experimental and Theory

2.1 Glove box setup

A large part of this thesis focuses on non-aqueous electrolyte systems for M-O,
batteries. This implies very dry and inert conditions were required for experimental
setup. In order to achieve these stringent conditions, an argon filled glove box with
water content < 0.1 ppm and O, < 0.1 ppm was used. All chemicals and electrolytes
were stored and prepared inside the glove box. Voltammetry experiments were also
carried out inside the glove box to prevent moisture or contamination from the
atmosphere.

The glovebox was equipped with both oxygen and argon gas lines for purging and
bubbling of the electrolytes through specifically designed electrochemical cells whilst
not contaminating the glove box atmosphere.

2.2 Drying of gases

Argon and oxygen gas bottles were purchased from BOC gases up to N5 purity
(99.999% purity). However, the gas lines were naturally still wet in electrochemical
terms, leading to solvents with 50-100 ppm H,O content after gas purging. In order to
overcome this, a drying system was created, which used phosphorous pentoxide (P2Os)
as a drying agent. P,Os was particularly useful as an increase in H,O content could be
visually observed by a colour change in the P,Os powder. After bubbling of argon and
oxygen through electrolytes the H,O content could be controlled to < 20 ppm, measured

using a Karl Fischer columbic titrator.
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2.3 Purification and drying of solvents and chemicals

The water content and purity of the solvents, salts, and other reagents involved in
this thesis was of primary concern. The reaction mechanisms are very sensitive to any
form of contaminant, creating side reactions and unwanted degradation products. To
overcome this, all salts were dried overnight under vacuum before being stored in an
argon filled glove box.

The majority of solvents used in this thesis were dried and purified by distillation,’
they were then stored in the glove box over molecular sieves. This allowed for H,O
contents down to < 20 ppm.

2.4. Karl Fischer measurements

A Karl Fischer coulometric titrator was used to measure the H,O content of
electrolyte samples with accuracy down to < 10 ppm. The apparatus used hydranal AD
as the titrating reagent. The titrator was calibrated monthly to maintain accurate
readings.

The Karl Fischer titrator calculates the H,O content by measuring the simultaneous
stoichiometric reaction of H,O and I, as well as SO; and AOH (Eq. 2.1 and 2.2). The I,
is produced by electrolysis, therefore the amount of electricity needed to produce

enough I, to consume the H,O, quantitatively determines the H,O content in the

electrolyte.?
X.I, + X.S0, + X + Hy0 - 2(XH)I~ + XS04 (Eq. 2.1)
XSO5 + AOH — (XH)AOSO,. OCHs (EqQ. 2.2)

Karl Fischer measurements were carried out using a 1 ml sample with a

corresponding density. This was appropriate for most samples, as the density of the
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solvent could be used, taking into account that the addition of a salt has a very minor
influence on the density of the sample. Any samples where a known density was not
available were tested by weight/volume.

2.5. Cleaning of glassware

Most of the experiments carried out in this thesis required ultra-clean conditions; any
slight contaminant will interfere with the experimental results. This is particularly
important in SHIN’s synthesis, where impurities will inhibit uniform shell growth or aid
aggregation of nanoparticles. Contaminants will also affect electrochemical
measurements, in particular single crystal surfaces.

All glassware and PTFE cells, including new apparatus were soaked in fresh piranha
solution (volume ratio, 5H,SO,4: 1H,0,) overnight prior to use. Care must be taken when
handling this solution as it heats up very quickly. The glassware was then rinsed
thoroughly in Milli-Q water and boiled 3 times in Milli-Q water to remove any excess
sulphate groups. After boiling, the glassware was rinsed multiple times (Milli-Q water)
and stored in Milli-Q water prior to use.

Glassware involved in SHINs synthesis will develop silica contaminants after
multiple uses, the silica can be removed by soaking in HF for 5-10 minutes but care
must be taken as glassware can become weak after multiple HF washes. Changing

glassware every 6 months is recommended to allow reproducible SHIN production.
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2.6. Cyclic voltammetry

Cyclic voltammetry (CV) is a technique used for studying the electrochemistry of a
system. CV measures the changes in current of a system in relation to potential,
controlled via a potentiostat (Fig. 2.1b). A potential is applied and swept to a maximum
voltage and reversed back to the initial voltage (Fig. 2.1a). The rate at which the

potential is swept between the initial and final potentials is known as the sweep rate (EqQ.

2.3).°

v="2 (Eq. 2.3)

v = sweep rate (V s™), t = time (s), AE = potential step size (V)

(a) (b)

Potential
Current

Time ' Potential

Figure 2.1 (a) Potential response in relation to time for a cyclic voltammogram, (b)

current response in relation to potential for a cyclic voltammogram.

The notable current responses indicate the potentials at which electrochemical
reactions are taking place, i.e. when a large enough overpotential is applied from the
open circuit potential (OCP), the electrochemical oxidation, or reduction of a species via

charge transfer at the electrode interface will occur (Eq. 2.4).*
0O+ne” <R (Eq. 2.4)

O is the oxidised species, R is the reduced species.
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Electron transfer within the double layer region occurs via either an outer sphere, or
inner sphere mechanism (Fig. 2.2).° In an outer sphere mechanism the coordination/
solvation shell is intact, therefore transfer of electrons occurs via tunnelling in solution.®
Inner sphere electron transfer occurs directly at the electrode interface, within the inner

Helmholtz layer (Fig. 2.2).

Figure 2.2 Schematic of the electrode-electrolyte interface, demonstrating the double

layer and outer and inner sphere electron transfer.

The practical, simplistic nature of this technique promotes it as a popular initial tool
to investigate unknown electrochemical properties at the interface. Cyclic voltammetry
can provide information on the reversibility of the redox species, as well as kinetic and
thermodynamic properties, as the electrochemical response is sensitive to the

concentration of reactants, electrode composition and sweep rate.
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2.6.1 iR drop

The ohmic drop (iR drop) is a drop in potential between working and reference
electrodes.” This potential drop is a result of increased resistance from poor electrolyte
conductivity, large currents and the separation of electrodes. The ohmic drop can be
calculated from Eq. 2.5. It is important to check the ohmic drop and compensate for the

increased resistance, as this may have an effect on the voltammetric response.
AEonmic = iRg (Eq. 2.5)

2.6.2 Potentiostat
The Electrochemical experiments conducted in this thesis were done using a
Biologic (VSP100 or VMP) potentiostat.

2.6.3 Electrochemical cell

Ar gas in
Ar gas out
i V4 Cell body
3 way tap
Pt counter |
electrode Reference
electrode
/
Working Electrolyte
electrode

Figure 2.3 Schematic of a 3-electrode glass cell used for the voltammetry experiments

in this thesis.
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Specifically designed 3 electrode glass cells were used for both polycrystalline and
single crystal electrochemical measurements (Fig. 2.3). These cells consisted of a gas
inlet and outlet for bubbling and purging of electrolyte solutions. The single crystal cell
included an extra gas inlet, connected via a three-way tap. This allowed for purging of
the electrolyte and for a continuous stream of gas across the electrolyte surface. An
adjustable single crystal holder allowed easy translation of the single crystal up and
down in the cell, for making a hanging meniscus (see section 2.6.5.3.6).

The electrode cell had a luggin style capillary to limit contamination from the
reference electrode, and to provide a constant distance between reference and working
electrodes to minimise the ohmic drop.?

2.6.4 Reference electrode

The choice of reference electrode can vary depending on a number of factors, i.e.
aqueous or non-aqueous media. A good reference electrode must have a stable potential
with varying current in order to accurately regulate the potential at the working
electrode.*
2.6.4.1 Aqueous electrolytes

A Pd/H electrode was used for the majority of aqueous experiments conducted in
this thesis. The reference electrode was composed of a platinum wire sealed in a glass
tube and a Pd wire welded to the Pt just below the glass tube. The electrode was cleaned
using acidified potassium permanganate (KMNQO,), followed by annealing to an orange
colour to remove any impurities.® The electrode was charged either by bubbling

hydrogen over the wire or placing in a dilute solution of H,SO,4 and electrochemically

55



evolving hydrogen. Both procedures were carried out for 40 minutes to produce a B-
hydride phase that was stable for ~ 4-5 hours.®

The palladium hydride was chosen as it is relatively easy to maintain and does not
add any unwanted contaminants to the electrolyte solution, which may occur from
alternative reference electrodes e.g. Ag/AgCl.
2.6.4.2 Non-aqueous electrolytes

It is important that the composition of the reference electrode must not have an
impact on the electrochemistry. Therefore, for non-aqueous systems it is not suitable to
use a common aqueous reference electrode, e.g. Ag/AgCI as it contains an aqueous
filling solution, which will contaminate the electrolyte. Other options for non-aqueous
systems include the palladium hydride electrolyte. This is also not feasible as hydrogen

contamination will poison the aprotic reaction systems that are being studied.

0.8
0.6 0, >, 0,+e
0.4-
0.2
0.0
0.2
-0.4-
-0.6 -
-0.8
1.0

Fct+e = Fc

Current density / mA cm?

T T T T T Y T T T T
2.0 2.5 3.0 3.5 4.0 4.5

Potential/V vs. Li/Li"
Figure 2.4 Cyclic voltammogram of the O,/O, and Fc/Fc* redox couples in 0.1 M

TBAOTF/DMSO
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A silver wire was used as a pseudo reference electrode for the non-aqueous

experiments. The Ag/Ag” couple is an effective reference electrode, however from

solvent to solvent and between experiments the reference potential can shift. A known

redox couple, such as ferrocene/ferrocenium (Fc/Fc*) is required as an internal standard

to calibrate the reference potential to enable accurate comparisons between experiments

(Fig. 2.4). The potentials can then be calibrated against the Na or Li couple using the

standard reduction potentials (Table 2.1).2

Table 2.1 Standard reference potentials vs. SHE (standard hydrogen electrode).?

Reaction Standard electrode Potential (E°) / Solvent
V vs. SHE

Li* + e < Li -3.045 N/A
Na"+e < Na -2.971 N/A
K'+e o K -2.931 N/A
AgCl +e — Ag +CI’ +0.222 N/A
Pd/H +0.05 N/A

Fc'+e < Fc +0.69 MeCN

Fc'+e « Fc +0.68 DMSO
Fc'+e < Fc +0.40 H,0
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2.6.5 Working electrode

The working electrodes used in this thesis were either polycrystalline disc
electrodes, single crystals or composite electrodes, the synthesis and cleaning
procedures for which have been described below.
2.6.5.1 Polycrystalline electrodes

Polycrystalline electrodes were purchased from BASI, with either a 3 mm diameter
or 1.6 mm diameter. Prior to experiments the electrodes were washed in acetone and
Milli-Q water and sonicated before drying in a vacuum oven overnight. A similar
procedure was followed after experiments. The electrodes were washed and sonicated;
the electrodes were also polished with varying degrees of alumina suspension down to
0.05 mm to provide a smooth surface.
2.6.5.2 Composite electrodes

Arrays of composite electrodes, with varying compositions and characteristics have
been used in this thesis. The majority of cathodes consisted of a free-standing film of
carbon black (Super C65, IMERYS) prepared by mixing the powder with PTFE binder
(polytetrafluoroethylene, Sigma Aldrich) in a 70:30 weight ratio in ethanol (stated if
different). The resulting “putty” mixture after ethanol evaporation was passed through a
calendering machine to obtain a thin, free-standing film and then cut into 8 mm diameter
electrodes. Similarly, cathodes were synthesised from a slurry consisting of active
carbon material, Kynar, carboxymethyl cellulose (CMC) or polytetrafluoroethylene
(PTFE) and n-methyl-2-pyrrolidone (NMP). The slurry was sonicated and then cast onto

aluminium or copper foil and cut into electrodes.
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2.6.5.3 Single crystal electrodes

In this thesis, single crystals of varying materials and facets have been used. Unless
otherwise stated the crystals used were synthesised using the Clavilier half bead
method,® as described below.
2.6.5.3.1 Forming a full bead single crystal

To synthesise a half bead single crystal a 0.5-1 mm diameter wire of the required
metal with purity (99.999%) was carefully melted at one end using a propane/ oxygen
flame. Melting the wire at one end produces a small bead, which will grow in size upon
further melting. Care must be taken to grow this bead slowly. Between each growth in
bead size, aqua regia and water can be used to remove impurities from the single crystal
by etching. When the bead is around 2-3 mm in diameter (any bigger and the bead will
likely be too heavy and drop off), carefully anneal the crystal bead, maintaining a solid-
liquid interface in the bead (a visible line should be observed, Fig. 2.5). This should be
held for at least 2 minutes. If the bead cools from liquid to solid in a smooth symmetric
fashion from top to bottom this is a good indication of single crystal production. Once
cooled upon close inspection of the bead, facets should be visible to eye (or under a
magnifying glass). These facets correspond to (111) and (100) planes on all metals
(some metals need to be prepared under argon to avoid oxidation), which using the
goniometer and a laser source can be aligned to produce single crystals of the desired

planes.
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ﬁ / Solid/ liquid interface

Figure 2.5 Solid/liquid boundary when synthesising a single crystal.

It is quite common for the wire to contain impurities within it, which can translate to
contaminants in the crystal bead. At this point it is possible to chemically etch the bead
in order to remove/reduce the levels of impurities. The bead can be etched by
undergoing cycles of annealing, dipping in HF followed by water. This is repeated
around 20 times. This procedure can be applied again once the half bead is formed if
impurities are visible in the electrochemistry.
2.6.5.3.2 Selecting a crystal facet

Prior to selecting the single crystal facet, the crystal needs to be mounted onto the
goniometer (Fig. 2.6), this is achieved by melting paraffin wax in the single crystal

holder and allowing it to solidify, securing the single crystal in place.

Figure 2.6 Picture of Single crystal alignment and polishing set up.
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Selecting the desired crystal facet is achieved using a He-Ne laser, which is aligned
onto the single crystal bead. The bead has (111) and (100) facets visible. The (111)
planes are portrayed by much brighter and circular reflection spots, compared to the
(100) spots, which are fainter and more rectangular in nature. To check the quality of the
single crystal the angle between the (111) and (100) facets in the same plane should be
54.45°. Calculating the angles relative to these planes using the goniometer allows for

cutting of the crystal to the desired facet of choice (Fig. 2.7).°

0O

70° 35’ 540 45
111 110 111 100
H_JH_J

3518 35°1%
Figure 2.7 Schemes demonstrating angles required to identify single crystal facets, (a)
cube showing the (111) green, (110) blue, (100) red facets. (b) plane cut to show angle
between (111) and (100) facets. (c) cube cut along plane to show angle between (111)

and (100) facets. (d) summation of angles between the (111), (100) and (110) planes,
recreated from Hazzazi.

61



2.6.5.3.3 Grinding the single crystal bead

Once the crystal has been correctly aligned using the laser and goniometer as
described previously, the full bead crystal needs to be ground down to form a half bead.
The crystal was held in place using quick drying epoxy resin. First epoxy resin is placed
around the back of the crystal and left to dry to hold it in place. The alignment of the
crystal is checked again before a further coating of epoxy is placed over the front of the
crystal to secure the desired facet in the correct orientation (Fig. 2.8) (It is important to
measure the diameter of the crystal bead prior to grinding).

An “800 grit” carborundum (Buehler) pad was attached to the grinding wheel.
Grinding was carried out on the bead for around 30 minutes, whilst constantly being
lubricated with distilled water. The crystal will be ground down quite quickly with this
level of grinding pad, therefore care must be taken to avoid over grinding the crystal.
Checking the crystal diameter every 5-10 minutes is recommended. Continue grinding
until the epoxy is completely removed and the single crystal surface is exposed. At this
point swap to a “1200 grit” carborundum pad and continue grinding, again keep
lubricated with distilled water. Check the grinding every 15 minutes, continue to grind
until the crystal diameter starts to decrease. The length of time for this step varies
depending on the bead material, so regular checks are required to prevent grinding the
whole crystal away. At this point the crystal will look rough with lots of visible

scratches and scuffs; polishing is required to produce a mirror finish.

62



Figure 2.8 Picture of single crystal on the goniometer being ground down to a half bead

crystal.

2.6.5.3.4 Polishing the half bead crystal

Polishing the single crystal applies the same principle as grinding, however the grit
of the pad is less severe, so decrease in the size of the crystal diameter will be
negligible. Place a “2400 grit” pad on the polishing wheel and polish for approx. 2
hours, lubricating with distilled water every 5-10 minutes. Repeat the procedure again
with a “4000 grit” pad. Most large scratches should be removed from the crystal surface;
small scratches may still be visible but should be of reasonably equal roughness. If this
is not the case continue to polish with “4000 grit” until this is achieved.

The next step is to switch to a textmet polishing pad (Buehler); this multistep
procedure with different polishing pastes produces a mirror finish on the crystal face.
Firstly use a 3 um diamond spray with blue lubricant for around 2 hours. This is
followed by a new pad with 1 um diamond spray with blue lubricant once again.
Finally, use a ¥4 mm diamond spray with red lubricant. These steps are done for roughly

an hour each. The quality of the mirror finish can be checked with a magnifying glass or
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more precisely with the He-Ne laser. The smoother the surface the sharper the reflection
spots will be. This should be apparent if checked between each step.

Once a mirror finish is achieved the crystal holder can be removed from the
goniometer and left in dichloromethane (DCM) overnight, this should dissolve the
epoxy resin and paraffin wax, allowing the crystal to be removed from the holder.

The crystal can then be rinsed and annealed multiple times, or for a prolonged time
depending on the surface, forming an ordered surface. The quality of the crystal can be
checked by its electrochemistry (Fig. 2.9). In some cases, impurities may be present;
impurities can diffuse from the bulk to the surface upon cycling. This was the case, in
Fig 2.9a where a surface bound redox couple (0.2-0.5 V) was present on the Au(100)
surface. Repeating the etching procedure described above in HF should remove any

impurities (e.g. silicates) coming out of the bulk (Fig. 2.9).
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Figure 2.9 (a) CV’s of Au(100) in 0.1 M H,SO4 with impurities coming out the bulk
with increasing cycling, (b) CV of Au(100) after being etched in HF, showing impurity

free CV, with the oxidation of gold surface around 1.3 V and the reduction of gold oxide

at1.2V.
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2.6.5.3.5 Annealing

In order to produce a well ordered clean single crystal facet, the crystals were heated to
a yellow/orange colour in a butane flame which removed the majority of organic
impurities from the electrode surface. Au crystals can be cooled in air or an argon
environment. Other crystals such as Pt required cooling in CO and hydrogen to produce
a clean ordered surface. The crystal must be allowed to cool before making contact with
the electrolyte or water. If the crystal is too hot when contact is made, quenching of the
crystal will occur. This causes bulk deformation of the crystal, causing the crystal to
become polycrystalline in nature.*

Many single crystal experiments were conducted inside a glove box to prevent
contamination from air and moisture. The normal annealing procedure cannot however
be conducted inside the glove box; annealing outside, and then transferring into the
glove box negates the initial annealing procedure as the surface becomes contaminated.
A water droplet could not be used to protect the surface either, as it contaminated the
dry electrolyte. The solution was to anneal outside the glove box and cool in a sealable
vessel containing argon. The crystal was enclosed in the sealed argon cell and then
transferred into the glove box minimising contamination. This was sufficient for gold
surfaces; however, a more complex procedure was employed for platinum and other
more sensitive metal surfaces.

Platinum surfaces were prepared using a multistep procedure; the crystal was
annealed in a butane flame and cooled in CO. Once cool, the crystal was protected with
a droplet of water. The crystal was then dipped in a 1 mM solution of sodium bromide

(NaBr), to protect the crystal surface. The crystal was then dried in the glove box
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chamber before use. This produced well-ordered dry platinum surfaces. 2.6.5.3.6
2.6.5.3.6 Hanging meniscus (single crystal)

To perform accurate electrochemistry with a single crystal electrode, a hanging
meniscus needs to be formed (Fig. 2.10), this prevents any signal being taken from the
sides or the back of the crystal. This is important as only the face of the crystal has the
desired facet. The experiments are carried out in a flow of argon to dry the sides of the

crystal after the meniscus has been formed.

-\\.
A) B) [0

Figure 2.10 Schematic of (a) no hanging meniscus, the electrode is submerged in

electrolyte, therefore the sides and back of the crystal will contribute to the
electrochemistry, which are not of the desired facet. (b) poor hanging meniscus,
electrolyte touching the sides of the crystal. (c) an ideal hanging meniscus, electrolyte is

only in contact with the desired facet.
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2.6.5.3.7 Removal of SHINs from single crystals surfaces

The synthesis and use of SHINs on electrode surfaces will be discussed in the next
chapter. In relation to single crystal surfaces if SHINs are deposited onto the electrode
surface it is imperative that they are removed before the crystal is annealed. If a crystal
is annealed with SHINs on the surface, it will cause the SHINSs to be embedded into the
crystal bulk during reconstruction. This causes serious problems within the crystal bulk
and requires extensive grinding and polishing to recover the desired facet.

Electrochemical etching can be used to remove the SHINs from the electrode
surface. This requires the use of 0.1 M H,SO,and 1 M HCl at 5 V and - 0.2 V followed
by electrochemical polishing to remove the SHINs and recover the electrode surface.
2.6.5.3.8 Calculating surface area and surface coverages

The electrochemical surface area of the single crystal electrodes were calculated
using the CVs of 0.1 M H,SO, on the different facets. The area can then be calculated
by subtracting the double layer charge and integrating the hydrogen underpotential
deposition (HUPD) region.** *?

The fractional surface coverage for a 1 e transfer mechanism can be calculated from
the charge (area under peak, in microcoulombs per cm?) of the peak of interest. The
charge is then divided by the charge for a monolayer coverage (-~ 240 pC cm? for

Pt(111), 210 uC cmfor Pt(100) and 150 uC cmfor Pt(110).*>
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2.7 Raman spectroscopy

Raman spectroscopy is a type of optical vibration spectroscopy, for a vibrational
mode of a molecule to be Raman active, a change in the polarisability of the molecule
must occur. Polarisation and a dipole moment are created when the molecule is present
in an electric field, pushing the electrons in the molecule away from the nuclei. The
polarisation is directly related to the strength of the electric field.*
2.7.1 Spectrometer

Raman experiments were carried out on Renishaw In-Via Raman spectrometers with
either an inverted or normal confocal microscope. Either a 633 nm or 785 nm
wavelength laser was used for the majority of the experiments.
2.7.2 Raman Cells

Raman experiments were conducted in a variety of specifically designed glass and
PTFE cells with either a sapphire window on the top or bottom of the cell to
accommodate for a normal or inverted laser alignment. Only sapphire or quartz can be
used as the optical window, as they have no optical effect on the Raman bands, unlike
normal glass, which can be seen to have a large band around 1500 cm™.

The polycrystalline cell consisted of a three-electrode design with gas inlet and
outlet, to allow purging and bubbling of the electrolyte (Fig. 2.11a). The cell could then
be sealed and transferred to the Raman spectrometer. A sapphire window was screwed
onto the bottom of the cell (Fig. 2.11b) to allow the sample to be exposed to the inverted

laser.
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Figure 2.11 (a) Schematic of composite and polycrystalline working electrode Raman

cell, (b) bottom up view of polycrystalline Raman cell through the sapphire window.
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Figure 2.12 Schematic of the single crystal Raman cell.

70



The single crystal cell was supplied by the Li group in Xiamen. It consisted of a
PTFE upper and lower section, which can be screwed into the top section. It has a three-
electrode design and inlets and outlets for filling with electrolyte (Fig. 2.12). The single
crystal was inserted from the bottom and can be adjusted to a fixed height below the

window, by measuring the distance between window and surface focal points.
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Figure 2.13 Schematic of the composite electrode cell.

The composite electrode cell (Fig. 2.13), consisted of a PEEK (Polyether ether
ketone) upper section and stainless steel bottom which could be screwed together to
encompass the working and counter electrodes. This cell setup could be modified

depending on the purpose. The arrangement of the electrodes could be varied with a two
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or 3 electrode setup possible. This cell could not be cleaned in acid prior to use, instead
multiple sonications in ethanol and water was used.

2.7 Surface enhanced Raman spectroscopy (SERS)

SERS active gold surfaces were prepared by roughening polycrystalline gold electrodes
to produce a uniform nanostructured surface. The electrodes were roughened using
methods previously described by the Gewirth'® * and Tian groups.'® Multiple oxidation
reduction cycles in 0.1 M KCI (Fig. 2.14) were used to roughen the surface.’® ?° The
following steps described below highlight the phenomenon observed voltametrically in
Fig. 2.14. The initial negative reduction potential strips the surface of Au and forms
[AuCls]” complexes under extreme conditions ensuring roughening across the
surface.*?° By then applying 25 oxidation-reduction cycles between + 4.6 V and 3.2 VV
vs. Li/Li" it strips and deposits Au onto the surface sequentially. Aldous conducted a
study, determining the optimum cycle number to be 25.%* This is due to the uneven
roughening of the surface, 25 cycles produces the most uniform distribution of
enhancement across the surface. At lower potentials CI" is desorbed before being
absorbed between 3.5 and 4.1 V vs. Li/Li*. At this stage you form AuCls and AuCly.
As the potential further increases Au is oxidised to Au®*. Upon the reverse sweep the
stripped gold complexes are plated back onto the surface as shown by the CV in Fig.
2.14 as a broad reduction feature at 3.8 V vs. Li/Li" The cycle completes at 3.2 V vs.
Li/Li* where any CI" is desorbed from the surface. This roughens and nanostructures the
Au electrode in a non-uniform way creating the SERS active surface. The
inhomogeneous roughening by this method means cycling is crucial to produce as even

a nanostructure as possible, thus providing a greater average enhancement as opposed to
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small ‘hotspot’ areas. Sequentially applying a negative step at the end of the cycle
decreases the amount of adsorbed gold chloride at the interface, which may change and

interfere with SERS measurements or in this case possibly take part in the reaction.

40

Holdat1.2Vfor0.5s
Holdat-0.3V for30 s

30 -
20 =

10 -

Current density / mA cm?
[

-10 ..

20 4

=30 = —  500mVs"
-40 - . —— 1000 MV s

T ¥ | L | T v T ¥ T — T v T
3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6

Potential / V vs. Li/Li*

Figure 2.14 Cyclic voltammogram of the oxygen reduction cycle in 0.1 M KCI used to

roughen the gold electrodes.

After the oxidation reduction cycle, a visibly rough surface can be observed, with a
slight reddish tint (Fig. 2.15). The electrode was then rinsed gently with Milli-Q water
taking care not to remove the roughened surface layer. The electrode was then dried

under vacuum prior to use.

73



(b)

Figure 2.15 Images of a polycrystalline gold electrode (a) before roughening, (b) after
roughening.

2.9 Other techniques used in thesis

TEM — Transmission electron microscope measurements were conducted using a JEOL 3010
microscope.

SEM - All scanning electron microscopy measurements in this thesis were conducted on a
JEOL, JSM 7001F microscope, by Filipe Braga.

AFM — All Atomic force microscopy measurements in this thesis were conducted on a Bruker,
multimode 8, by lain Aldous.

UV/Vis — Measurements were conducted on a Shimadzu 2600 spectrometer, by Laura Cabo-

Fernandez.
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2.10 Useful equations
Stoke Einstein equation
The Stokes Einstein equation (Eq. 2.6) can be used to theoretically determine the

diffusion constant.??

kT

k is the Boltzman constant (1.38 x 102 J KY), T is the temperature (K), n is the

viscosity of the solvent, R is the hydrodynamic radius (i.e. the hypothetical hard sphere

radius, this is dependent on the solvent properties, such as solvent size, polarity)
Theoretical specific energy

The specific energy i.e. the energy per unit mass, it can be calculated from the cell

voltage (E) and the electrochemical equivalent (Z) (Eq. 2.7).

Specific energy = cell voltage. electrochemical equivalent (Eq. 2.7)
W hkg™) V) (Ahkg™)

The theoretical cell voltage (E) can be calculated from the number of electrons
transferred (n) and free enthalpy of formation (AGy) (EQ. 2.8).

E = AGp/—nF (Eq. 2.8)
The electrochemical equivalent (Z) is the molecular mass (Mr) of material deposited
when 1 C (A . s) is passed.?® Therefore Z can be calculated from the number of electrons
transferred (n), faradays constant (the amount of charge (C) carried per 1 mole)® and
the mass of the materials (molecular mass, Mr) (Eq. 2.9). Z can then be converted from
(C g™ to (Ah kg™).

Z = (nF)/M, (Eq. 2.9)
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Chapter 3

Shell Isolated Nanoparticles for Enhanced

Raman Spectroscopy (SHINERS)

3.1 Abstract

The results and experimental procedures presented in this chapter provide an in
depth method for synthesising pinhole free shell isolated nanoparticles with
substantial enhancement factors, without contamination.

A detailed set of characterisation tools have also been studied and described to
ascertain the quality, i.e size, shape, shell thickness, pinholes, contaminants and
enhancement factors of the synthesised nanoparticles.

A study on the distribution of the nanoparticles on the Au surface has also been
portrayed, to understand and optimise the distribution of the shell isolated
nanoparticles on the electrode surface, in order to provide the maximum

enhancement.
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3.2 Introduction

Since the discovery of the Raman effect by C. V. Raman in 1928', Raman
spectroscopy has been an invaluable characterisation technique. However, the
Raman signal is inherently weak, with only 1 in 10 photons being inelastically
scattered (as explained in chapter 1), and this has been a limiting factor in the use of
Raman spectroscopy as a technique to study phenomena at substrate surfaces. Since
the discovery of surface enhanced Raman spectroscopy (SERS) by Fleishmann and
then further work by Van Duyne?, there has been a substantial development in
enhanced Raman spectroscopy®’ with a range of Raman active surfaces (e.g.,

electrochemically roughened gold and silver surfaces)®™*

and techniques (e.g. tip

enhanced Raman spectroscopy (TERS)™) having been developed. Until the

discovery of SHINERS by Tian*? this was limited to coinage metals.

SHINSs are a type of core shell nanoparticles, consisting of an inner core (gold or
silver) surrounded by an ultra-thin, optically transparent outer shell (SiO; or Al,O3).
SHINERS have been a popular choice for enhancing Raman spectroscopy due to a
number of factors such as:

e Synthesis — Quick procedure for synthesising the particles. They can be
synthesised in a fume cupboard and can be easily applied to a surface. However,
synthesis is sensitive to glassware contamination and other contaminants.

e Cost — Relatively cheap due to low production cost and materials.

e Stability'® — Addition of silica shell can prolong lifetime of the nanoparticles by
preventing aggregation.

e Tuneable and versatile® — In principle, it can be used on any substrate. In

addition, the shape, size, morphology, and material of the particles can be
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controlled to optimise the particles for specific requirements (i.e. laser
wavelength, surface morphology).

SHINERS has been used for a wide variety of applications since its discovery
in 2010". They have been used to investigate electrochemical interactions on a
multitude of single crystal surfaces, looking at the oxidation of Na;SO4 on gold
via the hydroxyl intermediate'®. Studies have also been conducted looking at the
catalytic hydrogenation on platinum surfaces'’. Recently SHINERS has been
used to study the formation of the solid electrolyte interphase (SEI) in anode
materials'®, and Li,O evolution on Li-rich cathodes in lithium-ion batteries'’. The
technique has also been applied to fundamental studies for the lithium oxygen
battery.”® This array of applications demonstrates the capabilities of SHINERS as
well as the possible areas it can be applied to; in particular with regards to
studying the reaction mechanisms taking place at the electrode surface in battery
systems. However, before SHINs can be used they must first be synthesised and
accurately characterised in order to ascertain the quality and purity of the

particles.
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3.3 Synthesis of shell-isolated nanoparticles (SHINS)

SHINs were synthesised in a similar method to the Tian group™, with a few
modifications to the original synthesis. Before synthesis of SHINs and Au
nanoparticles all glassware and other apparatus (i.e. water bottle, stirrer bars) were
thoroughly cleaned with piranha solution and boiled to remove any impurities. Ultra-
pure Milli-Q water was used for all parts of the synthesis and experiments. The
synthesis is broken down into two parts, the initial synthesis of the gold
nanoparticles, followed by the coating of the particles with a SiO, shell.

3.3.1 Au nanoparticle synthesis (55 nm diameter spheres)

Gold nanoparticles were synthesised using the standard sodium citrate reduction
method?!. A 200ml solution of 0.291 mM HAuClO4-3H,0 was brought to reflux
with vigorous stirring. Once the solution was boiling, 1.4 ml of a 1% trisodium
citrate trihydrate solution was added and left to reflux for 40 minutes with vigorous
stirring (Fig. 3.1a-b). The citrate has a dual function, one is to reduce Au(Ill) to
Au(0)***, and the second as a capping agent to prevent nanoparticle aggregation24.
A colour change can be observed from pale yellow to dark blue/purple after
approximately 1 minute of citrate solution addition, indicating the start of nucleation
and formation of nanoparticles. After 5 minutes the solution should have turned a
reddish brown upon complete formation of the nanoparticles. The colour of the
nanoparticle solution is an indication of the nanoparticle size and is highly dependent
on the ratio of citrate to gold salt’>. The dimensions of the gold nanoparticles were

verified with TEM (Fig. 3.3).
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Figure 3.1 Schematic representation of the different steps associated with the
synthesis of shell isolated nanoparticles. (a) Au salt and reducing agent (trisodium
citrate), (b) reduction of Au salt to form nanoparticles, (¢) APTMS exchange with

citrate ligand, (d) growth of SiO; shell.
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3.3.2 Coating of Au nanoparticles with a silica shell

In order to coat the 55 nm gold nanoparticles with a 2-3 nm silica shell, 0.4 ml of
((3-Aminopropyl)trimethoxysilane, 97%) APTMS solution (1 mM) was added to 30
ml Au nanoparticles solution with vigorous stirring (Fig 3.1b-¢). This allowed the
APTMS ligand to exchange with the citrate ligand. The APTMS forms a uniform
layer around the gold nanoparticles and prevents aggregation and increases the
vitrophilic character of gold for the incorporation of silicon dioxide.

A 3.2 ml sodium silicate solution (pH 10.3) was freshly made in a volumetric flask.
The pH of the solution was controlled with 1 M HCI in order for uniform shell
growth to occur. A solution with a high pH (> 11) will inhibit growth of the silica
shell due to the presence of NaOH, thus an extremely thin shell and pinholes will
form (Fig. 3.3g)"’". On the other hand if the pH is too low (< 9) rapid, uncontrolled
shell growth occurs. This can result in an uneven shell and large pinholes (Fig. 3.3h).
The flask should be shaken vigorously prior to addition to allow hydrolysis of the
sodium silicate. After shaking, the solution was added (quickly, in one go) to the
round bottom flask, whilst stirring rapidly (the stirrer bar should be visible at the
bottom of the vortex, ~1200 rpm). The solution was stirred for 10 minutes at room
temperature to initiate shell growth; the flask was then transferred to a preheated
water bath (94°C) (Fig 3.2¢-d). This temperature allows a rapid, and controlled shell
growth®®. In previous reports, the reaction was done at room temperature, with
growth times of ~2 days for a 2 nm shell *°. The elevated temperature allows a 2-3
nm shell to be grown in 30 minutes (Fig 3.3d-f) or a 4 nm shell in 60 minutes (Fig

3.3i-j).
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After heating, the nanoparticle suspension was immediately transferred into an ice
bath to stop shell growth. The solution was then washed multiple times via
centrifugation at 5500 rpm and left in a concentrated water suspension (0.1 ml).
Different size and shape nanoparticles can also be synthesised (Fig 3.3k and I). %"
3! The advantage of alternative shaped particles, i.e. nanorods and nanocubes, allows
for the wavelength at which the maximum surface plasmon resonance (SPR) occurs.
The SPR can be shifted towards a desired laser wavelength, depending on the size of
the rods and cubes. This allows utilisation of wavelengths closer to the infrared
region.”” Bigger particles generally produce a greater enhancement due to the larger
electromagnetic field, this may also be beneficial for more porous substrate
morphologies.

The APTMS is not removed from the gold surface, when the silica shell is added, it
is therefore expected that APTMS might have a contribution to the Raman signal, as
APTMS is Raman active. However this is not the case, principally due to the fixed

order structure of the silica shell and the gold core, as the APTMS vibrational modes

become Raman inactive.
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3.4 Characterisation of SHINs
Shell isolated nanoparticles are a good tool for enhanced Raman spectroscopy;
however, before use it is imperative to check the quality of the particles, in order to

validate the accuracy of the results. The particles need to be checked for

1) Pinholes — any exposed gold surface may have a catalytic effect on the reaction
under investigation.
2) Enhancement — if the electromagnetic field from the gold core is blocked they
will not enhance the nearby molecules.
3) Contaminants — unwanted species may add additional peaks to the Raman
spectra interfering in the spectroscopic analysis.
3.4.1 UV/Vis spectroscopy
UV/Vis can be used to check the maximum absorbance of light by the
nanoparticles. The localised surface plasmon resonance (LSPR) of the
nanoparticles, i.e. when the oscillation of the electrons in the nanoparticles, coincide
with that of the incident light™ is dependent on the frequency of the incident light.
The frequency range to excite a plasmon in a gold nanoparticle occurs from 500 nm
to the near red infra-red region (850 nm).>* However, the maximum absorbance
(Amax) In the UV/Vis spectra for 55 nm Au particles is 531 nm (Fig 3.2). The Amax IS @
strong indication of where adsorption will occur, this in turn results in weak
scattering. Therefore the use of a 532 nm laser is not suitable as absorption of light
will occur, limiting the scattering of photons. Laser wavelengths of 633 or 785 nm
will provide optimum enhancement as adsorption is minimised, whilst still within
the frequency range where a plasmon can be excited®. It was noted that the size and
shape of the nanoparticles can be tuned to different wavelengths****. The addition of

a uniform SiO; shell is also established by the shift in the absorption maximum of
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the surface plasmon band (SPB) shown in Fig. 3.2. The shift is not only due to the
increase in the nanoparticle size, but also by the change in the dielectric constant

induced by the silica coating.*®
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Figure 3.2 UV-Vis spectra of citrate-Au (black line) and SHINSs (red line). (Spectra

taken by Laura Cabo-Fernandez).

3.42TEM

TEM (Transmission electron microscopy) can be used in order to characterise the
SHINSs. Initially TEM can be a useful visual aid in order to determine whether large
pinholes are present in the silica shell (Fig. 3.3g and h). However, if pinholes are
very small they may not be detectable and another technique would be required to
determine if pinholes are present. TEM is key in determining the nanoparticle size
(Fig. 3.3a-¢) and an accurate method of measuring shell thickness (Fig. 3.3d-f, h-j).

It can also be used to confirm shell composition (Fig. 3.3¢).
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Figure 3.3 TEM images of shell isolated nanoparticles (a) low magnification image
showing SHINSs size distribution, (b) SHINs nanoparticles with 2-3 nm shells, (c)
EDX image of SHINs showing elemental distribution, (d + €) 55 nm SHIN particle
with 2-3 nm shell, (f) High magnification image of 2-3 nm silica shell on Au NPs,
(g) SHINs with large pinholes in the silica shell, (h) SHIN with non-uniform silica
shell and pinholes, (i) dark field image of SHINs with 5 nm silica shell, (j) SHINs

with 4-5 nm silica shell, (k) nanocubes with 2-3 nm shell, and (I) nanorods
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3.4.3 Cyclic voltammetry

Cyclic voltammetry is a quick and easy method of determining whether or not
pinholes are present in the silica shell. For this purpose, 2 pl of SHIN’s solution is
deposited on a glassy carbon electrode and left to dry in the atmosphere. Once dry a
cyclic voltammogram was run in a 0.1 M H,SO, electrolyte (Fig. 3.4). Another CV
was run as a comparison with citrate-capped gold nanoparticles on the carbon

electrode surface in the same electrolyte.
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Figure 3.4 Cyclic voltammograms of SHINERS (red) and citrate Au nanoparticles
(black) on a glassy carbon electrode in 0.1 M H,SO,. Sweep rate 10 mv s™.

If pinholes are present in the silica shell a peak at 1.2 V in the oxidation scan and
at 0.9V in the reverse scan related to the oxidation and reduction of gold,
respectively. This was demonstrated in the CV with citrate gold nanoparticles on the
electrode surface. The absence of these redox peaks is an indication of a completely

inert silica shell. This technique is a good method for determining whether or not
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pinholes are present, but will not differentiate between shell thicknesses, which have
an influence on the nanoparticle enhancement factor.
3.4.4 Raman Spectroscopy

Raman spectroscopy can be used to check whether pinholes are present in the
silica shell, it can also determine the enhancement factor of the SHINSs as well as the
presence of any contaminants.

To test for pinholes in the SHINS, 2 ul of the particles are deposited onto a silica
substrate and left to dry. Pyridine (3 ul, 10 mM) is then dropped onto to the silica
substrate and left to adsorb for a couple of minutes. If pinholes are present 2 peaks
will be visible in the Raman spectra at 1010 and 1030 cm™ (Fig. 3.5b) for the v; ring
breathing mode and the symmetric triangular ring deformation mode vi, of pyridine
adsorbed on gold®’. If no peaks are present in this region, then there is no pyridine
adsorption on gold, therefore there is no gold surface exposed i.e. there are no
pinholes (Fig. 3.5a).

The enhancement factor from SHINERS is dependent on the shell thickness, if
the silica shell is too thick then the penetration distance of the gold core’s
electromagnetic field will be blocked. This is around 10 nm for 55nm particles;
larger particles will have a larger penetration depth. Raman spectroscopy can be
used to calculate the enhancement factor. SHINs are deposited on an Au surface and
pyridine is dropped onto the surface and left to adsorb for a couple of minutes. The
intensity of the pyridine-gold adsorption bands at 1010 cm™ and 1030 cm™ are
related to the shell thickness and in turn the enhancement factor (calculated below).
SHINs with a shell thickness of 4 nm will have weak Raman bands between 1000-

1030 cm™ (Fig 3.5¢). Comparatively, SHINs with a 2-3 nm shell will exhibit intense
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bands at 1010 and 1030 cm™ (Fig 3.5d.), as a result of the greater electromagnetic

field around the particles.
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Figure 3.5 Raman spectra of pyridine on (a) Si/SHINERS without pinholes (b)
SI/SHINERS with pinholes (c) Au/SHINERS (4 nm shell) (d) Au/SHINERS (2 nm

shell).

3.4.5 Calculating the enhancement factor (EF)

The enhancement factor (EF) is important and is not just from the intensity of
the Raman bands as it encompasses a multitude of contributing factors which can
affect the behaviour of the nanoparticles between experiments®®. In order to have a
uniform value for enhancement, pyridine was used on gold or platinum substrates®”"
1 This allowed the comparison of intensity between pyridine surface and solution

species whilst normalising laser setup and surface morphology (Eq. 3.1-3.4)*.
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EF = (Isurface/Nsurface) (Eq 31)

(Isolution/Nsolution)

lsurface - Integrated intensity of the pyridine (vi,) ring breathing mode for surface
species

Ibuik — Integrated intensity of the pyridine (vi,) ring breathing mode for solution
species

Nsoution— The number of solution molecules present in the laser beam

Nsurface - The number of surface molecules present in the laser beam

Nourface = RTA (assuming monolayer adsorption) (Eq. 3.2)

R - Roughness factor
A - Area of focal spot of the Raman laser
6 — Area of 1 absorbed pyridine molecule

Ngurface = AhcN, (Eq. 3.3)

h — Focal depth of the laser N
¢ — Concentration of pyridine
%) o
I L
z h Z
0 7
\4
Au surface

The enhancement factor can then be calculated from combining equations 1, 2 and 3

G = Isurface CNa o h (Eq 34)

Isolution R

Typical enhancement factors of up to 1.5 x 10° can be achieved for SHINERS on
Au(111) surfaces’. Polycrystalline gold was shown to have an enhancement factor of

2.9 x 10°. This was calculated with the above equation using the pyridine adsorption
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on gold with SHINERS from Fig. 3.5d. The enhancement was not as strong as
SERS, but was suitable to detect products on the electrode surface.
3.4.6 Electrode preparation and particle distribution

The preparation of the substrate material with SHINSs is an important step, and to
gain maximum enhancement a uniform monolayer of SHINS is required. This means
there will be an even enhancement of the Raman signal across the whole area
illuminated by the laser. Production of a uniform layer is notoriously difficult due to
a culmination of factors. A major problem is related to the cohesive nature of water,
the solvent in which SHINs are suspended, as, when drops were cast onto the
electrode surface and left to dry, a thick ring formed (Fig. 3.6a).

Scanning electron microscopy (SEM) and atomic force microscopy (AFM)
images of SHINs on an Au wafer demonstrate the variant coverage of the particles.
At the edge of the ring, SEM (Fig. 3.6b1) displays a concentrated group of particles,
with clear clumps of particles stacked on each other. Height profiles from AFM
images suggest that the nanoparticles at the edge of the drop are grouped into larger
islands with typical clusters ranging from 2 up to 11 nanoparticles. Up to three
layers of particles on top of each another can be found (Fig 3.6cl1), reducing or
completely blocking the amplification of the signal; however, monolayers are still
observed in some areas. At the edge of the drop a single layer with 3 or 4 clusters
per island are observed (Fig 3.6¢2), in agreement with previous results from Li et

al.”®. This also correlates with the SEM image at the centre of the drop (Fig 3.6b2).
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Figure 3.6 (a) Optical image of SHINs drop casted on Au showing uneven NP
dispersion on the surface and ring effect. Arrows point to region 1 (edge) and region
2 (centre); (b) SEM images of SHINSs drop cast onto Au (c) AFM images and height
profiles of the region marked with a green line; 1) image at the edge and 2) at the
centre of the drop. (SEM images taken by Filipe Braga, AFM images by lain
Aldous).
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The effect on the variation in enhancement of the Raman signal due to the
distribution of nanoparticles has been observed by the mapping of the pyridine peak
intensity on the gold surface with Raman spectroscopy, shown in Fig. 3.7. Here a
Raman map of the intensity of the pyridine peak at 1010 cm™ is shown to correlate in

relation to nanoparticle distribution observed from the optical microscope image,

where some areas display significant enhancements (shown in red).

Fig. 3.7 (Left) optical image of SHINs drop on a gold electrode, (right) Raman map
of the intensity of the pyridine peak at 1010 cm™ in relation to nanoparticle

distribution.

3.4.7 Casting of SHINs

As mentioned above, the formation of a uniform layer of particles is important in
maximising the enhancement from the SHINs. Previously SHINs have been
deposited onto a substrate via a drop casting method and left to dry in air, this
produced a thick ring (Fig. 3.8a). To overcome this problem, initially changing the
solvent the nanoparticles were suspended in was tried. Ethanol and isopropanol were
both attempted, however, did not prove successful as the particles are susceptible to

aggregation after 3 or more washes.
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Instead of air drying the substrate after drop casting, vacuum drying was used.
This produced a better distribution of particles across the substrate surface, with no

thick ring being observed optically (Fig. 3.8b).

Figure 3.8 Microscope images taken with an in via optical microscope of SHINS
drop casted onto a gold electrode surface. a) Particles dried in air b) dried under
vacuum. Bright patches indicate gold electrode with no SHINERS particles, dark

patches indicate presence of nanoparticles upon the surface.

In addition to drop casting, SHINs were deposited onto an electrode using a
spray casting technique. The spray casting set up was quite rudimentary, it involved
using a perfume bottle with a fine hose, to deliver the particles. AFM was used to
compare the particle distribution between spray and drop casting (Fig. 3.9). The
spray coating delivered a series of small spots across the surface compared to the one
large spot observed with drop casting. Both spray and drop casting showed a similar
trend between the centre and edge of the spots (Fig. 3.9a and b) . The centre being
sparsely covered relative to the edge. It can be noted that the spray coating coverage,
produced larger clumps of particle relative to the drop casting technique.

These results suggest that at present drop casting of the nanoparticles and drying

under vacuum is the most efficient method of distributing the nanoparticles. Spray
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coating needs to be refined in order to optimise the particle distribution. This
encompasses future work to be conducted with the aid of Johnson Matthey, to test a
new spray coating technique under heat and vacuum to disperse the particles in a

more uniform and reproducible method.

(a) (b)

100.0 nm 100.0 nm

-100.0 nm

(d)

100.0 nm

-100.0 nm

-100.0 nm

Figure 3.9 AFM images of SHINs (a) drop coated edge of spot, (b) drop cast centre
of spot, (c) spray coated edge of spot, and (d) spray coated centre of spot onto a gold

substrate. (AFM images taken by lain Aldous).

3.4.8 Cleaning the nanoparticles

The presence of several peaks between 1000 and 1700 cm™ and in the region
corresponding to C-H stretching vibrations (2700-3000 cm™) have been observed in
the Raman spectra collected during EF tests on gold substrates. These peaks are
related to reaction compounds that remained in the nanoparticle solution despite the

washing steps carried out during the coating step. Fig. 3.10 compares the spectrum
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of the SHINs with pyridine drop cast on gold with that of the reactants used during
the synthesis. Sodium citrate is clearly observed as the major contaminant in the
SHINs spectrum, probably due to an excess in solution. Sodium silicate also has a

small contribution with minimal APTMS observed as a contaminant.
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Figure 3.10. Raman spectrum of pyridine adsorbed onto an Au wafer (grey shaded

region) drop cast with SHINs and the standard Raman spectra of some of the

possible impurities from nanoparticle preparation.

The presence of impurities from organic species in the SHIN solution has
previously been reported.**** Li et al. described a successful method to remove the
contaminants from single crystals by hydrogen evolution reaction (HER) in aqueous
media.** However, HER on battery electrode materials in aqueous media is not

feasible; therefore, an alternative method is required.
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Figure 3.11 (a) TEM image of SHINSs particles connected via a silica network, (b)

Raman spectra of pyridine on a silica wafer at different spots on the substrate.

Fig. 3.10 demonstrated sodium citrate was the main contaminant in the SHINs
spectra. The sodium citrate is exchanged with APTMS in the synthesis of the silica
shell, an excess of citrate may be present prior to this step. To overcome this before
addition of APTMS, the Au nanoparticles were centrifuged at 4500 rpm to remove
excess citrate. This proved unsuccessful; TEM observed a network of SHINs
connected through a silica framework (Fig. 3.11a) and Raman spectroscopy detected
the presence of pinholes and contaminants (Fig. 3.11b). This result suggested that
washing the particles prior to shell coating may have partially removed the citrate

capping ligands, leading to partial exchange with the APTMS.
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Figure 3.12 (a) TEM image of SHINs after treatment with dilute Aqua Regia,
yellow circles denote thinning of silica shell. (b1) Image of SHINs with pinholes
after treatment with dilute Aqua Regia, SHINs have collapsed. (b2) Image of stable
SHINSs after treatment with dilute Aqua Regia. (c) Raman spectra of SHINs before

and after acid treatment, pinholes visible after acid treatment.

Chemical methods have also been investigated to remove the contaminants, such
as washing the SHINs with diluted Aqua Regia. After several washes with Milli-Q
water during the coating process of the gold seeds, the concentrated SHIN solution
was washed with Aqua Regia (0.2 % v/v) followed by washing with Milli-Q water
until the solution had a neutral pH. This procedure has been reported to check the
chemical stability of Ag-SiO, core-shell nanoparticles (Fig. 3.12b1).* The

nanoparticles collected at the end were stable (Fig. 3.12b2) with no aggregation but
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pinholes have been detected during Raman investigation, as seen in Fig. 3.12c. The

reason for this could be a thinning of the shell in some regions of the nanoparticles

(< 2 nm) due to the acid wash (Fig. 3.12a), and therefore, the pyridine peaks are

observed in the spectra.

A range of techniques to remove contaminants in the SHINs have been

summarised below and investigated spectroscopically for contaminants (Fig. 3.13).

e Centrifugation using centrifuge tubes with a permeable membrane — the
particles were centrifuged in a special centrifuge tube, with a permeable
membrane to collect the nanoparticles and remove contaminants. This proved
unsuccessful as contaminants were still present in the Raman spectra. The tubes
are also single use and expensive increasing the cost of nanoparticle preparation,
making this method impractical.

e Wash particles deposited on a substrate followed by sonication — SHINs tend
to collapse when increasing the number of centrifugation steps; therefore, they
were drop casted onto a gold or silicon wafer and washed several times with
excess Milli-Q water to avoid aggregation. Afterwards, the wafer was sonicated
in Milli-Q water to remove the particles from the surface. They were then
centrifuged and drop casted onto another gold wafer for Raman characterisation.
This also failed to remove the contaminants. However, the particles remained
pinhole free and did not aggregate. Similarly, particles deposited on Si wafer
were washed with diluted Aqua Regia (0.2 % v/v) and Milli-Q water but it was
not possible to remove the particles from the wafer by sonication.

e Washed in excess H,O — After synthesis the SHINSs particles were collected in a
large centrifuge tube (1.5 ml in 50 mL instead of a 1.5 ml tube). The particles

were cooled under ice. Once cooled the particles were diluted up to 50 ml,

101



centrifuged twice then concentrated. The particles remained pinhole free, but
contaminants were still observed.

e Hydrogen evolution reaction (HER) - Particles were deposited on a gold
electrode and then electrochemically cleaned by forcing hydrogen evolution in
0.1 M Na,SO, /H,0®. The contaminants were successfully removed from the

electrode surface as previously reported*.
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Figure 3.13 Raman spectra of pyridine on Au drop casted with SHINs cleaned with
a variety of techniques, using a special centrifuge tube, centrifuging with excess
water, hydrogen evolution (HER), sonication in Milli-Q water then re-dispersed in
Milli-Q water. Red shade highlights pyridine peaks.

As mentioned previously hydrogen evolution is only applicable in aqueous
media, it is not suitable for non-aqueous systems. In some non-aqueous media this is
not a problem, such as DMSQO, as it dissolves the contaminants from the electrode

surface, due to its high donor number.
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3.5 Conclusions and Future work

The next step to overcome the contaminants in other non-aqueous media is to
combine both sonication and hydrogen evolution steps. Initial attempts failed as
aggregation of the particles occurred after sonication. Future work should be focused
at overcoming this.

Overall this chapter demonstrates the successful synthesis of pinhole free SHINS,
with good enhancement. A clear detailed method for charaterising and synthesing
these particles has been layed out in this chapter.

The results showed SHINERS can provide a substantial enhancement of the
Raman signal, however understanding the distribution of the particles on the
electrode surface is invaluable to develop this technique. This provides a good

platform for the utilisation of SHINERS in battery systems.
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Chapter 4

Utilising in situ Enhanced Raman Spectroscopy to
Study the Oxygen Reduction Reaction in Aprotic

Electrolytes

4.1 Abstract

The results presented in this chapter demonstrate the effectiveness of SHINERS
to enhance the Raman signal of surface species on previously inaccessible substrate
electrode materials. Initial findings verified that SHINERS can accurately reproduce
results obtained using in situ SERS, without having any additional or adverse effects
on the reaction mechanism.
A simple study of the reduction mechanisms taking place in a non-aqueous solvent
and supporting salt on a selection of electrode materials allowed subtle differences to
be detected between the materials, notably the strong interaction between platinum
and oxygen affecting the potential dependent orientation of the superoxide molecule
on the surface.

The effect of changing the solvent donor number was also carried out on a glassy
carbon surface in the presence of lithium. Both a solution and surface mechanism
was detected, however it can be noted the reaction mechanism is both surface and

solvent dependent.
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4.2 Introduction

Oxygen is a very important element; it is a necessity for maintaining life through
aerobic respiration. Dioxygen can be harnessed for many industrial processes, such
as ore refinement, rocket fuel* and drug synthesis. The use of dioxygen plays a vital
role in energy conversion for fuel cells’ and recent development in battery
technologies have started to utilise the reduction of oxygen with alkali metals (metal-
oxygen batteries)®.

The electrochemical reduction and oxidation of dioxygen can be affected by a
number of factors, pH, solvent and electrode material. These factors promote a
variety of reaction pathways, through various intermediary species culminating in
differing final products.* The oxygen reduction reaction (ORR) mechanism in
aqueous environments proceeds predominantly via a 2 or 4 electron reduction
pathway. These pathways are affected by the pH, with acidic electrolytes promoting
the production of H,O or H,0, (Eq. 4.1-4.3), comparatively basic media produce

OH"and HO;, products (Eq. 4.4-4.6).

e Oxygen reduction reactions in Acidic media®

0, + 4H" + 4e~ - 2H,0 (Eq. 4.1)
0, + 2H* + 2e~ — H,0, (EqQ. 4.2)
H,0, + 2H* + 2e~ - 2H,0 (Eq. 4.3)

e Oxidation reduction reaction in Alkaline media®

0, + H,0 + 2e~ - HO; + OH- (Eq. 4.5)
HO; + H,0 + 2e~ — 30H- (Eq. 4.6)
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 Oxidation reduction reactions in non-aqueous solvents (aprotic)’

0, + e - 05 (Eq. 4.7)

0; + e - 0% (Eq. 4.8)
In aprotic systems a 1 electron reduction of oxygen to superoxide (O;) (EqQ. 4.7)

is generally preferred but this can be influenced by the solvent and other species’”,

due to the highly nucleophilic nature of the superoxide radical®

. The superoxide
radical can be stabilised in solution with the addition of an alkyl ammonium salt.**
The second electron reduction of superoxide to a free standing uncoordinated
peroxide ion (0,%) (Eq. 4.8) is thermodynamically unstable.’> However in the
presence of metal ions and protons, peroxide can be stabilised.'® This is of particular
interest with the alkali metals, especially Li. The reversible formation of lithium
peroxide (Li»O;) provides the basic, simplified reaction for the lithium-oxygen (Li-
0,) cell.**

The highly sensitive nature of the ORR is of key interest for non-aqueous
systems, especially in relation to the metal-oxygen cell, where the ORR can be very
complex involving multiple intermediate species. Therefore, developing a greater
knowledge of the fundamental mechanisms taking place at the electrode surfaces can

aid in the production of more stable electrolytes and cathode (positive electode)

materials.
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4.3 ORR electrochemistry on a variety of electrode surfaces without the
presence of lithium.

To fully elucidate the oxygen evolution and reduction reactions (OER and ORR)
taking place in the Li-O; cell, a range of non-aqueous solvents have been tested to
provide a suitable electrolyte.*> DMSO (dimethyl sulfoxide) is a possible candidate™®
7 as it is a polar aprotic solvent with a high Guttmann donor number indicating good
Lewis basicity. The solvent has good salt solubility mixed with a large
electrochemical window (Fig. 4.1a dashed line), which provides a stable media to
understand the oxygen reduction and evolution reactions®®.

The potential separation (AE) between the reduction peak potential (E,c) and
oxidation peak potential (Eps) is 0.11 V for the reaction of oxygen enriched 0.1 M
TBACIO,4 in DMSO on glassy carbon (Fig. 4.1a). The potential separation between
Epa and Eyc for an ideal 1 e reversible reaction (AEigea) is 59/n mV'. The peak
separation AE, for the TBACIO,/DMSO electrolyte on the glassy carbon surface is
greater than 59/n mV, implying it is not an ideal reversible 1 e” reaction. The reaction
can be described as a pseudo 1 e transfer reaction, demonstrated by a Randles-
Sevcik plot®® (Fig. 4.1b). A correlation between the experimental and theoretical
calculations from the Randles-Sevcik equation (Eq. 4.9) for a 1 e  reduction is

observed, which agrees with previous results®.

I, = (2.69x10°)n32ADY?p1/2C (Eq. 4.9)

I, — peak current (A)

A — area of the electrode (cm™)

D — diffusion coefficient (9.75 x 10° cm?s™)#
C —concentration (mol cm™)

Vv — sweep rate

n —number of electrons transferred
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Figure 4.1 (a) Cyclic voltammogram in 0.1 M TBACIO,/DMSO on a glassy carbon
disc electrode, sweep rate 10 mV /s. Showing argon (red dotted line) and oxygen

saturated solution (black) electrochemistry (b) Randles Sevcik plot of 0.1 M
TBACIO,/DMSO demonstrating a 1 e transfer.

113



The reversible behaviour of the superoxide redox couple O,/O; in the
TBA'/DMSO media is a result of the stable solution species, in agreement with the
HSAB (Hard/soft Lewis acid/base) theory?*. Hard acids (small radius/ high positive
charge) coordinate strongly to hard bases and the same for soft acids/bases. The
TBA" is a soft acid due to its large radius and is weakly solvated in DMSO, therefore
interactions between solvent and TBA™ are weak, allowing the TBA™ ions to move
freely in the electrolyte??. TBA" is stabilised by the O, (soft base - large radius,
small charge density). Strong coordination between TBA™ and O, inhibits additional
reduction to form peroxide?®. The change in AE for the reaction could be a result of
the high viscosity of the solvent, this causes a slower rate of diffusion of the TBA*
ion in the electrolyte, which coincides with the low charge passed (Qa/Qc.= 0.70) in

the electrolyte.

Potential/ V vs. Ag/Ag’
-1.5 -1.0 -0.5 0.0 0.5 1.0
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Potential/ V vs. Li/Li*
Figure 4.2. Cyclic voltammograms of 0.1 M TBACIO, in DMSO (saturated with

0,) on a variety of polycrystalline electrode surfaces. Sweep rate 10 mV /s.
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Table 4.1 Data from cyclic voltammograms of 0.1 M TBACIO, in DMSO on

various polycrystalline electrodes in Figure 4.2

I 1,2
V) V) p p V) a ¢
I, Qa/Qc
-2 2

VS. VS. (mAcm®) (mAcm™) VS.

Li/Li®  Li/Li* Li/Li*
GC 2.64 2.75 0.35 0.35 0.11 0.89 0.70
Au 2.60 2.79 0.29 0.27 0.19 0.93 0.79
Pd 2.55 2.84 0.32 0.25 0.29 0.78 0.90
Pt 2.53 2.88 0.28 0.22 0.35 0.79 0.95

The electrochemistry of 0.1 M TBACIO,4 in DMSO saturated with oxygen varies
between different electrode surfaces (Fig. 4.2). The reversibility of the O,” couple is
affected when the electrode surface is changed.? Glassy carbon (GC) is the most
reversible (AE = 110 mV), whereas platinum is the least reversible (AE = 350 mV)
(Table 4.1). The change in reversibility is accounted for by the interactions of Oy
with the surface, whereby Pt has the slowest reaction kinetics of the three surfaces
(Pt < Pd < Au), with O, being the most strongly chemisorbed, which is in agreement
with density function theory calculations, where O," is energetically favourable to
chemisorb to the Pt surface.” There is little interaction with the surface on the GC
electrode, unlike Au, Pd and Pt, where dioxygen can chemisorb.? % Pt has the
strongest interaction with O, due to the bonding of the 5dy, and O," 21 orbitals,
giving a higher adsorption energy and shorter metal-oxygen bond length than with
Au. Au has a filled d orbital so O, is not chemisorbed like Pt; a weaker interaction

still occurs due to a distortion of charge density creating an overlap of bonding
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orbitals.* The same principle is applied for Pd (bonding of the 4dy, and O;” 21"
orbitals), however Pd has a lower oxygen binding energy than Pt.?° Previous studies
have shown similar behaviour on GC electrodes with different solvent electrolytes
such as dimethyl ether where a change in reversibility is observed due to the

different solubility and kinetics, but a 1e”reduction mechanism is still observed.?
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4.4 Comparison of SERS, SHINERS and smooth surfaces in non-aqueous
electrolytes

Studying the ORR using 0.1 M TBACIO, in dimethyl sulfoxide (DMSO) on a
smooth polycrystalline gold electrode demonstrated that Raman spectroscopy on a
surface without any enhancement is inherently weak (Fig. 4.4a). The spectrum at
open circuit potential (OCP) displays DMSO solvent peaks. No spectral bands were
observed for the supporting salt. The lack of peaks is likely a result of no surface
plasmons to enhance the inelastically scattered photons of surface adsorbed
tetrabutylammonium (TBA™). Raman scans were taken at decreasing potentials down
to 1.84 V. There was no change observed in peak position or intensity from the OCP
spectrum at any potential.

The Au surface can be electrochemically roughened prior to experiments using
an oxidation-reduction cycle as mentioned earlier (Chapter 2.7); this created a
nanostructured surface, which leads to a distribution of charge when excited by
photons®, enhancing the local electric field. The chemically adsorbed molecules can
also undergo charge transfer with the surface that can in turn increase the
polarisability?’. Roughening the surface displays a notable enhancement of the
surface species (Fig. 4.3b) in the same electrochemical system as Fig. 4.3a
compared with the smooth surface. At the open circuit potential (OCP) only peaks
assigned to DMSO were visible (Fig. 4.15 and Table 4.6). The growth of two peaks
at 1110 cm™ and 490 cm™ were observed when the potential was decreased, these
peaks account for the formation of free superoxide (O,") and Au-O respectfully. The
position of these peaks agree well with literature.’*?® The experiment was run

without the presence of oxygen (cell purged with argon) (Fig. 4.4) no peaks grew in
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either the superoxide or Au-O region, confirming these peaks are a result of the

presence of oxygen.
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Figure 4.3 Raman spectra of 0.1 M TBACIO, in DMSO (saturated with O;) on a
gold polycrystalline disc electrode with accompanying diagrams comparing the
differing effects of (a) smooth (b) roughened (c) SHIN enhanced electrode surfaces
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Figure 4.4 Raman spectra of 0.1 M TBACIO,/ DMSO purged with argon (i.e. no
oxygen) on SERS active gold.

SHINSs are an alternative method of enhancing the Raman signal of the substrate
molecules on the electrode surface. In the same 0.1 M TBACIO4/DMSO electrolyte
media as the reaction on a smooth polycrystalline gold electrode, 2 ul of SHINs were
drop cast onto the Au surface (Fig. 4.3c). The OCP Raman spectrum only showed
DMSO solvent peaks in agreement with the polycrystalline surface with and without
surface enhancement. The in situ Raman spectra (Fig. 4.3c) between 2.84 V and 1.84
V observed the growth of two peaks at 1110 cm™ and 490 cm™ for the free O, and
gold oxide peaks.?” Additional peaks have also been observed to grow in both the
SERS and SHINS spectra at 550 cm™ and 1020 cm™ (Fig. 4.3b and c). These peaks
have previously been assigned by Aldous as a result of the reorientation of TBA" at
the electrode surface.”’

A comparison of the two sets of spectra for SERS and SHINERS demonstrated

that SHINERS is a useful technique to monitor the ORR in a non-aqueous electrolyte
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media, without loss of signal intensity from the different method of phonon
enhancement. To confirm the origin of the observed peaks, the experiment was run
without the presence of oxygen, under argon (Fig. 4.5). No peaks are seen to grow in

either the O,” or Au-O spectral region, within similar potential cycling limits.
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294V
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400

Figure 4.5 Raman spectra of 0.1 M TBACIO,/ DMSO purged with argon (i.e. no

oxygen) on SHIN enhanced gold electrode surfaces.

120



Furthermore Fig. 4.6 shows that SHINs have no effect on the electrochemistry as
the electrochemical response with and without SHINS is very similar after taking

into account the changes in surface area between each technique.
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Figure 4.6 Cyclic voltammograms comparing the electrochemical changes between

smooth, roughened and SHIN enhanced gold surfaces. Sweep rate 50 mV /s in 01 M

TBACIO,/DMSO (saturated with O,).
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4.5 Behaviour of the ORR on different electrode surfaces without the presence
of lithium

The Pd surface exhibits similar behavior to the Au surface for the ORR (Fig.
4.7a). A peak at 1108 cm™ for O, is observed from 2.74 V and grows in intensity
with decreasing potential, correlating with the cyclic voltammetry data in Fig. 4.2. A
corresponding peak at 486 cm™ for (vea.0) grows proportionally to the O, peak. The
in situ Raman spectra on Pt (Fig. 4.7b) showed a variance in the spectral response in
comparison to Au and Pd. At 1108 cm™ a peak assigned to vo.o of O, grew in
intensity with increasing reduction potential, similar to that observed on Au and Pd.

However, on Pt unlike Au and Pd the interaction with the Pt surface was different.

Table 4.2 Raman band positions of surface species on various polycrystalline

electrodes.
Raman peak positions (cm™)
Electrode Surface Superoxide (O3) Metal-oxygen
GC 1107-1128 N/A
Au 1110 490
Pd 1108 486
Pt 1108 456 + 484

Initially on the Pt surface, a peak was observed at the lower wavenumber of 456
cm™ and grew in intensity with decreasing potential. A second peak at 484 cm™ grew
at more negative potentials at the expense of the 456 cm™ peak, which then
decreased in intensity. The onset of the 484 cm™ occurs at the same potential as

superoxide is observed on the Pt surface. In both Fig. 4.4c and 4.7b, a small band at
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1179 cm™ is observed to appear (and diminish in the case of Pt); its assignment will

be discussed later within this chapter. An additional band at 920 cm™ grows with

potential on the Pd and Pt surface, this is related to the O, and TBA" interaction at

the surface but cannot be conclusively assigned without further understanding.
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Figure 4.7 Raman spectra of 0.1 M TBACIO,/DMSO (saturated with O,) on SHIN

enhanced (a) Pd (b) Pt electrode surfaces.
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Figure 4.8 Schematic of active Raman vibrational modes in relation to oxygen

v

adsorbed on a platinum surface.

The SHINERS data demonstrates variation of O, interaction between Pt and the
two other metal surfaces (Fig. 4.9 and Table 4.3). All three surfaces exhibit a
shoulder at 456 cm™, for Au and Pd this remains a shoulder on the peak at 490 cm™.
At lower reduction potentials, the peak at 456 cm™ is more intense, as the potential
decreases the peak at 490 cm™ becomes dominant, whilst the earlier peak decreases
in intensity (Fig. 4.9b). It is likely the two peaks originate from different vibrational
stretching modes of O, adsorbed on the metal surface?®. At lower potentials, there is
a lower surface coverage of O, on Pt allowing the O, to have a flat orientation; with
increasing negative reduction potentials, an end on orientation is favoured (Fig. 4.8).
This could account for the flat conformation rather than the end on conformation on
Pt, unlike Au and Pd, which favour the end on conformation due to a weaker
interaction with the surface of the electrode®. A flat O,” conformation would account
for no superoxide band being present at more positive potentials. This is a result of
the O-O stretch parallel to the surface being Raman inactive. Furthermore the
interaction of the solvent with the electrode surface also needs to be taken into

account; at less negative potentials DMSO may passivate the surface, preventing the
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onset of dioxygen adsorption. Future studies using single crystal electrodes with
SHINERS would be required to clarify the exact mechanism taking place at the

platinum surface, in combination with appropriate level theory calculations.
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Figure 4.9 (a) Gaussian peak fitting of Raman bands of oxygen saturated 0.1 M
TBACIO,4 in DMSO on Au, Pd and Pd electrode surfaces. (b) Intergrated areas from
peak fitting in Fig 4.9a.
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Table 4.3 Peak positions, integrated area and full width half maximum (FWHM)

data for Gaussian peak fitting of Raman bands in Fig. 4.7.

Pt Pd

P(I)Dse;%';n FWHM  Area P(':;‘tii';n FWHM  Area
(cm™) (cm™) (a.u.) (cm™) (cm™)  (a.u)
455 26 82001 460 21 27920
485 32 152800 486 32 15296
455 26 82737 461 22 37314
485 32 153724 486 27 99232
454 23 98995 463 26 39508
485 33 130042 488 26 70610
453 20 67859 460 33 32695
477 42 102749 486 30 81913
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The GC surface exhibits different behaviour to the metal surfaces analysed
previously (Fig. 4.10). There was no Raman peak observed between 400 and 550
cm™ at any potential on the GC electrode surface. Thereby there is an absence of a
metal-O," interaction, which indicates that the SHINs are pinhole free (#). This
provides strong verification that the O, peak (vo.o) at ~1110 cm™ originates solely
from its interaction at the GC surface, not with the gold core of the SHIN, with it

being detected solely due to the Raman enhancement from the SHIN particles.
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|
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E |H| 2.84V
|
'H 2.94V
Y e OCP
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Raman Shift (cm ™)

Figure 4.10 Raman spectra of 0.1 M TBACIO,/DMSO (saturated with O,) on SHIN
enhanced glassy carbon disc electrode. (# is Metal- oxygen region, * tentatively

assigned bands).

The formation of O, on the GC surface occurred below 2.84 V in the reduction
sweep at 1107 cm™, the band has a blue shift to 1123 cm™ with decreasing
potential.”® At lower potentials, O, is bound at more favourable sites on the surface,
with increasing concentration O is forced into less favourable sites, reducing the

interaction with the surface causing a positive shift in the Raman band, this coincides
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with a peak at 1520 cm™ that could be a result of the interaction of O, with the
graphitic rings in the carbon.*® The interaction of the O, with the graphitic ring could
increase with decreasing potential, creating greater distortion within the ring and
accounting for the wavenumber shift of the O, peak. Spectra with a larger Raman
window were taken on a gold electrode (Fig 4.11). This data demonstrated the peaks
in the 1200 cm™ to the 1500 cm™ region were a result of interaction with the carbon

surface and not generic to any substrate surface.
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Figure 4.11 Raman spectra of 0.1 M TBACIO4/DMSO (saturated with O;) with a
wider spectral range (200-1700 cm™) demonstrating peak formation associated

solely to glassy carbon and not a result of SHINs.

SHINERS on GC also displayed bands at 1179, (as seen in Fig. 4.4c and 4.7b)
1230 and 1450 cm™ that coincide with the ORR (Fig. 4.10). No potential dependent
electrolyte bands could be assigned to these peaks, nor known reduced oxygen salts
(Fig. 4.15 and Table 4.6).” We speculate that the band at 1179 cm™ could be
assigned to HO,, as its position is close to the band at 1165 cm™ identified by the

group of Gewirth for HO, adsorbed onto Au in perchloric acid (HCIO4) solution.®

128



Concurrently the band at 1450 cm™ can be then tentatively assigned as vHO,-C, with
the band at 1230 cm™ remaining as yet unassigned. Strict drying protocol ensured
that all measurements took place in H,O content below 20 ppm, as determined by
Karl Fisher titration. Thereby we believe the nature of the measurements is sensitive
to trace water contamination. Certainly further investigations using SHINERS to
understand the effect of water concentration on these bands, with the use of isotopic
labelling to strengthen band assignments is warranted.

4.6 Studying ORR in the lithium-oxygen battery: A surface and solvent

dependant reaction

A comparison of the cyclic voltammetry data of 0.5 M LiCIO4 in DMSO and
MeCN solvents (Fig. 4.12) displays a notable difference in the electrochemical
behaviour of the reduction and oxidation species between the two solvents on glassy
carbon (Table 4.4). Acetonitrile exhibits a single very wide reduction peak at 2.46
V. It is hypothesised that this peak is a result of a 1 e reduction of oxygen in the
presence of lithium to form lithium superoxide. This also accounts for the loss of
current as LiO, can lead to electrode passivation.* In comparison DMSO has a much
stronger reduction peak. This reduction peak has a shoulder around 2.5 V, indicating
a second process. At lower concentrations there is a clear separation of these two
peaks, which has been regularly observed in the literature.* In DMSO the first peak
is likely a result of a one electron reduction of O, to O, followed by ion coupling
with Li* to form LiO,*. This is followed by the second electron transfer or

disproportion of LiO; to form Li,O, (see introduction, Eq. 1.1-1.5).
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Figure 4.12 Cyclic voltammograms of 0.5 M LiClIO; in DMSO and MeCN

(saturated with O;) on a glassy carbon disc electrode. Sweep rate 10mV/s.

Table 4.4 Peak assignments from cyclic voltammogram data in Fig. 4.12.

Ep (V) Ep’ (V) I I

vs. Li/Li* vs. Li/Li*  (mAcm™) (mA cm™®)
DMSO 2.62 3.28 3.97 0.72
MeCN 2.46 3.51 2.51 1.10

SHINERS were employed to investigate the ORR in the presence of Li* in low

(MeCN, 14.1) and high (DMSO, 29.8) donor number solvents. In 0.5 M LiClO,/

MeCN (Fig. 4.13a), SHINERS detected the growth of LiO, at 1129 cm™ on GC

below 2.84 V, with Li,O; not detected, due to the absence of the main peroxide band

at 790 cm™. In addition, a peak at 1500 cm™ was observed in the MeCN Raman
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spectra at lower reduction potentials. This peak is likely the result of LiO, interacting
with a vibrational mode of the graphitic ring®’(Table 4.5). Additional peaks (*) were
observed in the spectra however they have not been conclusively assigned.
SHINERS on GC in 0.5 M LiCIO4/ DMSO (Fig. 4.13b) showed the appearance of
Li,O, at 789 cm™ from 2.74 V, which remained as the potential decreased further to
1.74 V. At 2.74 V bands pertaining to LiO; at 1130cm™ and LiO,-C at 1500 cm™
were also detected on the GC electrode. The appearance of LiO, is indicative of a
mechanism where both Li,O, and LiO, are formed as stable products on the GC
surface. A small peak at 1105 cm™ was observed at 1.94 V possible due to O, on the
electrode surface  The proposed decomposition reaction of DMSO to dimethyl
sulphone (DMSO;) was unable to be established in our measurements, due to the

absence of a peak around 1142 cm™.% 3

Table 4.5 Raman peak positions (cm™) of spectra in Fig. 4.13 and corresponding

positions of products on gold surface ("Peak positions taken from Bruce et al®*).

GC Au
Assignment MeCN DMSO MeCN’ DMSO
Li,0, - 789 790 789
LiO, 1129 1130 1132 -
C-O,Li 1450 1500 - -
HO, 1179 - - -
D band 1310 1309 N/A N/A
G band 1600 1600 N/A N/A
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Figure 4.13 In situ Raman spectra of (a) 0.5 M LiCIO,4 in MeCN (b) 0.5 M LiCIO4
in DMSO (saturated with O;) on smooth glassy carbon disc electrodes with SHIN’s
drop cast. All potentials vs. Li/Li".
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The data reported herein on GC is suggestive of a reaction mechanism that is
both surface and solvent dependent. The solvation of the Li* cation in MeCN is
lower due to a positive Gibbs free energy, therefore the ORR occurs on the surface
and LiO, will be observed on the electrode® (Eq. 4.10 and 4.11). The interaction of
LiO, with the carbon surface appears to stabilise the adsorbed LiO, species and
within the experiment, no Li,O, formation is observed to occur from a second
electron transfer or via disproportionation. This observation agrees with work of Lu

et al.*®

that shows the stable cycling of LiO,. This differs from behaviour on Au
where a second electron reduction or disproportion occurs to form Li,0,.** In
DMSO (Eq. 4.10, 4.11 and 4.13), a partial surface/solution mechanism occurs,
whereby both Li,O, and LiO; are formed as the major reduction products, which is
contrary to what has been reported on Au electrode subtrates® (Fig. 4.14). LiO; is
also bound to the carbon surface in DMSO (1500 cm™). LiO, can then desorb and
diffuse into the bulk electrolyte, where it can disproportionate to give Li,O; in
agreement with data published by Ye et al.*® Li,CO; was not detected during ORR

on GC (Fig 4.15 and Table 4.6), implying the decomposition of the carbon

electrode was negligible during the time frame of the measurement.

0, + e = O3aas (Eq. 4.10)
Li* + O3aas) = LiOsaas) (Eq. 4.11)
Li* + 05 - LiOyaas) 5 [Li* — 05 son (Eq. 4.12)
[Li* = 07 lsory + [LiT = 0z ](sory = LizO0z() + O, (Eq. 4.13)
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The comparative differences between the reaction mechanisms on the carbon
surface and that of the gold (Fig. 4.14), imply that the ORR in the presence of
lithium is not solely solvent dependant. It is also dependant on substrate surface. The
glassy carbon surface has a stabilising effect on LiO,.* This is hypothesised to be a
result of defects on the carbon surface inhibiting second electron reduction to Li,O,

on the surface®> %,

MeCN (DN 14.1)

1040

(Li*)
(L)

(2nd
% ¢ a‘ % % Redzcueon) w
GC electrode Rough Au electrode

DMSO (DN 29.8)

o0

O
(Lip/
N2 oy 00 . B3
& - %4""’% RedlrJ]ctieon)
GC electrode Rough Au electrode

Figure 4.14 Schematic of the how the oxygen reduction reaction mechanisms taking

place in a non-aqueous electrolyte in the presence of the dissolved O, and Li".
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4.7 Conclusions and future work

SHINERS has been demonstrated as an effective method of detecting
intermediate species and ORR products on an array of electrode substrates, including
Pt, Pd and GC, which previously SERS has been unable to access. The consistency
of SHINERS has been validated by its ability to reproduce data gathered using SERS
in the same electrolyte media on Au electrode surfaces. Notably the metal-
superoxide band shape varies between the noble metals depending on superoxide
interaction at the surface. The use of SHINERS in the presence of Li* has shown that
both surface and solvent can be harnessed to influence ORR pathways, which may
be critical in designing electrode/electrolyte interfaces that can minimise side
reactions within Li—O, cells. This work provides a strong platform to study more

complex electrolyte and electrode systems with the SHINERS technique.
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Figure 4.15 Raman spectra of solvents, salts and products associated with the

oxygen reduction reactions taking place in the lithium oxygen Dbattery.
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Table 4.6 Standard Raman peak positions and assignments for solvents, salts,

products and possible decomposition products associated with the oxygen reduction

reaction mechanism taking place in the lithium oxygen battery. Peaks assigned in
agreement with the literature (L,CO3>’, MeCN*®, DMSO¥®, LioH*" *, Li,0,*,

LiClO,* *
DMSO MeCN LiClO4 Li,O; Li,CO3 LiOH
334 379 464 257 274 288
Vas (C-5-0) bend (CCN)oend (ClO4) (O-O)streten  (CO5) (OH)iip
382 919 483 787 710 299
Vs (C-S-0) bend (CC)StretCh S(C|O4-)stretch (O'O)stretch (Ag or Bg) (OH)”b
669 1375 621 746 330
Vs (C-S)stretch (CHB)bend (CIOA'-) (Ag or Bg) (LiO)
698 659 1091 620
Vas (C-S) stretch (CI-OLI) (Ag’ Vl) (LI-O)
1461
964
955 (Ag or By,
V(CHB) rocking Vs (CI-O)stretcn v)
1044 1060
V(S=0) stretch Vs (CIOA'-)SUEtCh
1418 1095
V(CH3) degen def
1145
as(C|O4)stretch
1190

as(C|O4)stretch
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Chapter 5

SHINERS on Carbon Surfaces and Composite

Electrodes

5.1 Abstract

The work presented in this chapter shows the effect of varying the substrate
surface on the intensity of the signal produced from SHINERS. This has been shown
by a comparative study calculating the enhancement factors on several electrode
substrates and how the enhancement varies from spot to spot due to various surface
factors, such as porosity.

The application of the SHINERS technique has also been used to study the
mechanistic difference between edge plane and pyrolytic graphite electrodes. The
detection of various reaction intermediates, products and decomposition products has
helped elucidate the electrochemical pathways on the different carbon planes.

The use of SHINERS on a more practical battery electrode has also been
demonstrated, with initial in situ spectroscopic studies for the OER within the

lithium-oxygen system.
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5.2 Introduction

Improvements in the lifetime and safety of lithium metal anodes and the
development of stable cathodes within Li-O; batteries requires an understanding and
control of electrode interfaces. Surface layers form at electrode interfaces either
through spontaneous chemical reactions or during electrochemical cycling. This can
be advantageous, providing stabilisation, but it can also hinder activity by inhibiting
the kinetics and hence the rate of charge/discharge. The solid electrolyte interphase
(SEI) is a passivation layer formed on the lithium metal negative electrode in non-
aqueous electrolytes that allows the diffusion of lithium cations, but it is an electron
insulator. It influences not only the stability and conductivity, but also the
irreversible charge loss, power capability, cycle life and safety.’ ? Surface layer
formation is also important in Li-O, batteries since the formation of the reduction
products can cause degradation or passivation of the electrode surface, limiting their
performance and cyclability.’

Raman spectroscopy is an attractive spectroscopic technique for in situ

47 and surface reactions in M-O,

investigation of lithium battery materials,
batteries.> ™ However, the need for a surface plasmon that would be excited by the
laser is limited by the structure and morphology of the surface (i.e. only roughened
coinage metals).”>** In 2010 Li et al. * *® developed shell isolated nanoparticles for
enhanced Raman spectroscopy (SHINERS). This technique employs gold
nanoparticles as portable plasmons to enhance the local vibrational modes of nearby
molecules when deposited on the electrode surface (see chapter 1).

SHINERS has been applied in multiple fields.' It has been used to study an
19, 20

array of electrode surfaces, predominantly flat in nature, i.e. single crystals.

However, it is known that the roughness of the surface has a direct impact on the
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enhancement factor of the SHINS, since a change in magnitude can be observed

between single crystal facets of the same metal.”*

There are only a few studies on
surfaces with more porous morphologies.? It is therefore, important to understand
the varying enhancement among different surfaces in order to optimise the Raman
technique for battery investigations.

5.3 How the surface morphology affects the enhancement from the SHINs

SHINERS have been used as a successful method to enhance a variety of
different substrates.'®*> Understanding the enhancement across different substrates is
of particular importance to determine whether SHINs can be utilised in different
environments or whether some surfaces are SHINERS inactive. However, a
quantifiable enhancement factor has only been determined on gold surfaces.®?% L
et al.?! noted that even between different gold single crystal facets a notable change
in enhancement can be observed. Such a variance in enhancement from facet to facet
indicates the enhancement from substrate to substrate may change drastically.

The enhancement on gold has been determined by measuring the adsorption of
pyridine on the surface. Pyridine is used as it adsorbs strongly onto the gold surface
(Fig. 5.1), and exhibits two bands at 1010 cm™ and 1036 cm™ that can be assigned to
the ring bending modes of the pyridine skeleton.?! Measuring the intensity of these
bands allow the determination of the enhancement factor. However, the adsorption
of pyridine is limited to gold and platinum surfaces, as pyridine does not adsorb on
non-metallic substrates?® such as carbon or more practical battery materials (i.e.,
carbon black, graphitic carbon or lithium titanate (LisTisO5,) particles). An
alternative probe molecule is required to determine the enhancement of these

electrode surfaces, in order to demonstrate whether SHINERS is a viable technique

to study battery mechanisms.
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Figure 5.1 Raman spectrum of 10 mM pyridine adsorbed on a gold wafer with drop
casted SHINs (55 nm Au NP, 2 nm shell).

A range of dyes have been investigated as possible candidates to study the
varying enhancements between substrate surfaces. Malachite green (MG),
rhodamine-6G (R-6G) and crystal violet (CryV) have all been observed to adsorb on
both metallic and non-metallic substrates. Chen et al. used R-6G and CryV organic
dyes to investigate the SERS enhancement on substrates containing graphene oxide
shell-isolated silver particles. These dyes have also been used by Zhang et al.? to
determine EF from SHINs synthesised by atomic layer deposition (ADL) method.
MG is another organic dye with characteristic Raman signal used in EF studies of
starch-coated Ag nanoparticles,”” and as a standard in tip-enhanced Raman
spectroscopy (TERS) measurements.”® Raman spectra for all the dyes show
pronounced bands due to adsorption on the different surfaces, which can be clearly
enhanced by the SHINs (Fig. 5.2). The Rhodamine 6-G (Fig. 5.2a) Raman spectrum
has multiple absorption bands; the band at 774 cm™ due to C-H out of plane bending
vibration of the Xanthene skeleton was used to analyse the enhancements across
different surfaces. A second band at 1180 cm™ band resulting from the ring
deformation was also analysed to verify the enhancement was not band specific.? 2°

Likewise, the 938 cm™ and 1177 cm™ peaks for MG and the 911 cm™ and 1175 cm™
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for CryV were analysed. These bands were chosen to minimise any contribution to

the peak intensity from the carbon D (ca. 1330 cm™) and G (ca. 1590 cm™) bands.

Rhodamine- 6G Malachite green
O

0 ]

I=

(a) (b)

Intensity (a.u.)

800 1000 1200 1400 1600 1800 600 800 1000 1200 1400 1600 1800
Raman Shift (cm™) Raman Shift (cm™)

Figure 5.2 Raman spectra of (a) 0.1 mM rhodamine-6G in ethanol on BPPG with
SHINs (red), without SHINs (black); (b) 0.1 mM malachite green in water on GC
with SHINs (red), without SHINs (black). Shaded areas indicate the peaks analysed

for EF calculations.

The intensity of the bands change from one surface to another following the
trend Au > Cu > Pt > Si > GC > carbon black (Table 5.1), indicating the
enhancement from the SHINs is directly affected by the surface nature and
morphology. The enhancement is also dependent on the surface coverage of
nanoparticles; therefore the peak intensity changes from spot to spot. Au displays the
strongest enhancement across all of the substrates tested, with other precious metals
also displaying strong enhancement (e.g. Cu and Pt). Au has been proven as a highly
SERS active surface, due to the conductive nature of the surface and the dampening

of the imaginary part of the dielectric function (¢) when roughened (Eq. 5.1).%

E _ 6

Eg - Im(e)

(Eq. 5.1)
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The imaginary part of the dielectric function is a measure of the absorption energy of
the molecule or surface, therefore minimising the energy of absorption as a result of
photon excitiations (ideally Im(g) = 0), will maximise the plasmon enhancement.
The surface can contribute to the localised surface plasmon of the SHINs on the
surface. A surface contribution is maximised on Au, then decreasing through the less
SERS active materials such as Pt and Cu, followed by other transition metals having

little surface contribution.®

Table 5.1 Enhancement intensities of the 1175 cm™ band of malachite green on
different substrates in arbitrary units (a.u.) (laser power, exposure time normalised
for each surface). Abbreviations; edge plane pyrolytic graphite (EPPG), basal plane
pyrolytic graphite (BPPG), boron doped diamond (BDD), carbon doped zinc iron
oxide (ZnFe,04/C, lithium titanate (LisTisO12), SGL graphitic carbon (graphite).

Electrode Gold Copper | Platinum  Silicon Nickel EPPG

Surface

Intensity | 65700 29000 22350 19983 18600 14240

(a.u.)

Electrode | BPPG BDD Glassy ZnFe,O4/ LisTisO1; Graphite
Surface carbon C
Intensity | 13260 12130 10030 2920 1766 809
(a.u.)
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Figure 5.3 SEM images of (a) SHINs drop casted onto a ZnFe,O,/C composite
electrode, (b) ZnFe,0,/C surface without any SHINs cast, (c) centre of spot where
SHINs drop casted on the surface (low magnification), (d) edge of spot where
SHINs drop casted on the surface (low magnification), (e) centre of spot where
SHINs drop casted on the surface (high magnification), (f) edge of spot where
SHINs drop casted on the surface (high magnification). (SEM images taken by Filipe
Braga).
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Alternative non-metallic surfaces, such as carbon, rely solely on the surface
plasmon resonance (SPR) from the SHINs generating hot spots on the substrate.*
The morphology of the surface has a direct impact on the enhancement, where
optimal enhancement from the SHINs occurs on a flat surface, as a uniform
monolayer of SHINs can be achieved. This uniform layer is difficult to achieve, as
air or vacuum drying of the drop cast nanoparticle solution leads to the formation of
a thick ring at the edge of the drop, due to the cohesive nature of water (as explained
in chapter 3).

Polycrystalline Au is relatively flat in nature compared with graphitic carbons,
which have varying degrees of roughness and porosity, as demonstrated by Fig.
5.3b. The SEM image ZnFe,O,/C surface demonstrates the rough nature of the
composite surface, thus when the nanoparticles are cast onto the surface spaces exist
in-between deposited particles (Fig. 5.3c-d), this is most apparent in the centre of the
drop where the particles are sparsely distributed. Therefore, rough surfaces make it
more challenging to form a consistent uniform layer of nanoparticles, in turn
affecting the SPR intensity. This acts as a limiting factor in the calculation of an
enhancement factor. In order to determine a quantifiable value for the enhancement

factors, it is necessary to include a value for the roughness factor (R) (Eg. 5.2).

EF — lsurfaceCNaoh (Eq. 5.2)

IsoIR

Where lguriace and lgop are the integrated peak intensity of the probe molecule for
surface and solution species, respectively. C is the concentration of probe molecule;
N, is Avogadro’s number (6.02x10%* mol™), o is the area of 1 adsorbed probe
molecule (0.21x10™® m? for pyridine) and h (m) focal depth of the laser.’ In this

case the probe molecules are R-6G, CryV and MG. The molecule area used for the
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different dyes in the calculation are 1.24x10™® m? for R-6G, 2.24x10™® m? for CryV,
and 1.81x10™® m? for MG.*!

The roughness factor can be calculated from the relation between the electrode
real and geometrical areas (Eq. 5.3). The actual electrode area (A) was estimated

1/2

using the Randles-Sevcik equation by plotting i, vs v'“ (Eq. 5.4), from the values

obtained from cyclic voltammetry of the Fc/F¢" redox couple in

(tetraethylammonium perchlorate) TEACIO, in acetonitrile electrolyte.

R = Aelectrochemical (Eq 53)

Ageometrical

nF9D. X
)2
RT

ip, = 0.4463nFAC( (Eq. 5.4)
where n is the number of electrons involved in the redox reaction (1 e for Fc/Fc*
couple), F is the Faraday constant (96,485 C mol™), A the electrode area (cm?), C
concentration of redox species, v the scan rate (V s™), D is the diffusion coefficient
(D = 2.11x10° cm? s?, calculated from Stokes-Einstein equation (see

experimental),®* R the gas constant (8.31 J K™ mol™) and T the temperature (298

K).
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Figure 5.4 Comparison of the enhancement (intensity of malachite green peak at
1177 cm'l) in relation to the roughness factor (calculated from voltammetry) across
different electrode surfaces, including metals, planar carbon electrodes (i.e. edge-
plane pyrolytic graphite (EPPG), basal-plane pyrolytic graphite (BPPG), and glassy
carbon (GC) and Li4sTisO1, and carbon black composite electrodes.

Fig. 5.4 demonstrates a relationship between surface roughness and enhancement
factor (calculated from EqQ. 5.2) across a range of different electrode surfaces. The
metallic surfaces have similar experimentally calculated roughness values; therefore,
enhancement factor variation is likely a result of differing amounts of surface
contribution. Graphitic carbon (Super C), Carbon black and LisTisO1,/C electrodes
have considerably larger roughness factors, these account for the loss of
enhancement, due to poor distribution of the particles on the surface as explained
above. SHINERS have been shown to produce substantial enhancements on metallic

substrates, with enhancement factors in excess of 4x10° for polycrystalline gold.

From this evaluation, SHINERS can lead to enhancement factors of 2x10° on more
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practical electrode materials, such as carbon black, thus showing that SHINERS
provides sufficient signal enhancement to investigate more complex composite
electrode surfaces.
5.4 How the substrate composition affects the distribution of particles

The composition of composite battery electrodes can vary depending upon the
application, previously a common binder used in the synthesis of composite carbon
electrodes was polyvinylidene fluoride (PVDF). However this has been reported to
decompose upon charge and discharge in the presence of superoxide species.® In
order to overcome this carboxymethyl cellulose (CMC) and polytetrafluoroethylene

(PTFE) have been utilised as alternative binders.

Figure 5.5 Images of a composite (Super C(70%)/ CMC (30%)) electrode cast onto
aluminium foil (a) without SHINSs drop casted, (b) with SHINs drop casted.

CMC is not hydrophobic in nature, this allows for a better distribution of
particles on the surface when drop casted. However, upon deposition of the particles
the binder is broken down. This causes a visible decomposition of the carbon surface
in the presence of the drop Fig. 5.5, a silver ring (aluminium foil) is visible around
the edge of the drop where the carbon surface has been affected.

PTFE is hydrophobic in nature, this presents a difficulty in distributing
nanoparticles evenly on the surface. When SHINs are deposited on an electrode

with PTFE as a binder, positioning the drop in a desired location is difficult as the
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drop often migrates to the edge of the electrode. If the drop is positioned in the
correct position, after drying a small very concentrated spot is left on the surface.
This promotes difficulty in finding a viable enhancement, as the area of the electrode
coated in SHINs is fairly small (~1 mm?). However, the PTFE binder has not been
shown to decompose spectroscopically.

The hydrophobicity of a substrate surface is a problem which may pose a
difficulty in achieving even SHIN distribution on surfaces, not just for battery
applications. In order to overcome this it may be necessary to support the particles in
an alternative solvent other than water, which would be an area of future research.
5.5 In situ electrochemical SHINERS studies of oxygen reduction on graphitic
carbons

Most in situ spectro-electrochemical studies have been conducted using gold
electrodes.®* However, minimal studies have utilised in operando spectroscopic
techniques to probe more practical Li-O, cell cathode materials, such as various
carbon interfaces and structures. Cyclic voltammetry on basal plane pyrolytic
graphite (BPPG) and edge plane pyrolytic graphite (EPPG), in 0.5 M LiClIO,/DMSO
electrolyte (saturated with O,) display different activity in both the reduction and
oxidation sweeps (Fig. 5.6).

Concentrating on oxygen reduction, BPPG has two distinct peaks in the CV
cathodic sweep, the first one at 2.68 V followed by a second peak at 2.35 V.
Comparatively, EPPG has a similar peak with greater intensity relative to the basal
plane at 2.67 V. A broad shoulder at 2.32 VV accompanies the peak at 2.67 V for
EPPG. The reduction peaks at ca. 2.7 V and ca. 2.3 V have been previously
associated with the initial electrochemical reduction of dissolved oxygen to

superoxide (O,) which then leads to the formation of lithium peroxide via chemical
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or electrochemical means through a surface or solution processes (Eq. 5.5-5.8).3* *
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Figure 5.6 Cyclic voltammograms of 0.5 M LiCIO, / DMSO (saturated with O;) on
basal plane pyrolytic graphite (black) and edge plane pyrolytic graphite (red). Sweep
rate was 100 mV/s.

Table 5.2 Peak assignments from cyclic voltammogram data in Fig. 5.6, all peaks

referenced against Li/Li".

EpCl (V) EpC2 (V) Epal (V) Epaz (V) Epaz (V)

BPPG 2.68 2.35 3.43 LS 4.14

EPPG 2.67 2.32 3.42 3.90 4.12
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The difference in peak intensity between the two graphites could be due to the
increased activity associated with the edge plane surface (from the surface oxygen
groups), compared to the basal plane.’” Belova et al.*® reported that the

electrochemical formation of Li,O, occurs on the nearly ideal basal plane.

02+ ¢ 2 Oags) (Eq. 5.5)
Li* + 02 ads) 5 LiO2(ads) S [Li*-027s0l (Eq. 5.6)
[Li"--O2 o)y + [Li*--02 sty 2 Li20z (5 + Oz (Eq.5.7)
LiOg(ads) + € + Li* = LixOz ) (Eq. 5.8)

In the anodic scan three peaks were observed on both graphitic electrodes at
3.43,3.90 and 4.14 V. These peaks are associated with the partial oxidation of Li,O,
at 3.43 V with the surface being completely oxidised at 4.14 V as observed by Liu
and Ye.* The peak at 3.9 V could be associated with the oxidation of superoxide
formed in solution as the peroxide is oxidised from the electrode surface.*

The intensity of these peaks is noticeably larger on the edge plane surface, this
could again be linked with the increased activity of the EPPG surface due to the
larger active surface area as demonstrated by the roughness calculations conducted
above (Fig. 5.4).

SHINERS can be used to ascertain the species involved during the oxygen
reduction process taking place on the different graphitic surfaces within a non-
aqueous electrolyte in the presence of Li*. Initial studies without SHINERS of 0.5 M
LiClIO4/DMSO on EPPG demonstrated that without any surface enhancement only
solvent and carbon peaks can be observed in the Raman spectra, and little change
can be observed with changing potential (Fig. 5.7a).

SHINERS measurements were conducted on both the edge and basal plane

graphite electrodes in a 0.5 M LiCIO, / DMSO electrolyte (Fig. 5.7). The Raman
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spectrum at OCP (3.04 V) on BPPG (Fig. 5.7b) shows only peaks associated with
the electrolyte and graphitic D and G bands.* As the potential is reduced below 2.85
V the formation of Li,O, (band at 787 cm™) is observed on the electrode surface.
This is the main reduction product which agrees with previous data in the literature
on porous carbons.*® At lower reduction potentials a band at 1130 cm™ is observed,
this has been assigned as LiO,. The observation of LiO; at reduction potentials below
2 V has not been previously reported and its detection is counterintuitive considering
the detected formation of Li,O, at higher potentials. The observation of LiO, at
potentials below 2 VV may result from the saturation of [Li*--O,7 o at the electrode
interface, and so a surface mechanism is favoured, whereby [Li*--O;](as) remains
adsorbed at the carbon surface rather than going into solution.

Reducing the potential below 1.70 V the LiO; band is no longer present,
demonstrating its kinetic and thermodynamic instability with its conversion to Li,O,
either via a solution disproportionation or via a second electron reduction (Eq. 5.7
and 5.8).

At reduction potentials below 1.5 V, Raman bands at 1101 and 1470 cm™ (o) are
observed. These have been tentatively assigned to the formation of Li,COs;. The
appearance of the bands coincides with the decrease in intensity of lithium peroxide
on the electrode surface, as well as a colour change from colourless to a cloudy black
in the electrolyte. Li,COs3 is not readily reported as a side product in DMSO based
electrolytes and so it is likely to occur from reaction of the carbon surface with
reduced oxygen species.”’ The degradation of the carbon electrode surface via
reaction with reduced oxygen species leads to its breakup and fragmentation, as well

as Li,CO3 formation. These findings highlight the significant challenge for the use of
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carbon based electrodes as cathodes within Li-O, cells due to the carbon surface’s
instability with reduced oxygen species.

Similarly to BPPG, EPPG has Li,O, as the main reduction product (Fig. 5.7¢)
with a strong broad band at 787 cm™, with a FWHM of 21.5 cm™ appearing below
2.76 V. The band intensity grows until ca. 2.5 V while at lower potentials it is
observed to decrease in intensity. This is either due to some of the Li,O, precipitate
(SEM data from the literature typically show particle sizes of 50-100 nm)* moving
away from the electrode (the electrode configuration could mean that Li,O, could
move away due to gravity). Alternatively, the growth of Li,O, has inhibited the
SHINERS effect due to blocking or forced separation of the SHINs particles on the
surface, thus decreasing the average enhancement from the overall laser spot.

Formation of Li,O, is expected due to the highly solvating nature of the
electrolyte solvent DMSO due to its high donor number of 29.8, leading to a solution
based mechanism. However, on EPPG, superoxide (O) is detected at 2.80 V. The
O, band at 1108 cm™ (#) is accompanied by a band at 1530 cm™ (#°), which has
previously been assigned to the deformation of the carbon ring stretching mode, due
to its interaction with the superoxide.'® When the potential is decreased below 2.4 V
a band at 1130 cm™ begins to grow due to the presence of LiO,. This band remains
visible down to 1.85 V. At lower reduction potentials a band at 1505 cm™ (*)
appears which could be linked to the ring stretching mode associated with absorbed
LiO, interacting with the carbon surface.* At lower potentials (2.4 V), the Li,COs3
band at 1476 cm™ (o) is observed representing the beginning of the degradation
EPPG electrode interface. The accompanying band at 1101 cm™ is not as clearly
visible above the signal noise for all spectra, but can just be seen for the spectrum at

2.21 V. Comparatively with the basal plane surface, the onset of degradation on

158



EPPG occurs at a more positive potential (2.4 V vs 1.5 V), this appears to be related
to the potential at which LiO; is observed on the electrode surface. The variance in
potential of LiO, formation is likely a result of the increased surface area of the edge
plane surface, and thus increasing the reactivity at the surface, due to the edge
groups.®® At potentials below 2.0 V a band at 835 cm™ is formed (), this has been
tentatively assigned to LiOOH,* which may form as a result of reaction with R-OH
functional groups on the carbon surface.

Overall on the two graphitic carbons it can be suggested that a partial
surface/solution mechanism is taking place, with both having Li,O; as the dominant
reduction product, but LiO, forming as an intermediate (Eqg. 5.6). This interaction
occurs predominantly on the edge plane surface, which stabilises the superoxide
before chemical reaction to LiO,, where it is then solvated by DMSO and undergoes
a disproportionation reaction to form Li,O,. At low reduction potentials it is also
apparent that the onset of LiO, on the electrode surface starts to cause electrode
degradation as confirmed by the peaks at 1101 cm™ and 1476 cm™, which are
pronounced on the edge plane surface, due to the presence of surface groups at the

carbon edge.
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Table 5.3 Raman peak positions (cm™) of spectra in Fig. 5.7.

Raman peak positions (cm™)

Assignment and/or mode

Li2C03 (Vc-o) 1470 1476

G 1583 1583
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Figure 5.7 In situ SHINERS spectra of 0.5 M LiCIO, / DMSO (saturated with O;)
on (a) edge plane pyrolytic graphite (BPPG) without SHINs, (b) basal plane
pyrolytic graphite (BPPG), and (c) edge plane pyrolytic graphite (EPPG).

161



5.6 In situ electrochemical SHINERS studies of oxygen reduction on a
composite carbon black electrode

Initial studies on a composite carbon electrode (Super C/ PTFE) in a 0.5 M
LiClIO,/DMSO electrolyte demonstrated that SHINERS can be used to track reaction
intermediates and products at the carbon surface (Fig. 5.8) of more practical
electrodes. After discharge from the OCP (3.3 V) down to 1.9 V a peak at 1130 cm™

A significant broadening of the G

is observed, which has been assigned as LiO,.
band (1600 cm™) is observed due to the collective contributions of the interactions
with the carbon rings and reaction intermediates of the carbon surface, oxygen
reduction species formed during discharge and Li,CO3.%* However contribution

form the carbonate species could not be conclusively assigned at this potential with

peak fitting.
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Figure 5.8 In situ electrochemical SHINERS spectra of O, saturated 0.5 M LiClO, /
DMSO on carbon black (Super C/ PTFE) electrode. The carbon G-band and position

of LiO, band are highlighted in grey scale. Peaks fitted with a Gaussian function.

Table 5.4 Raman peak positions (cm™) of spectra from 0.5 M LiCIO4/DMSO on a
composite carbon cathode (super C(70%:30%)PTFE). (Fig. 5.8).

Raman peak positions (cm™)
Assignment Composite electrode
Li,O; -
LiO, 1130
Oy 1110
LiO,-C
Li,CO3 1098 and 1490
D 1340
G 1600

The Gaussian peak fitting (Fig. 5.8) shows that as the potential is raised to 2.4
and 3.1 V, the intensity of the band at 1130 cm™ decreases, indicating the
disappearance of LiO, and it shifts to lower wavenumbers (1110 cm™) that could be
related to O,". This is accompanied by the growth of two peaks (o) at 1098 cm™ and
1490 cm™, which are both associated with Li,COs, also observed on BPPG and

EPPG electrodes during discharge, resulting from the reaction of the carbon
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electrode surface with LiO,.** ** The result indicates that at even 2.4 \V carbon
surface oxidation is occurring in the presence of LiO,, resulting in the growth of a
Li,CO3 layer upon the carbon surface.

In contrast to the data from BPPG and EPPG, no band from Li,O, at 787 cm™ is
observed. This may be due to the stability of LiO, species on carbon surfaces
containing larger number of defects, as Li,O, is formed by disproportionation of
LiO, in solution.®

This initial study on a composite carbon electrode highlights how SHINERS can
be effectively used to probe important electrode/electrolyte interfaces in battery
related studies. Undoubtedly further work needs to be carried out in order to fully
characterise the complex oxygen surface chemistry and side reactions upon carbon
and other substrates, and this will be subject to further ongoing work.

5.7 Conclusions and future work

Au-SiO; core-shell nanoparticles have been synthesised for SHINERS studies on
the carbon cathode of the Li-O, cell. The enhancement factor of the nanoparticles
has been investigated in a range of metallic, carbon based and semiconducting
electrode materials using the organic dyes rhodamine 6G, crystal violet and
malachite green. A maximum signal enhancement of 4x10° was observed on gold.
Planar carbon electrodes, such as EPPG and BPPG, also presented good
enhancements of 9x10* and 1x10°, respectively, and more practical carbon black
electrodes, though lower, still displayed useful enhancements of 2x10°.

SHINERS results have demonstrated the ability to track the reduction reaction
mechanisms at carbon electrodes. EPPG and BPPG were both observed to produce
Li,O, as the main reduction product. Initial studies on a carbon black composite

electrode tracked the oxidation of the electrode surface, with both LiO, and Oy
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detected. The degradation of the electrode surface, principally forming Li,CO3 has
also been observed on both graphitic and composite carbon substrates.

To summarise, this work has shown that Au-SiO; core-shell nanoparticles can be
used to enhance the Raman signal not only on metallic planar electrodes, but also in
non-metallic electrodes, within a certain porosity and roughness. This has been
demonstrated in the initial SHINERS measurements in the Li-O, battery that will
lead onto the continued investigation on more practical electrodes for other battery

systems.
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Chapter 6

A fundamental Study on the Effects of Moving

from an Aqueous to Non-Aqueous Electrolyte

6.1 Abstract

The results presented in this chapter investigate the behaviour of electrochemical
systems when moving from an aqueous to a non-aqueous electrolyte on a Au(111)
single crystal electrode. In an aqueous electrolyte the detection of the hydroxide
intermediate was observed in both the oxidation and reduction reactions via
voltammetry and in situ SHINERS. The addition of small quantities of MeCN
inhibited the adsorption of the hydroxide intermediate and delayed the onset
potential of oxidation. MeCN was also observed to preferentially adsorb on step and
defect sides over large terraces.

In the context of the Na-O, system with acetonitrile (MeCN), the presence of
Na,O, was observed as the overriding reduction product with small amounts of
NaO, being detected simultaneously. The addition of water showed the possible
formation of hydro-peroxy species and carbonates.

The decomposition of MeCN was also detected on the single crystal surface, via
the presence of the cyanide band; the addition of water appears to cause an increased
stark shift, related to interactions between the water and CN" within the double layer

region.
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6.2 Introduction

The effect of water on the reaction mechanisms involved in the metal-oxygen
battery has been of particular interest in recent years." Initial reports suggested water
has an extremely detrimental effect on the fundamental reaction mechanisms due to
the highly nucleophilic nature of the reaction intermediates, causing degradation of
the electrolytes and electrodes.” However, recent reports on the Li-O; battery have
suggested reaction mechanisms, where water can influence alternative reaction
pathways via a LiOH mechanism.*® The effect of water on the reaction mechanisms
involved in the Na-O cells has also been published,® suggesting water can promote a
catalytic reaction via a hydrated superoxide species to form a hydrated peroxide.’
There have also been reports that water has a detrimental effect on NaO,; however it
is believed the fundamental reaction products (NaO, and Na,O,) are more stable in
the presence of trace amounts of water than LiO, in the lithium system.

Understanding the fundamental electrochemical behaviour on an ideal
electrochemical surface when moving from a completely aqueous electrolyte to a
non-aqueous system may provide valuable insight into the reaction pathways and the
effects that water or organic solvents have on the intermediates and products

produced.
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6.3 Characterisation of the Au(111) surface

In order to assure the quality of the results, it is important to check the quality of
the single crystals used in this chapter. The crystal quality was checked by cyclic
voltammetry in 0.1 M H,SO, (Fig. 6.1).

At 0.4 V in the oxidation sweep (point 1, Fig. 6.1) lifting of the thermally
reconstructed surface occurs to form the (1x1) surface.® The broad hump (2) is
attributed to the adsorption of hydrogen and sulphate ions. The sulphate layer
reorders to form a commensurate (V3 x \7) layer at point 3 (sharp spike).® The shape
and intensity of this spike are related to the degree of crystallinity and the size of the
(111) terraces. ° The oxidation and reduction of the (111) terraces occurs at (5 + 6),

oxidation of step and defect sites occurs at slightly lower potentials (4).
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Figure 6.1 Cyclic voltammogram of 0.1 M H,SO, in H,O on Au(111), insert (top

left) zoomed in look at double layer region. Sweep rate 50 mV/s.
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6.4 Understanding the ORR in an aqueous electrolyte

A solution of 0.1 M NaClO4 in H,O was prepared with a pH of 9. This solution
was used as the baseline for all subsequent experiments. The pH was kept constant
for all experiments. Cyclic voltammetry was used to initially analyse the solution.
The results showed three oxidation peaks and three reduction peaks (Table 6.1 +
Fig. 6.2a). In the oxidation sweep, the first oxidation peak at -~0.3 V- 0.5 V is
associated with the adsorption of ClO4™ onto the Au(111) surface (Fig. 6.3a). This is
followed by the co-adsorption of a hydroxyl intermediate (OH’) (Fig 6.3b).% ° A
second oxidation band at ~1.0 V is due to the simultaneous desorption of perchlorate
ions from the electrode surface and the place exchange and oxide formation on
defect and step sites (Fig 6.3c). At potentials above 0.8 V up to 1.25 V complete
desorption of perchlorate ions occurs and oxidation of the OH" intermediate on

terrace sites takes place (Fig. 6.3d).2

Table 6.1 Peak position and assignment of cyclic voltammetry data from Fig. 6.3
and 6.4 (a) oxidation peaks (b) reduction peaks.

(a) Epal Epaz Epa3
Peak po;g;?_ln (V) vs. 0.49 0.99 1.27

(b) Ep* Ep® Ep”
Peak poFs)lé;oHn (V) vs. 0.84 0.45 0.34
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Figure 6.2 CV and Raman data for 0.1 M NaClO,4 in H,O (purged with Ar) on a
Au(111) half bead single crystal (a) Cyclic voltammogram (sweep rate 10 mV s™)
with integrated intensities of Raman peaks at corresponding oxidation potentials. (b)

In situ SHINSs spectra in the same electrolyte system. Potential measured vs. Pd/H.
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In situ Raman spectroscopy using shell isolated nanoparticles for enhanced
Raman spectroscopy (SHINERS) allowed the reaction intermediates and species to
be tracked on the Au(111) surface. The SHINERS spectra showed the adsorption of
perchlorate on the Au surface, at 0.4 V.** The perchlorate bands were accompanied
by a small band at 800 cm™, which is indicative of the OH" intermediate. The
integrated intensity of the OH band relative to potential, demonstrates the agreement

between Raman spectra and CV data (Fig 6.2a).
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Figure 6.3 (a) adsorption of ClO4, (b) adsorption of OH’, (c) simultaneous
desorption of CIO, and oxide formation at step and defect sites (d) oxidation on

terraces.
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A band centred at 550 cm™ grows as the potential is driven more positive, which
coincides with the disappearance of the band at 800 cm™. This implies the OH" is
being oxidised, with the band at 550 cm™ assigned to the Au-O peak.’? The Au-O
band grows in intensity and peak width, until being centred at <590 cm™ at 1.3 V.
The change in peak position is related to the position of oxidation; at lower
potentials the surface is oxidised at step and defect sites, which accounts for the
lower band position. The surface is then oxidised on the terrace sites at higher
potentials, accounting for the increase in intensity. This was also observed when
measuring the integrated intensity of the Raman bands, the peak intensity is
maximised in agreement with the voltammetry data. A decrease in intensity is
observed after the peak maximum at 1.3 V. This phenomenon is associated with the
formation of multiple layers of oxide on the electrode surface.

A third peak at 340 cm™ was observed (Fig 3.1), this was characterised as Au-O-
Au bending.'? It forms at potentials > 0.7 V vs. Pd/H. The Au-O-Au forms as a result
of the increased surface coverage of oxygen. The oxygen molecules are forced closer

to each other as surface sites are occupied creating a bending mode.

Table 6.2 Raman peak positions from Fig. 6.3b and 6.4b.

Au-O-Au
Assignment Au-O Au-OH
(bending)
Peak position (cm™) 353 543-580 800
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Figure 6.4 CV and Raman data for 0.1 M NaClO4 in H,O (purged with Ar) on a
Au(111) half bead single crystal (a) Cyclic voltammogram (sweep rate 10 mV s™)
with integrated intensities of Raman peaks at corresponding reduction potentials. (b)
In situ SHINS spectra in the same electrolyte sytem. Potential measured vs. Pd/H.
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The cyclic voltammetry for the reduction sweep, showed the presence of three

peaks (Table 6.1 + Fig. 6.4a). Initially a wide, shallow reduction peak ranging from

0.9 V to 0.55 V. A second, sharp intense band was present at 0.46 V, this peak had a

shoulder at 0.4 V. SHINERS was used to ascertain the origin of the species present

at the different potentials on the Au(111) surface.

(a)

®
©

(b)

(c)

Au

e © ©
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© Clo, © OH- ®©0

Figure 6.5 (a) Partial reduction of place exchanged O, (b) reduction of O and OH",

(c) complete reduction of O and adsorption of ClO,".

The SHINERS data showed that at potentials ranging from ~0.9 V until 0.55 V,

partial reduction of place exchanged surface oxide starts to reduce Au-O to the OH"

intermediate (Fig. 6.5a). At lower reduction potentials (0.55 V to 0.2 V) the

reduction of both oxide species starts to occur (Fig. 6.5b + ¢), this was observed in
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the Raman due to the decrease in intensity of oxide and OH band. The complete
desorption of OH, occurs at lower potentials than O, as can be observed in the
integrated intensity of the Raman band, relative to the voltammetry data (Fig. 6.4).
The adsorption of perchlorate ions (Fig. 6.5c), occurs as the oxide species are
reduced from the electrode surface. These peaks were previously assigned by Li et
al.® in Na,S0, electrolyte. Measuring the peak intensity of the in situ Raman data
showed that it correlated well with the CV data (Fig. 3.1a and 3.2a) and confirmed
the assumptions made.

6.5 The electrochemical response of moving from an aqueous to non-agqueous
electrolyte

In order to understand the different electrochemical effects moving from an
aqueous system to a non-aqueous system, solutions of 0.1 M NaClO4/H,O were
prepared with the addition of increasing concentrations of MeCN from 1 mM to 100
mM. The results were initially studied using cyclic voltammetry (Fig. 6.6 and Table
6.3).

The addition of MeCN to the electrolyte has an inhibiting effect on the
electrochemistry of the surface species (Fig. 6.6). In the oxidation sweep, a decrease
in the intensity of the band at 1.0 V is observed with increasing MeCN
concentrations. This band, without the presence of MeCN, was assigned to the
oxidation of the hydroxide intermediate and oxidation of step and defect sites. The
decrease in intensity of this peak would imply fewer step and defect sites are
available, and/or the formation of the hydroxide intermediate is inhibited on the
electrode surface, due to the presence of MeCN being strongly adsorbed at these

sites, !> 14
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Figure 6.6 CV data for 0.1 M NaClOy4 in H,O (purged with Ar) on Au(111) half
bead single crystal with increasing concentration of MeCN. Sweep rate 10 mV/s.

Table 6.3 Peak position and assignment of cyclic voltammetry data from Fig. 6.6.

Peak potential (V) vs. Pd/H

Epcl Ep02 EpC3 Epal EpaZ

1 mM 0.49 1.02 1.25 0.45 0.32

10 mM 0.53 1.0 1.28 0.44 0.33
100 mM 0.59 0.99 1.33 0.45 -
50:50 0.8 0.94 >1.38 0.30 -
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The peak at 1.25 V is associated with the oxidation of sites on Au(111) terraces.
At increasing MeCN concentrations, this band shifts to more positive potentials and
increases in intensity. The shift in potential is indicative of a delay in the onset of
oxidation. This suppression of the onset potential, due to the presence of MeCN
competing with the oxidation on the surface is demonstrated strongly with a 50:50
(MeCN: H0) ratio (Fig. 6.6).

A similar response is observed in the reduction sweep, the increased suppression
of the reduction peak at -~ 0.45 V with increasing MeCN concentration is an
indication that the adsorption of MeCN is competing with the oxidation and
reduction reactions taking place at the Au surface, inhibiting the adsorption of
hydroxide and oxygen, also slowing the reaction kinetics."> At equal concentrations
of MeCN and water, the reduction of oxygen and hydroxide on the surface is

severely inhibited.
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Figure 6.7 CV data for 0.1 M NaClO,4 in H,O (saturated with oxygen after

electrolyte purged with Ar, pH 9) on an Au(111) half bead single crystal with no

MeCN (black), 100 mM MeCN (green). Sweep rate 10 mV/s.
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In Fig. 6.6, all the CV’s were taken in electrolytes purged with argon; however
for experiments conducted in non-aqueous electrolytes, the electrolyte has to be
saturated with oxygen prior to analysis. Fig. 6.7 demonstrates the effect of purging
the electrolyte with oxygen in an aqueous system. In the oxidation sweep a similar
trend is observed, with and without the electrolyte having been purged with oxygen.
On the reduction sweep, the addition of oxygen has a pronounced effect on the
intensity of the reduction band at 0.9 V. The band at 0.9 V is associated with the
partial reduction of O to OH" on the electrode surface.® The excess oxygen appears to
promote this on the electrode surface. The increase in peak intensities with the
addition of MeCN is attributed to the potential in the oxidation sweep having been
driven to a more positive value.'®
6.6 Using SHINERS to understand the electrochemical response of moving from
an aqueous to non-aqueous electrolyte

The effect of increasing the MeCN concentration on the oxidation and reduction
reactions was further analysed using SHINERS on the Au(111) surface, the
SHINERs provided a large surface enhancement, allowing the products and
intermediates to be studied in situ. The Raman data (Fig. 6.8) showed that increasing
the concentration of MeCN increased the potential at which adsorption of hydroxide
ions takes place. Initial OH" adsorption occurred at 0.4 VV with 1 mM MeCN (Fig.
6.8a), compared to 0.6 V for 100 mM MeCN (Fig. 6.8c). This agrees with the CV

data showing that MeCN is inhibiting the reaction kinetics.

183



(a) Vau-0
Vau-0-Au
Vau-oH
1.4V
el e N 1.3V
= e TV
~ | — 0.9V
= e 0.8 V
g WWM 07V
3 W 0.6V
= 05V
R e T O FTLY
.-Wm 0.4V
W 0.3V
400 600 800 1000
Raman shift (cm™)
(b) Vau-0
5 - 15V
E 13V
Fa - 12V
2 11V
8 M 1.0V
£ 09V
WMN\.M o8V
e St e ] 0.7V
e o MWW 05V
T W o3V
e o
L) M L) v L) M L) M
400 600 800 1000

Raman shift (cm™)

p—
(e
S

Vau-0

Vau-oH
15V
13V
-‘\_’__,u"/\g 11V
st et 1_0 V

\WM 09V
M__Mm 06V
WW 0.5V
M 04V
400 600 800 1000
Raman shift (cm™)

Intensity (a.u.)

Figure 6.8 In situ SHINERS spectra for the oxidation sweep of 0.1 M NaClO, in
H,O (purged with Ar) on Au(111) half bead single crystal with (a) 1 mM, (b) 10
mM, (c) 100 mM MeCN. Potential measured vs. Pd/H.
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MeCN peaks were observed during oxidation in the Raman spectra, however it
would be useful to use a stronger MeCN raman mode (i.e. C=Ngetcn at 2258 cm™) to
conclusively detect MeCN on the electrode surface. It is likely that MeCN molecules
are adsorbed on the gold surface, blocking the gold surface sites from the absorption
of hydroxide ions and in turn the formation of Au-O. Therefore the higher the MeCN
concentration, the more molecules blocking the surface, and the greater the over
potential required to oxidise the surface.

The oxidation of 0.1 M NaClO4 with 1 mM MeCN does not correlate with the
rest of the results; a peak at 600 cm™ (Fig. 6.8a) is oxidised from the surface before
Au-O can form. The peak at ~600 cm™ is presently unassigned and is still present at
-0.2 V vs. Pd/H in the cathodic scan (Fig. 6.8 and 6.9), indicating it may not be an
oxidation product and more likely an impurity on the single crystal surface.

Further analysis is needed to understand this phenomenon. The reduction of
oxygen from the Au(111) surface, without the addition of MeCN occurs via partial
reduction of oxygen to form hydroxide on the surface (Fig. 6.5b). This does not
appear to be the case with the addition of MeCN. In the cathodic scan, no adsorbed
hydroxide is observed on the Au surface at any potential. A peak at 390 cm™ is
observed at ~0.4 V and becomes more predominant with increasing MeCN
concentrations (Fig. 6.9). The peak at 390 cm™ has been assigned to the C-CN
stretching mode of MeCN.!” The formation of the MeCN peak occurs at a similar
potential to the hydroxide peak, when no MeCN was present. This indicates
adsorbed MeCN inhibits the oxygen reduction reaction by blocking the formation of

the hydroxide intermediate on the Au(111) surface.
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The onset potential of gold oxide and adsorption of the hydroxide intermediate
was shown to vary with the concentration of MeCN in the electrolyte (Fig. 6.6).
When the concentration of MeCN was equivalent to that of water in the electrolyte
the surface was strongly inhibited. In situ SHINERS was conducted to identify what

was happening at the electrode surface (Fig. 6.10).
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Figure 6.10 Raman spectra of 0.1 M NaClO, in water/acetonitrile (50:50) on
Au(111) with SHINS. Potentials vs Ag/Ag™.

The OCP showed strong MeCN peaks (381 and 920 cm™) and a couple of
perchlorate bands (1004 and 850 cm™).2® In the reduction sweep, the presence of a
band at 1131 cm™ could possibly be attributed to the Na,0,.2H,0, in agreement with
Na,O, formed on the electrode surface at 710 cm™, a second band is present in the
spectra at 760 cm™, however this cannot be conclusively assigned to Na,O, due to a
perchlorate band forming in the same region. The possible peroxide peak is shifted
from its position in the standard spectrum (Fig. 6.10), this phenomenon was also
observed by Aldous and attributed to the formation of ion pairs with the salt.® The
presence of NaOH or Na,COs is not detected in the Raman spectra; however NaOH
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may be visible at higher wavenumbers.”> The MeCN appears to push the oxidation
potential of the gold surface to higher potentials as Au-O is not visible in the
potential range studied.
6.7 Understanding the ORR in an non-aqueous electrolyte

The electrochemical behaviour of NaClO,4 in non-aqueous media is significantly
different compared with the aqueous mechanism on Au(111). In non-aqueous
systems there have been multiple reports on the various products, formed via a
multitude of reaction mechanisms.”*® Fig. 6.11 displays the voltammetric response

of 0.1 M NaClO4 in MeCN (H,0 < 20 ppm).
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Figure 6.11 CV data for 0.1 M NaClO, in MeCN (saturated with oxygen after

electrolyte purged, H,O < 20 ppm) on Au(111) half bead single crystal. Sweep rate
10 mV/s.
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The reduction and oxidation sweeps both have two significant peaks (Fig. 6.11
and Table 6.4), Ep®* and Ep® in the reduction sweep. In the oxidation sweep, a
strong band (Ep™) is followed by a shallow broad band (Ep®). The first reduction
band has been assigned to the 1 e reduction of oxygen to superoxide on the Au
electrode surface (Eq. 6.1), followed by the spontaneous formation of NaO,, in the
presence of Na” ions on the electrode surface (Eq. 6.2). However the literature has
shown this can be solvent dependent and may be short lived in MeCN.*® The second
reduction band has been attributed to the second electron reduction to form Na,O,
(Eq. 6.3). In order to ascertain the exact nature of these species, spectroscopic

studies are required.

Oz(aasy + € = Ogaas) (Eq. 6.1)
Na* + O0j4asy — NaOyqs) (chemical) (Eq. 6.2)
2Na® + e + 03445 = Naz0; (Eq. 6.3)

In the oxidation sweep the oxidation peak Ep™ is likely related to the oxidation
of Na,;O, on the electrode surface, via adirect 2 e transfer. However this potential is
more indicative of NaO, or O, oxidation in the literature.”® Thus more work is

required to determine the species present in the oxidation sweep at Ep™ and Ep*.

Table 6.4 Peak positions from CV in Fig. 6.11.

Epcl Ep02 Epal EpaZ

Peak potential

(V) vs Na/Na* 2.29 2.17 2.61 3.24
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In situ SHINERS studies were conducted to help determine the intermediates and
products formed under potential control. For the basis of this chapter, only the
oxygen reduction reaction (ORR) has been studied spectroscopically (Fig. 6.12),
future work will be conducted to study the oxygen evolution reaction (OER). The in
situ SHINERS studies in the MeCN electrolyte, showed the growth of a number of
peaks with decreasing reduction potentials (Fig. 6.12). A small peak at 1157 cm™
from 2.54 V is observed, this can be assigned to the formation of NaO;, on the
electrode surface. At 2.54 V the formation of a Na,O, is also observed on the
electrode surface (715 cm™). Aldous et al.® observed a similar phenomenon on a
rough gold surface. They reported the presence of a second peak associated with
Na,O, at 760 cm™. A similar peak is observed in Fig. 6.12; likewise a band is
present in the OCP related to perchlorate, therefore it cannot be conclusively
assigned. The band at 715 cm™ could also be attributed to the presence of Na,COs,
as the standard has a peak at 699 cm™ (Fig. 6.14); a very strong peak would be
expected to accompany this band at 1070 cm™ if this was the case. A small band is
present, which could imply an amorphous layer of Na,COs. The growth of peroxide
or carbonate is observed to increase, whilst the decrease in superoxide is also
observed. Another band on the shoulder of the peak at 1010 cm™ is apparent with
decreasing reduction potentials. This is related to the interaction of sodium peroxide
and the perchlorate ions.'® 2’ The Raman spectra have showed that NaOy is observed
on the electrode surface; however peroxide appears to be the main reduction product

in the acetonitrile electrolyte.
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Figure 6.12 In situ SHINs spectra for the reduction sweep of 0.1 M NaClO, in
MeCN (saturated with O,, H,O < 20 ppm) on an Au(111) half bead single crystal.

(200 — 1200 cm™ wavenumbers). Potential measured vs. Na/Na®.

At 1130 cm™ a Raman band grows with increasing reduction potential, this band

is also apparent in the OCP at a slightly lower potential. The presence of a band at

1136 cm™ in the literature has been attributed to the presence of Na,0,.2H,0, formed

as a result of water in the electrolyte. The peak at 1130 cm™ may be due to the

formation of the di-hydrated species, due to trace water in the electrolyte. The peak

may also be related to perchlorate on the electrode surface, again further studies are

required to conclusively assign this band.
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Figure 6.13 CV data for 0.1 M NaClO, in MeCN (saturated with oxygen after
electrolyte purged on Au(111) half bead single crystal, with increasing H,O
concentrations. Sweep rate 10 mV/s.

Initial studies have been conducted to understand the effect of adding controlled
amounts of water into the non-aqueous electrolyte and the impact on the reaction
mechanism taking place (Fig. 6.13). The CV data shows a decrease in the onset of
reduction with increasing water concentration. This indicates that water is inhibiting
the adsorption at the electrode surface. The intensity of the first reduction band
increases with 64 ppm of water, followed by small second reduction band at 1.7 V.
The size of the first reduction band decreases with further increase in water
concentration. This band was originally assigned to Na,O, without the presence of
water in the electrolyte; the addition of water may be causing the formation of the
hydrated peroxy species, or hydroxide species. In order to understand the processes

taking place at the surface, SHINERS studies have been undertaken.
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Initial SHINERS studies with the addition of 120 ppm water into the electrolyte
could not provide conclusive evidence of reaction products and intermediates (Fig.
6.14). However the presence of Na,CO; could possibly be detected at 1070 cm™ and
712 cm™, this could be associated with the decomposition of the electrolyte, which
will be discussed later. The presence of Na,0,.2H,0 (1130 cm™) and NaOH may
also be present at lower reduction potentials, which would agree with the reaction
mechanism proposed by Medrano et al. (Eq. 6.4 and 6.5).%
2Na0, + 2H,0 — Na,0,.2H,0 + 0, (Eq. 6.4)

Na,0,.2H,0 - H,0, + 2NaOH (Eq. 6.5)
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Figure 6.14 In situ SHINs spectra for the reduction sweep of 0.1 M NaClO, in
MeCN (saturated with O, H,O —~ 120 ppm) on an Au(111) half bead single crystal.

Lower wavenumbers (200 — 1200 cm™). Potentials vs. Na/Na*.
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6.8 Solvent decomposition on the Au(111) surface

The Au(111) surface promotes the catalytic decomposition of MeCN, this agrees
with reports on other precious metal surfaces.”® ® The presence of the CN” on the
electrode surface is indicative of MeCN decomposition (Fig. 6.15). The CN" band
has a broad peak at 2130 cm™. The shape of this band is asymmetric in nature at
lower potentials, this is indicative of two overlapping bands associated with the
coordination of the cyanide ions with Na* at lower wavenumbers and MeCN at
higher wavenumbers. A substantial increase in intensity of the band at 2130 cm™ is
observed at more negative potentials, with the band becoming centred at 2125 cm™.
The increase in intensity is associated with the cyanide sodium interaction, this
becomes more prevalent at lower potentials as Na* are attracted to the electrode

surface,® when Na,O, and NaO, are formed at the electrode surface.
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Figure 6.15 In situ SHINs spectra for the reduction sweep of 0.1 M NaClO, in
MeCN (saturated with O, H,O < 20 ppm) on an Au(111) half bead single crystal.
Higher wavenumbers (2000 — 2400 cm™).Potentials vs. Na/Na®.
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The addition of water into the electrolyte has a pronounced effect on the shift
observed in the cyanide band on the electrode surface associated with the
decomposition of MeCN (Fig 6.16). A slight shift is observed with trace amounts of
water (Fig. 6.15), this is related to a potential induced stark shift.* ** Electron
donation occurs from the Au surface to the cyano group, decreasing the strength of
the CN triple bond, thus reducing the frequency of the vibrational mode.*

The addition of water has been reported to increase the presence of water in the
double layer region at the electrode surface. This has been shown to inhibit the onset
of cyanide adsorption on the surface to lower reduction potentials. It is hypothesised
that the water interacts with the sodium species produced, either producing
Na,0,.2H,0 or NaOH. These species would restrict electron transfer from the cyano
ion to the sodium species. Therefore the C-N bond is associated with Au surface

accounting for the stark shift (43 cm™).3!
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Figure 6.16 In situ SHINs spectra for the reduction sweep of 0.1 M NaClO, in

MeCN (saturated with O, H,O ~120 ppm) on an Au(111) half bead single crystal.
Higher wavenumbers (2000 — 2400 cm™).
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6.9 Conclusions and future work

Overall this chapter has started to assess the changing reaction mechanism
moving from an aqueous electrolyte to a non-aqueous electrolyte. In a aqueous
system SHINERS has been able track the presence of the hydroxide intermediate in
the oxidation and reduction reaction mechanisms on an Au(111) electrode. The
addition of acetonitrile into the aqueous system had a passivating effect on the
reaction mechanism, inhibiting the onset of oxidation and competing with the partial
reduction via the hydroxide intermediate.

In the non-agqueous system, voltammetry and SHINERS studies identified
sodium peroxide as the main reduction product, with small amounts of NaO, also
being detected.

The addition of water to the non-aqueous electrolyte showed the possibility of
NaOH and Na;0,.2H,0 being formed on the electrode surface. These results
represent an initial investigation of single crystals and SHINERS, more work is
required to fully understand the complete reaction mechanism with the addition of
water. SHINERS of Au(111), in a completely dry electrolyte and the addition of
larger volumes of water (500 ppm, 1000 ppm) would provide valuable insight into
the processes taking place. A wider spectral range is also required to detect the
presence of any sodium hydroxide species —~ 3000-3500 cm™.

The decomposition of the solvent was also detected on the Au(111) surface by
the formation of the cyanide ion. A large stark shift was observed with the addition
of water into the electrolyte,® which indicates water is interacting or inhibiting the

cyanide at the electrode surface.
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Chapter 7

Electrochemical Behaviour of Na, Li and TBA on

Different Platinum Single Crystal Facets

7.1 Abstract

The results presented in this chapter report the preparation of different single
crystal platinum facets (111, 110 and 100) for use in studying the electrochemistry of
dioxygen in non-aqueous electrolytes. Specifically the fundamental reaction
mechanisms involved in sodium-oxygen and lithium oxygen cells. A study on the
electrochemical behaviour of different single crystal facets via cyclic voltammetry,
demonstrated the (110) and (111) platinum facets promoted the production of sub-
monolayers of Na,O, and multilayers of NaO; as the main reduction products. The
(111) and (110) facets also promoted the 1 e” oxidation of the surface Na,O,. The
addition of a supporting salt also showed an inhibiting effect on the reaction
mechanism taking place. Investigation of a Na vs. Li system implied that each cation
promoted a different electrochemical pathway, with possible 1le” oxidation of Na,O,
to NaO, on specific crystal planes, however a direct 2 e” oxidation was observed with
Li. The lithium reaction pathway also appears to be less dependent on the surface

orientation, likely due to a build-up of Li,O, on the electrode surface.
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7.2 Introduction

The development of metal-oxygen batteries has been of particular interest due to
their extremely high theoretical energy densities.® However, the reaction
mechanisms are particularly complex due to the highly nucleophilic and sensitive
reaction intermediates.> * The Li-oxygen* and Na-oxygen batteries have lots of
problems preventing their development. In order to aid in the successful
development, understanding what is happening at the electrode interphase is vital.

Single crystals are particularly useful for studying fundamental reaction
mechanisms at the interphase. The ideal and controlled nature of using single crystal
surfaces can provide information relating to adsorption properties® such as
adsorption sites®, chemisorption, physisorption, as well as surface coverages.® Single
crystals have predominantly been used for aqueous studies, due to the complex
nature of preparing clean, ordered single crystal facets.” There have only been a few
non-aqueous single crystal studies, especially in relation to metal-air batteries, and
they have been carried out on relatively unreactive gold surfaces.?

Studying the fundamental reaction mechanisms and the different behaviour
observed between surface facets on platinum, may aid in the understanding and
development of the metal-oxygen batteries and could identify any catalytic
properties associated with the Pt surface.

7.3 Preparation of the platinum single crystal facets

In order to assure the quality of the results, it is important to check the quality of
the single crystals used in this chapter. The crystallinity of the different platinum
facets was checked by cyclic voltammetry in 0.1 M H,SO, (see introduction, Fig.

1.14)."
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7.4 Behaviour of NaClO, on different platinum single crystal facets

The electrochemical behaviour of 0.1 M NaClO4in DMSO on polycrystalline Pt
and the (111), (100) and (110) single crystal facets of platinum were investigated
using cyclic voltammetry (Fig. 7.1). Polycrystalline platinum (Fig 7.1) exhibits a
reduction peak at 2.38 V, accompanied by a second peak / broad shoulder with a
maximum at 2.18 V. In the oxidation sweep, a single broad peak is observed at 2.55
V with a very small shoulder at 2.37 V preceding the peak at 2.55 V.

The Pt(111) and (110) surfaces display substantially different electrochemistry
(Fig. 7.1). Two peaks are observed in the reduction sweep on both (111) and (110)
facets, a band at ~2.46 V followed by a second more intense band at ~2.28 V. In the
oxidation sweep a sharp, intense band at 2.42 V (111) and 2.45 V (110) is observed.
This peak occurs at the same potential as the shoulder on the polycrystalline
electrode. A second broader oxidation peak at 2.62 V for both the (110) and (111)
facets follows the bands at 2.4 V.

The (100) surface displays a very broad reduction peak ~2.29 V (Fig 7.1), likely
a result of two reduction processes overlapping. The oxidation behaviour displays a
single oxidation peak at 2.62 V, a small shoulder may be present prior to the band at
2.62 V, however the intensity is negligible.

The overpotential for the onset of the first reduction process varies between the
facets, Pt(110) has the largest overpotential, with Pt(poly) the smallest (overpotential
trend, 110 > 111 > 100 > poly) (Fig. 7.1b). Likewise, the magnitude of the second
reduction peak follows the reverse trend (poly > 100 > 111 > 110). This suggests the
first reduction process is likely promoted on terrace sites, whereas the second

process is promoted by step and defect sites.
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The sharp bands in the oxidation scans are only prominent on the (111) and (110)
crystal facets, implying the surface is having a contributing effect on the reaction
mechanism taking place. It can be noted that there appears to be a direct relationship
between the first and second oxidation band on the different facets. This may imply
that the first oxidation process is a precursor to the second, with the first process

being more prominent on the (110) and least on the (100).

Table 7.1 Oxidation and reduction peak positions from cyclic voltammetry data 0.1
M NaClO,4 in DMSO from Fig. 7.1.

Ep® (a) Ep® (b) Ep™ (c) Ep® (d)
Pt(111) 247V 228V 242V 2,65V
Pt(110) 2.46 228V 2,45V 2,62V
Pt(100) 2.29'V (broad) 243V 262V
Pt(poly) 238V 218V 237V 2,55V
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Figure 7.1 (a) CV’s of 0.1 M NaClO4 in DMSO (no TBA, saturated with O) on
different platinum single crystal facets and polycrystalline platinum, Pt(poly),
Pt(111), Pt(110), Pt(100). (b) Magnification of the reduction curve, demonstrating
surface structure affects the overpotential for the onset of reduction. Sweep rate 50
mV/s. (NB. Oscillation in CVs a result of the flow of argon over cell causing small
vibrations).
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The electrochemistry of NaClO, on the platinum single crystals has shown
significant variation between the different facets, especially the (100) compared with
the (110) and (111) facets. These differences are likely a result of the interaction of
oxygen with the facet surface, as oxygen is an integral part of the reduction and
oxidation reactions taking place, as described later in the chapter.

It has been shown that under ultra-high vacuum (UHV) conditions (at 80 K) that
the Pt(111) and (110) facets exhibit sticking probabilities between 0.6 - 0.5,
compared to ~ 0.1 for the (100) plane.® Further studies at 300K in UHV measuring
the rate of O, adsorption showed the (100) facet to be considerably slower (6 x 107
cm™? s™) than on the (111) and (110) facets (0.14 and 0.23 cm™ s™) respectfully.®
Furthermore, the Pt(100) surface at 80 K gave rise to, a surface coverage of ~1.5-2 x
10" molecules of O,/cm®.® This is about a quarter of the coverage observed on (111)
and (110) under the same conditions, (6-7 x 10** molecules of O/cm?. These values
all represent O, not O, but a similar trend has been assumed in relation to surface
activity for the superoxide species.’® These values suggest that the superoxide
species have a much greater surface coverage and sticking probability on the (110)
and (111) facets compared with the (100). This interpretation could afford an
intrinsic reason for the voltammetric differences observed in the present study,

which will be discussed later in the chapter.
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Figure 7.2 CV’s of 0.1 M NaClO4 in DMSO (no TBA, saturated with O) on Pt(111)

driven to different potentials. Sweep rate 50 mV/s.

In order to elucidate the reaction mechanism taking place on Pt(111) in 0.1 M
NaClO, / DMSO, the system was swept to increasing reduction potentials, and
oxidised to track the resulting electrochemical responses (Fig 7.2). The voltammetry
data indicated the initial reduction peak (Ep™) relates to the oxidation peak (Ep®),
i.e. peaks Ep™ and Ep* are a redox couple. At potentials below 2.4 V (second
reduction peak (Ep®), the presence of the oxidation peak at 2.42 \V was observed
(Ep™). This grew with increasing reduction potentials, which implied Ep®® and Ep™
are also a redox couple. This result diverged from results published by Peng et at.'!
on a gold electrode, who demonstrated (Ep®') was related to (Ep*), and (Ep®?) was
associated with (Ep®).

The work by Peng et al."* and Fig. 7.3 suggested that changing the metal surface
from gold to platinum influences the reaction mechanism taking place. The Pt(100)

surface was produced via cooling in CO, therefore Pt(100) has a 1x1 surface
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structure. However, the Au(100) surface has a hex reconstructed surface, after
applying a potential this structure will be lifted resulting in a large increase in defect
sites. The presence of defects likely catalyse the second redox feature over the first,

resulting a larger second reduction peak.
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— Pt(100)
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Figure 7.3 CV’s of 0.1 M NaClO, in DMSO (saturated with O;) on Au(100)
(green), Pt(100) (blue). Sweep rate 50 mV/s.

The reaction mechanism taking place in the sodium-oxygen system has not been
clearly identified in the literature with a variety of mechanisms being suggested.*?*®
Thermodynamically both NaO, and Na,O, are viable reduction products, with Na,O,
the slightly more stable discharge product with a free energy change (AG) of -449.7
kJ mol™ compared to -437.5 kJ mol™ for the superoxide species.’” However, it has
been commonly suggested that NaO, is the predominant reduction species,® ** 18 19
Studies have also demonstrated the Na,O, is a possible product, but the species is

usually formed in a hydrated state.'*** %
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On all of the Pt surfaces, because of their high affinity for oxygen, we conclude
that oxygen is first physisorbed into a precursor state onto the electrode surface (EqQ.
7.1). It then follows that the initial reduction band at ~2.47 V should be assigned to
the 1 e reduction of oxygen to form a superoxide species (O, — Oy) on the
electrode surface (Eq. 7.2). This is consistent both with surface science and
electrochemical studies of molecular adsorption of oxygen on platinum.® The
superoxide ion would then undergo a spontaneous chemical reaction in the presence
of Na" to form NaO; (Eq. 7.2).

O2(s01) = O2(ads) (Eq. 7.1)

o _ (vah)
0; +e” = Oyaas) 2= 03 = NaOyaas) (Eq. 7.2)

The identification of the second reduction peak around 2.28 V cannot be
conclusively assigned from the voltammetry data alone. It was suggested by Peng et
al that the direct reduction of surface adsorbed O, to NaO,"" on an Au surface (Eq.
7.3) was occurring. Alternatively, it is hypothesised that adsorbed NaOa(gs)
undergoes second electron reduction or disproportionation of NaOz(,gs) to Na,O, (Eq.
7.4 or 7.5) on platinum. The coadsorption of superoxide on the electrode surface

with sodium allows the peroxide to form.

0,+e” + Na* - NaO, (Eq. 7.3)
NaO, + e~ + Na* - Na,0, (2" electron transfer) (Eq. 7.4)
2Na0O, - Na,0, +0, (Eq. 7.5)

It has previously been shown that the (100) facet has a lower sticking probability
and surface coverage of oxygen, the activity of the (100) facet has also been shown
to be less active in aqueous media for the oxygen reduction reaction by Attard et al.**
This could account for less O, and proportionally less NaO, on the surface. The

presence of less NaO, may result in the formation of smaller NaO, islands on the
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electrode surface. Comparatively on the Pt(111) and Pt(110) facets, greater coverage
of NaO; may influence growth of larger NaO, islands due to more nucleation sites.
This may promote more peroxide growth on these facets relative to the (100) and
polycrystalline surfaces. The size of the NaO, structure affects the thermodynamic
stability of NaO, Growth of structures larger than 10 nm are consequently
thermodynamically less stable than Na,O, formation ? The possible thermodynamic
preference for peroxide formation may account for the second electron reduction of
NaO, to Na,O, at the edge of the NaO; islands. This reaction has been reported to be
sluggish®®; therefore, the Pt surface may have a catalytic effect on the reaction
mechanism.

The oxidation mechanism for NaClO4 in DMSO is quite complicated and not
fully understood. A substantial change in the voltammetry between the different
facets implies a reaction mechanism that is surface and facet dependent. A
preliminary explanation has been provided but without further spectroscopic data,
the mechanism can only be theorised.

The initial sharp oxidation peak has been assigned to the 1 e oxidation of
adsorbed Na,O, to NaO, (Eq. 7.6). The presence of this peak is dependent on the
Na* concentration in the electrolyte. At low concentrations only small amounts of
Na,O; are oxidised from the surface as determined from the surface coverage (0) of
the peroxide species on the (111) facet (Table 7.2). At higher Na* concentrations the
surface coverage of Na,O; increases substantially, 0.02 for 1 mM to 0.41 for 100
mM, also observed visibly in the peak intensities from the voltammetry data (Fig.
7.4a).

Na,0, » NaO, + Nat + e~ (Eq. 7.6)
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The voltammetry data strongly implies that the peroxide is a surface adsorbed
species, as it is directly related to the amount of adsorbed NaO; on the surface. At
low concentrations the size of the 1% oxidation peak is considerably smaller in
relation to the 2" oxidation peak. The difference in peak size decreases with
increasing concentration, which is also displayed in the surface coverage of the
different species (Table 7.2 and Fig 7.4), implying that surface NaO, on the
electrode surface is converted into peroxide on the surface. This phenomenon holds
true for low concentrations, where only small amounts of surface NaO; is formed,
limited by Na being consumed by O, promoting predominantly free superoxide that

is oxidised at Ep®.

Table 7.2 Charge and surface coverage of oxidation species from cyclic
voltammetry data of different NaClO, concentrations in DMSO, calculated for the
Pt(111) facet.

Epal EpaZ
NaClO, concentration Q (nCl/em?) 0 Q (nC/cm?) 0
100 mM 98.80 0.41 508 2.17
50 mM 43.80 0.18 374 1.56
10 mM 23.94 0.10 552 2.3
1 mM 4.80 0.02 824 3.4

However, at higher Na* concentrations the formation of NaO is not limited by
the availability of Na® cations. Thus, more surface NaO, will be formed,;

subsequently more peroxide will be formed and therefore less free superoxide. This
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is demonstrated in the charge of Ep* (Table 7.2) where the oxidation of O, and
NaO, overlap (Eq. 7.7 and 7.8). Either O, or NaO; is the dominant species
depending on the concentration of Na, i.e. at low concentration O, is preferred,
whereas at higher concentrations NaO; is preferred.

05 >0, +e" (Eq. 7.7)

NaO, -» 0, + e~ + Na* (Eq. 7.8)
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Figure 7.4 CV’s of different NaClO, concentrations in DMSO (saturated with O,)
on (a) Pt(111), (b) Pt(110), (c) Pt(100). Sweep rate 50 mV/s.
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A similar trend is observed between the different platinum facets, the (111) and
(110) facets displayed the greatest affinity for peroxide formation, which was
observed throughout the concentration studies relative to the (100) surface (Fig. 7.4).
This was further demonstrated by the surface coverages of 0.1 M NaClO4 in DMSO
of the Ep*! peak, with sub monolayer coverages of 0.78, 0.41 and 0.05 for (110),

(111) and (100) respectfully.
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Figure 7.5 (a) CV’s of 0.1 M NaClO,4 in DMSO (saturated with O,) on Pt(111) 10

cycles, (b) CV showing 1% and 10" cycle. Sweep rate 50 mV/s.
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In order to assess the reversibility of the reaction mechanism, the reaction was
cycled on the Pt(111) surface (Fig. 7.5a). This demonstrated that the reaction
mechanism was reasonably reversible in the DMSO electrolyte with minimal
reduction in peak intensities after the 1 cycle, once the protective bromide layer was

stripped (Fig. 7.5b). The work presented by Peng et al.*!

indicated that sulphoxide
adsorption may also be occurring in conjunction with Na products. This may be
having an influence on the mechanism and further work is required to understand
this.
7.5 Effect of the tetrabutylammonium cation on the reaction mechanism on
different Pt single crystal facets without sodium

The addition of a supporting salt (TBACIO,4) without the presence NaClO,4 has a
strong inhibiting effect on the reversibility of the superoxide redox couple on the
different platinum surface facets. The CV’s of 0.1 TBACIO4 in DMSO (Fig. 7.6)
showed a partial reduction peak, followed by a sharp tail. The intensity of the
reduction peak was most pronounced on the (100) facet compared to the (110) and
(111) facets, which display similar intensities and peak shapes to each other. A
negative shift in the onset potential of reduction of O, to O,” on the (100) facet
relative to the other facets was observed, this trend also occurred on (100) without
the presence of TBA. The delay in reduction on the Pt(100) facet implies that the 1 e’

1.3 observed a shift in

reduction of O, to Oy is inhibited by the surface. Attard et a
onset potential of oxide formation in aqueous perchloric acid between the (110),
(111) and the (100) facets.”® This delay was attributed to the adsorption of
perchlorate ions on the electrode surface. On the (111) and (110) facets, perchlorate

is specifically adsorbed, however on the (100) surface perchlorate is non-specifically
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adsorbed.? Thus it is possible the perchlorate is having a similar effect in the non —

aqueous media.
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Figure 7.6 CV’s of 0.1 M TBACIO, in DMSO (no Na®, saturated with Oy) on

different Pt single crystal facets. Sweep rate 50 mV/s.

Each platinum facet undergoes an initial reduction band accompanied by a
catalytic tail, these tails increase in intensity in the reduction regions that were
measured. This result signifies that the surface is not being passivated as the current
continues to increase; alternatively, continuous production of O, is occurring.
Unlike the superoxide being reduced directly on the electrode surface (O2(ags)) as in
the initial reduction band, the TBA is stabilising the produced O, in solution, via the
hard soft acid base theory as mentioned in chapter 4.%% The O, is then continually
solvated into solution due to the highly solubilising nature of DMSO (Gutmann
donor number 29.8*"). The TBA" has been reported to have a blocking effect on the
surface for the adsorption of oxygen. Aldous®® and Deng® showed that the TBA is

adsorbed onto the electrode surface, with the orientation potential dependent (Fig.
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7.7). The TBA group re-orientates with decreasing potential, at lower potentials, the
nitrogen group is held closely to the surface through 1 alkyl chain®. This leads to the
availability of surface sites for oxygen adsorption being reduced.

The oxidation sweep on each of the Pt facets shows a single oxidation band,
associated with the 1 e oxidation of the O, to O,. The oxidation band on Pt(100) is
less intense as the surface was reduced to a less negative potential. However, this
indicates that on oxidation the solution species are oxidised at the surface, as O, is

removed, O, in solution can migrate to the electrode surface.

@ Butyl group (C,H,) @ Nitrogen

Increasing reduction potential

)

© e | o o
| u}"., /u J\‘J+

O~
/ \_" c 0? + |
© e o’ c u/ \u o

Figure 7.7 Schematic of the potential dependent rearrangement of TBA cation on

the electrode. Recreated from Aldous.?
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7.6 Effect of the tetrabutylammonium cation on the reaction mechanism on
different Pt single crystal facets with sodium

The addition of 0.05 mM NaClO,4 into 0.1 M TBACIO,/DMSO electrolyte had a
different electrochemical response (Fig 7.8), in comparison to an electrolyte without
the presence of TBA®. In the preceding section TBA® was shown to have an
inhibiting effect on the adsorption of the oxidation species on the electrode surface,
instead promoting solvation of the oxygen species upon reduction. An inhibiting
effect is also observed with the addition of NaClO, into the electrolyte (Fig. 7.8).
The sharp oxidation band at —~ 2.45 V is substantially less intense with the presence
of TBA" in the electrolyte. This phenomenon is likely a result of the TBA™ inhibiting
the formation of peroxide on the electrode surface, a reduction in the intensity of the
second reduction band on all of the facets relative to the CV without TBA" provides
further evidence of this. A likely explanation for the reduced coverage of Na,O, on
the electrode surface is the TBA cation supports the O, in solution and therefore
NaO; in solution. This promotes the second electron transfer or disproportionation to
happen and be solubilised into solution. A further indication of Na,O, being
solubilised is the prevention of surface passivation, which occurs without TBA™. The
reduction current does not reach zero, which implies the surface is still active at
these reduction potentials; this is not the case without TBA" where the current

becomes negligible in the reduction sweep.
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Figure 7.8 CV’s of 50mM NaClO,4 in 0.1 M TBACIO,4 in DMSO (saturated with O,)
on different Pt single crystal facets. Sweep rate 50 mV/s.

The potential window opening of 0.1 M NaClO,4 in 0.1 M TBACIO4/DMSO
demonstrated the relationship between reduction and oxidation peaks (Fig. 7.9). A
similar trend was observed with the addition of the TBA salt to the same system
without the supporting salt. On Pt(111) peaks Ep® and Ep* are related redox
processes. Peak Ep® and Ep*! are also related, however with decreasing potential a
third oxidation peak (Ep®) grows in intensity. This third peak is not observed
without the addition of the supporting salt. Ep* is attributed to the oxidation of
Na,O, in solution,** this coincides with the reduction in intensity of the initial
oxidation band (Ep*), assigned to the le” oxidation of Na,O,, which has inhibited
the presence of TBA™ on the electrode surface; thus promoting the formation of the

solution species.
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Figure 7.9 CV’s of 0.1 M NaClO,4 in 0.1 M TBACIO, in DMSO (saturated with O,)
on Pt(111) driven to different potentials. Sweep rate 50 mV/s.

Fig. 7.10 shows cycling of the electrolyte system with the presence of TBA" has
reasonable reversibility after the first couple of cycles, once the bromide has been
stripped from the surface. A similar trend was observed without the presence of
TBA", with no build-up of peroxide on the electrode surface. The limited reduction
in intensity of the all the peaks implied that minimal amounts of side reactions were
occurring, i.e. minimal carbonates or other degradation species which are notoriously

difficult to oxidise within this potential window.
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cycled 10 times, (b) 1% and 10" cycle. Sweep rate 50 mV/s.
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7.7 Concentration effects on the reaction mechanisms in the presence of
TBA" and Na" cations

The reaction mechanism in the presence of both Na* and TBA® in DMSO
appears to be concentration dependent. In electrolytes without any Na* present, the
TBA™ has an inhibiting effect on the electrode surface as it competes with O, for
adsorption sites. Thus forcing O, to be produced in solution via an outer sphere
electron transfer mechanism (see experimental).*! The TBA" also acts to stabilise the
O in solution, as mentioned previously. The addition of 1 mM NaClO, sees a large
increase in current response on all of the facets in both the oxidation and reduction
scans (Fig. 7.11a). This increase in current response, implies that small amounts of
sodium ions catalyse superoxide formation in solution. This could be the result of
Na* co-adsorbing with the superoxide in a preferential orientation on the electrode
surface, creating more available surface sites for adsorption. A catalytic tail is still
observed with addition of 1 mM NaClO,. The presence of this catalytic tail implies
that free O is still being produced and solubilised into solution in the presence of
TBA" on the electrode surface. The presence of free O, is likely a result of all the
Na* being consumed in the reduction reaction.

Upon a further increase in Na* concentration (Fig. 7.11b+c), the NaO, competes
with the TBA" on the electrode surface, with free O, being spontaneously driven to
NaO,. The 1% oxidation peak at —2.45 V is seen to increase in intensity with
increasing Na® concentration, as more peroxide is formed and oxidised off the
electrode surface. However, the presence of TBA" is still inhibiting the electrode
surface, producing peroxide in solution which is oxidised at potentials -~2.9 V, after

the second oxidation peak.
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The addition of TBA" as a supporting salt to the NaCIO,/DMSO has a substantial
inhibiting effect on the reaction compared to the same reaction without the addition
of the supporting salt. The reaction mechanism has been theorised to change from
Na,O, being produced on the electrode surface and predominantly oxidised viaa 1 e
transfer to NaO, without the presence of TBA®. Instead, in the presence of TBA,
surface based NayO, is inhibited, therefore solubilised peroxide is produced. This
was demonstrated by a comparison of the surface coverage of peroxide on the
Pt(111) showing a significant decrease without TBA" 0.41 of a monolayer relative to
0.07 with TBA" in the electrolyte. It being implied the peroxide is being formed in
solution, then likely oxidised via direct oxidation to Na and O, at a more positive

oxidation potential.
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Figure 7.11 CV’s of different NaClO4 concentrations in 0.1 M TBACIO, / DMSO
(saturated with Oy) on (a) Pt(111), (b) Pt(110), (c) Pt(100). Sweep rate 50 mV/s.
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7.8 Comparing the behaviour of LiClIO, and NaClO, on different platinum
single crystal facets

A notable change in the electrochemistry is observed when sodium cations were
swapped for lithium (Fig 7.12a). A single broad reduction peak was observed in the
reduction sweep with lithium, this may be the overlapping of two electrochemical
processes. Initially the reduction of O, to O, (Eq. 7.8), followed by O, to Li,O; in

the presence of Li* (EqQ.7.9). Bruce et al *

suggested a spontaneous reaction to form
LiO, on Au does not occur due to the highly solvating nature of DMSO or if it does
the lifetime of the LiO, is too short to be detected, therefore on platinum it is
predicted O, is also formed in solution where it can undergo disproportionation to
form Li,O; (Eqg. 7.9), which precipitates onto the electrode surface. This behaviour
varies in sodium, where 2 reduction peaks are observed (Fig 7.12a), linked with the
formation of surface NaO, and Na,O,. The window opening with Li on Pt(111) (Fig.
7.12b) demonstrates the reduction band with decreasing potential Ep®* is converted

into Ep®?, which oxidise at Ep** and Ep*, in agreement with O, being reduced to

Li,O, in the presence of Li".
(Ep*) 0, +e™ = 05 (Eq.7.8)

(Ep®) O3taas) + 2Li* + 2e™ > Li, 0, (Eq.7.9)
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DMSO (no TBA, saturated with O;) on Pt (111). Sweep to different potentials to
determine peak relationships. Sweep rate 50 mV/s.
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The oxidation sweeps with Na and Li cations are significantly different. Sodium
has two oxidation peaks which have been assigned earlier to the 1 e oxidation of
Na,O to NaO,, proceeded by the oxidation of NaO, and O, depending on Na*
concentration. However, the presence of multiple oxidation peaks are detected with
Li*, a broad peak at —3.25, which appears to have a couple of overlapping peaks,
followed by another peak at 4.0 V or 4.1 V depending on Li* concentration (Fig.
7.12a + b). The potential window opening shows that Ep* is related to Ep®* but as
the potential is reduced, the intensity of Ep* decreases as it is transformed into Ep*,
strongly implying O, to Oy is the initial step in the reaction mechanism. The
overlapping oxidation bands around 3.25 V and 3.45 V are attributed to the oxidation
of Li,O,. unlike sodium where a 1 e oxidation of the peroxide species occurs, a
direct 2 e oxidation of peroxide to Li* and oxygen is hypothesised in agreement with
other results.®* ** The appearance of a couple of peaks in this region could imply that
oxidation of LiO, may also be occurring, and could be a result of LiO, being formed
on the electrode surface,** however this is debatable, so more work is required to
understand the oxidation processes.

The oxidation peak Ep* which occurs at 4.1 V is likely the result of the oxidation
of a decomposition product.®® This peak is observed when superoxide is observed

and grows in intensity, with increasing reduction potentials.
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Figure 7.13 CV’s of 0.1 M LiCIO4 in DMSO (no TBA, saturated with O,) on

different Pt single crystal facets. Sweep rate 50 mV/s.

A comparison of the different platinum facets with 0.1 M LiCIO4 in DMSO did
not show a similar trend to that associated with sodium (Fig. 7.13). The onset of
reduction was still slightly shifted to a more negative potential with the (100) facet
relative to the other facets. However, the (110) surface displayed a different
electrochemical response to the other two facets. The (110) facets had a more intense
reduction band, probably related to the greater surface coverage associated with this
facet. It could prevent less bulk O,  being formed and inhibit the disproportionation
to Li,O,. In the oxidation sweep the (110) has a more intense oxidation band
associated with either free superoxide or oxidation of surface bound lithium

superoxide.

228



7.9 Conclusions and future work

Overall this chapter has demonstrated the successful preparation of the (110),
(100) and (111) low index platinum single crystal facets, for use in non-aqueous
studies. Initial studies showed that without the addition of a supporting salt it is
probable that the oxidation of sodium peroxide produced in the reduction sweep, is
promoted via 1 e oxidation on the (111) and (110) facets. This phenomenon is not as
pronounced on the (100) facet, likely related to the limited surface coverage
associated with the facet. The addition of TBA as a supporting salt directly inhibits
the reduction of sodium species on the electrode surface, promoting NaO, to be
produced in solution.

A study of the different electrochemical behaviour, when using sodium or
lithium cations in the electrolyte displayed significant mechanistic differences. The
sodium mechanism probably utilised a 1e” oxidation of the peroxide. In comparison,
in the presence of lithium, a 2 e oxidation of the peroxide occurred. The presence of
decomposition products may also have been detected in the lithium system.

The results in this chapter are all based on the voltammetry data produced,
therefore all the reaction mechanisms can only be theorised. In order to prove or
disprove the proposed schemes, it is necessary to undertake further work.

Voltammetry studies using higher concentrations of NaClO, would provide
interesting data on the preference between NaO, and Na;O, formation on the Pt
facets. It is likely peroxide formation may be favoured at greater concentrations, as
the surface coverage increased dramatically from 1 mM to 100 mM but more
investigation is required to understand this. Further work on the behaviour of lithium
on the different facets would also help to elucidate the reaction mechanisms taking

place.
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In situ Raman studies using SHINERS, and AFM studies would be invaluable in
ascertaining the species present on the electrode surface in relation to potential.

Further theoretical work to develop the understanding of the interactions of TBA
and Na on the electrode surface would also be of interest in gaining a better insight

into the reaction mechanism taking place.

230



7.10 References

1. D. Sharon, D. Hirshberg, M. Afri, A. A. Frimer, M. Noked and D. Aurbach,
J. Solid State Electrochem., 2017, 21, 1861-1878.

2. S. Y. Sayed, K. P. C. Yao, D. G. Kwabi, T. P. Batcho, C. V. Amanchukwu,
S. Feng, C. V. Thompson and Y. Shao-Horn, Chem. Commun., 2016, 52,
9691-9694.

3. P. G. Bruce, S. A. Freunberger, L. J. Hardwick and J.-M. Tarascon, Nat.
Mater., 2012, 11, 19-29.

4, N. Imanishi, A. C. Luntz and P. G. Bruce, The Lithium Air Battery:
Fundamentals, Springer, 2014,

5. O. Hazzazi, PhD Thesis, University of Cardiff, 2003.

6. O. A. Hazzazi, G. A. Attard, P. B. Wells, F. J. Vidal-Iglesias and M.
Casadesus, J. Electroan. Chem., 2009, 625, 123-130.

7. L. A. Kibler, University of Ulm, 2003. PhD Thesis.

8. J. Staszak-Jirkovsky, R. Subbaraman, D. Strmcnik, K. L. Harrison, C. E.
Diesendruck, R. Assary, O. Frank, L. Kobr, G. K. H. Wiberg, B. Genorio, J.
G. Connell, P. P. Lopes, V. R. Stamenkovic, L. Curtiss, J. S. Moore, K. R.
Zavadil and N. M. Markovic, ACS Catal., 2015, 5, 6600-6607.

9. V. A. Sobyanin, G. K. Boreskov, A. R. Cholach and A. P. Losev, React.
Kinet. Catal. Lett., 1985, 27, 299-304.

10. R. G. Jungst and E. S. Meeting, Power Source Modeling: Proceedings of the
International Symposium, Electrochemical Society, 2005.

11. S. C. Ma, W. C. McKee, J. W. Wang, L. M. Guo, M. Jansen, Y. Xu and Z. Q.

Peng, Phys. Chem. Chem. Phys. , 2017, 19, 12375-12383.

231



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

C. L. Bender, D. Schroder, R. Pinedo, P. Adelhelm and J. Janek, Angew.
Chem.-Int. Edit., 2016, 55, 4640-4649.

I. M. Aldous and L. J. Hardwick, Angew. Chem.-Int. Edit., 2016, 55, 8254-
8257.

C. Xia, R. Black, R. Fernandes, B. Adams and L. F. Nazar, Nat. Chem.,
2015, 7, 496-501.

P. Hartmann, M. Heinemann, C. L. Bender, K. Graf, R.-P. Baumann, P.
Adelhelm, C. Heiliger and J. Janek, J. Phys. Chem. C., 2015, 119, 22778-
22786.

|. Landa-Medrano, J. T. Frith, I. Ruiz de Larramendi, I. Lozano, N. Ortiz-
Vitoriano, N. Garcia-Araez and T. Rojo, J. Power Sources, 2017, 345, 237-
246.

H. Yadegari, Q. Sun and X. Sun, Adv. Mater., 2016, 28, 7065-7093.

P. Hartmann, C. L. Bender, M. Vracar, A. K. Durr, A. Garsuch, J. Janek and
P. Adelhelm, Phys. Chem. Chem. Phys., 2013, 15, 11661-11672.

P. Hartmann, C. L. Bender, M. Vracar, A. K. Durr, A. Garsuch, J. Janek and
P. Adelhelm, Nat. Mater. , 2013, 12, 228-232.

I. Landa-Medrano, C. Li, N. Ortiz-Vitoriano, I. Ruiz de Larramendi, J.
Carrasco and T. Rojo, J. Phys. Chem. Lett., 2016, 7, 1161-1166.

G. A. Attard and A. Brew, J. Electroan. Chem., 2015, 747, 123-129.

S. Kang, Y. Mo, S. P. Ong and G. Ceder, Nano Lett., 2014, 14, 1016-1020.
G. A. Attard, A. Brew, K. Hunter, J. Sharman and E. Wright, Phys. Chem.
Chem. Phys., 2014, 16, 13689-13698.

C. O’Laoire, Northeastern University, 2010.

232



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

C. O. Laoire, S. Mukerjee, K. M. Abraham, E. J. Plichta and M. A.
Hendrickson, J. Phys. Chem. C., 2010, 114, 9178-9186.

C. O. Laoire, S. Mukerjee, K. M. Abraham, E. J. Plichta and M. A.
Hendrickson, J. Phys. Chem. C., 2009, 113, 20127-20134.

V. Gutmann, Coord. Chem. Rev. , 1976, 18, 225-255.

I. M. Aldous and L. J. Hardwick, J. Phys. Chem. Lett., 2014, 5, 3924-3930.
Z.Deng and D. E. Irish, J. Phys. Chem., 1994, 98, 9371-9373.

W. R. Fawcett, M. Fedurco and M. Opallo, J. Phys. Chem. C., 1992, 96,
9959-9964.

N. M. Markovic, Nat. Mater., 2013, 12, 101-102.

L. Johnson, C. M. Li, Z. Liu, Y. H. Chen, S. A. Freunberger, P. C. Ashok, B.
B. Praveen, K. Dholakia, J. M. Tarascon and P. G. Bruce, Nat. Chem., 2014,
6, 1091.

A. |. Belova, D. G. Kwabi, L. V. Yashina, Y. Shao-Horn and D. M. ltkis, J.
Phys. Chem. C., 2017, 121, 1569-1577.

F. S. Gittleson, W.-H. Ryu and A. D. Taylor, ACS Appl. Mater. Interfaces,
2014, 6, 19017-19025.

V. S. Dilimon, D.-G. Lee, S.-D. Yim and H.-K. Song, J. Phys. Chem. C.,

2015, 119, 3472-3480.

233



234



Chapter 8

Conclusions and Future Work

8.1 Conclusions

The use of a variety of electrochemical and spectroscopic techniques have been
used throughout this thesis in order to further the understanding of the fundamental
reaction mechanisms and pathways associated with Li-oxygen and Na-oxygen
batteries.

The synthesis, characterisation and analysis of shell isolated nanoparticles for
enhanced Raman spectroscopy (SHINERS) was outlined in chapter 3, providing a
base for the development of SHINERS as a technique to be utilised for analysing
interactions at the electrode surface in battery applications.

The electrochemical stability and behaviour of SHINS was compared with that of
SERS in chapter 4, to ascertain whether any additional or adverse effects occurred as
a result of the presence of SHINERS. SHINERS were demonstrated as a reliable and
practical alternative to SERS, to study electrochemical reactions upon typically
Raman inactive surfaces. SHINERS were used to track the oxygen reduction
reaction mechanisms on a variety of polycrystalline electrodes, the results
demonstrated platinum had the strongest interaction with the superoxide species,
favouring a flat O-O conformation at less negative potentials. The interaction of
superoxide with the carbon surface was weak, however a weak interaction was
observed through a distortion in the vibrational stretching mode of the graphitic ring.

The effect of solvent on the reaction mechanism for the Li-O, chemistry was also

studied. The surface solution mechanism had previously been described in the
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literature; however the results in chapter 4 demonstrated the reaction pathway is both
surface and solvent dependent, with the glassy carbon having a stabilising effect on
the production of LiO..

The effect of surface morphology on the enhancement of the SHINs was studied
in chapter 5. The enhancement was shown to drop with increased surface roughness;
however the enhancement on very rough surfaces was observed to be ca 1 x 10°,
which was still sufficient to provide an adequate Raman signal.

The effect of varying the carbon morphology from EPPG to BPPG was shown in
chapter 5, the degradation of the carbon surface was observed on both surfaces.
However, the more electrochemically active EPPG surface experienced a greater
stabilisation of superoxide on the surface.

A more practical battery electrode (a composite electrode comprising of carbon
black and binder) was studied. The results demonstrated the degradation of the
carbon black electrode in the presence of the lithium species, with Li,CO; being
observed on oxidation, due to degradation of the electrode surface.

The results presented in chapter 6 focus on the effect of moving from an aqueous
electrolyte to a non-aqueous electrolyte on a Au(111) single crystal surface. The
addition of trace amounts of MeCN into an aqueous system inhibited the oxidation
of the surface, preventing the formation of the hydroxide intermediate. The MeCN
preferentially absorbed on step and defect sites and pushed the oxidation of the gold
surface to higher potentials from 1.25 V to -~1.35 V vs. Pd/H.

The addition of trace amounts of H,O into the non-aqueous system, promoted the
degradation of the electrolyte, with the cyanide band being detected in the Raman.

The presence of carbonates was also detected on the electrode surface.
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Chapter 7 studied the electrochemically effects of varying the platinum single
crystal surface facet on the reaction mechanism in the Na-O, system with DMSO as
a solvent. A method for the successful preparation of the different platinum facets
for use in a non-aqueous environment was presented.

The results on the different platinum facets demonstrated the (110) and (111)
surfaces to have a higher coverage of absorbed oxygen, this resulted in the increased
production of Na,O; relative to the polycrystalline and (100) due to catalytic nature
of the electrode surface. In the oxidation sweep a 1 e oxidation of Na,O, to NaO,
was possibly observed. The electrochemical impact of adding a supporting salt
(TBACIO4) was measured. The salt inhibited the absorption of oxygen on the
electrode surface, instead an outer sphere electron transfer mechanism has been
proposed in the presence of the salt, with more solution based products being
observed.

8.2 Future work

This thesis has provided a preliminary investigation into the application of
SHINERS for studying battery systems. To develop this technique is it important to
optimise the distribution of the nanoparticles on the electrode surface. This will
provide a more uniform enhancement across the whole coated area, which would
allow more quantifiable SHINERS measurements. The distribution of the particles
upon more porous electrode materials may be controlled via different size and shape
nanoparticles. Larger particles may provide greater enhancement upon these
surfaces. The shape of the particles may also allow the surface plasmon to be tuned
to provide optimum enhancement at different laser wavelengths.

Chapter 4 and 5 focus on varying the electrode surface and solvent, it would

provide a greater understanding of the reaction mechanisms to further study
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alternative carbon surfaces, e.g. boron doped diamond, and alternative solvents, e.g.
diglyme. Understanding the reaction steps in the charging mechanism will also aid in
providing a better understanding of the reaction pathways.

Chapter 6 focuses on how the reaction mechanism varies between aqueous and
non-aqueous systems; initial studies have shown clear comparisons between the
systems. However, a better spectro-electrochemical study across a broader range of
MeCN and H,O concentrations, would allow clearer elucidation of the processes
taking place.

Finally, chapter 7 provides an electrochemical study of the Na-O, system on
different platinum single crystals. However, the assignment of the data is only
speculative. In order to accurately assign the data, a thorough Raman study via
SHINERS needs to be conducted in order to provide comprehensive evidence of the

peak assignments made from the electrochemical data.
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