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Abstract

Studying the fundamental science of surface science of dye-sensitised solar cells
requires placing complex molecules on surfaces in an ultra-high vacuum. Since
most dye molecules are fragile and non-volatile to be deposited by thermal evap-
oration or sublimation technique, electrospray deposition was therefore explored
as an alternative method. This thesis aims to work on developing the electrospray
deposition technique to obtain high-quality monolayers in situ in high vacuum

environments.

Image charge detection mass spectrometry (CDMS) has been used to mea-
sure the speed and charge distributions of molecular ions. Image charge drift tube
measurements formed large clusters giving strong transient signals with a narrow
velocity distribution of cluster sizes ranging from 300 ms~—! and 330 ms~!. The
charge-to-speed relationship showed fitting with a 1/v?, meaning that all clusters
have constant kinetic energy. In the case of the small clusters or individual molec-
ular ions travelling through the drift tube, advanced electronics are required to

see the weak signals hidden in the background noise.

The electrostatic ion deflector experiments, highlighting the capabilities of
bending the ion beam in order to work towards separating two components of the
beam, showed the formation of large clusters in the beam. These clusters have
required a higher voltage in order to be deflected by the same amount based on
SIMION simulations and a smooth range of charge distributions. Small molecular
ions are worth studying in the future - via the discovery of low voltage range

since these deflection experiments have concentrated on the high voltage regime.



In the second section, the XPS measurements of defocussing experiments showed
an incapability of the Einzel lens to diverge the beam over a large area on the
sample, especially when the SIMION simulation achieved this. As well as, the
defocussing experiment using a long tube exhibited the success of the Einzel lens
to spread the beam over the entire sample. In the last section, AFM and optical
images displayed the deposition of graphene oxide successfully with heterogeneous

deposition coverage across the surface.

Dye-sensitisers adsorbed onto rutile TiOy (110) were deposited in situ in
UHV using electrospray deposition. Adsorption geometries and determining the
dispersion of these molecules with this titanium surface were investigated using
X-ray photoemission spectroscopy (XPS). The results of O 1s photoemission in
the monolayer coverages showed that dye complexes bind onto TiOs (110) by
deprotonation of the carboxylic acid and phosphonic acid groups so that their
oxygen atoms bond to titanium atoms of the substrate. Photoemission of C 1s,

together with N 1s, indicated that the molecule is intact on the surface.
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Abbreviations

AFM Atomic Force Microscopy.

BE Binding Energy.

CCD Charge-Coupled Device.

CRM Charge Residue Model.

DC Direct Current.

DLD Delay Line Detector.

DSSCs Dye Sensitised Solar Cells.

EP Pass Energy.

ES-IBD Electrospray Ion Beam Deposition.
ESI Electrospray lonisation.

ESIMS Electrospray lonisation Mass Spectrometry.
HOMUO Highest Occupied Molecular Orbital.
IEM Ion Evaporation Model.

K-cell Knudsen-cell.

KE Kinetic Energy.

LUMO Lowest Unoccupied Molecular Orbital.
MCP Microchannel plate.

MF MicroFocus.

PE Potential Energy.

PES Photoemission Spectroscopy.

RF-DC Direct Current / Radio Frequency.
ToF Time of Flight.

UHYV Ultra-High Vacuum.

XPS X-ray Photoelectron Spectroscopy.
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Chapter 1

Dye-Sensitised Solar Cells

1.1 Introduction

Solar cells are devices that transform the energy of light from the sun into elec-
tricity via the photovoltaic effect, and therefore they are named photovoltaic cells.
Electricity generated by means of solar cells is commonly employed rather along-
side renewable energy sources like wind and hydroelectric, as well as pollution-
producing non-renewables, such as oil, coal, gas and nuclear. In the early 1990s,
dye-sensitised solar cells (DSSCs) received great interest until perovskite solar
cells started to take over near 2010 [1]. However, DSSCs still have very promis-
ing properties, including low cost, colourful appearance, high power conversion
systems, simple manufacture, high flexibility and semi-transparent quality [2-5].
They probably will not replace traditional silicon solar cells for rooftop installa-
tions, but they could be integrated into windows and glass facades. Brian O’Regan
and Michael Gratzel, who manufactured TiO, electrodes from a colloidal solution
of TiO; films, initially created the first DSSCs in 1991 [4, 6, 7]. This type of solar

cell, commonly known as a Gratzel cell, is seen in Figure 1.1.
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FTO TiO,

Dye Electrolyte FTO

Fig. 1.1. A schematic diagram shows dye-sensitised solar cell working principle,
as electron transfer is indicated with arrows. Maximum voltage is the difference
between the redox potential of electrolyte and the semiconductor conduction band
(Ti0Oy), allowing work to be carried out. The electrodes are transparent conducting
glass plates manufactured of fluorine-doped tin oxide (FTO).

1.2 Operating Principle of the DSSCs

The operating principle of DSSCs is based on injecting electrons into the conduc-
tion band of titanium dioxide. The typical DSSC layout (as shown in Fig.1.1)
involves the photon exciting an electron from the dye layer, transitioning the pho-
tosensitizer or dye responsible for absorbing light in the visible spectrum from
its ground state (S) to an excited state (S”) [6, 8]. The excited conduction band
electron of the semiconductor is transferred into the TiO, state (ST) given by the

following relation [9]:

St+e =8 (1.1)
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The electrons from TiO, flow into the counter electrode, which is usually
made of platinum or carbon, via the external circuit and then move into the
electrolyte (redox mediator such as I'/I37). The electrolyte carries electrons back
to the dye molecules in order to regenerate the oxidised dye, which can be expressed

as:

317 — Iy +2¢ (1.2)

The tri-iodide, (I37), is reduced again to iodide, (I"), at the counter elec-

trode, allowing the dye molecules to be regenerated in the same way [8], as follows

Iy +2¢ — 31 (1.3)

In 1993, Nazeeruddin et al. [10] found the most extensively used dye
molecule, N3, known as Ru 535, as seen in Figure 1.2. The use of the N3 at the
TiOs surface produces a high cell efficiency of 11% [11]. According to O’Shea
and his group’s research, it has been demonstrated that N3 on the surface of
TiO, is bonded by the carboxylic acid group of bi-isonicotinic acid ligands and
the sulphur atom of thiocyanate ligands [12], while thiocyanate only bonded with
the Au surface [13] and only the carboxylic group bonded with the aluminium
oxide layer [14]. This dye molecule could not be deposited using the conventional
evaporation technique due to its being large, fragile, non-volatile and thermally
labile, which means that it breaks down with heat, so the electrospray deposition

technique (discussed later in Chapter 2) is the best way to deposit it.

A lot of research had been done on bi-isonicotinic acid ligand that can be
sublimed in the ultra-high vacuum (UHV) before these investigations. A rutile
TiO4(110) single-crystal surface [15, 16] and anatase TiO, nanoparticles [17] were

used in these investigations to determine the molecule bonding geometry to the
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@ Ruthenium @ Carbon @ Oxygen  J Hydrogen
@ Nitrogen & Sulphur @ Titanium

(a) (b)

Fig. 1.2. (a) N3 molecule adsorbed on rutile titanium dioxide TiO. (110),
reproduced from [12], and (b) chemical structure of the N3 molecule cis-
di(thiocyanato)bis(2,2’-bipyridyl-4,4’-dicarboxylate) ruthenium (II), reproduced
from [6].

titanium dioxide surface. The study of charge transfer dynamics from molecule
to the rutile surface showed that transmission happens in less than 3 fs [18]. The
Au(111) surface has been studied in the same way. The scientists report that
carboxylic acid groups are not bonded to the substrate. The charge is likely to be
transferred between the molecule and a gold surface in both directions (i.e. from

the molecular state to the single-crystal Au(111) and from the Fermi level of the

metal into the lowest unoccupied molecular orbital (LUMO)) [19].

Many different dyes may be used as sensitisers in DSSCs; however, the
most commercially used dye sensitisers are based on an N3 dye, such as N719 and
N749. Compared with N3, N719 (often described as the industry standard dye)
is the most frequently used high-performance dye because it dissolves more easily
in polar solvents and enables increased cell voltage. Likewise, N749, known as
a black dye, exhibits a wider spectrum absorption range and near-infrared pho-

toresponse [20, 21]. N3 and RuP are dark purple powder-colored organometallic
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semiconductor sensitisers, and they contain ruthenium atoms, which are rare.
Conversely, SQ2, RK1, D5, SC4 and R6 are examples of green-, red-, orange- and
blue- coloured purely organic dyes that are less effective but have the benefit of be-
ing less expensive since they do not include rare earth elements. Transition-metal
photosensitisers, namely copper (Cu) [22] and iron (Fe) [23, 24], are considered

extremely interesting owing to their abundance, low cost and non-toxicity.

Although traditional organic solvent-based liquid electrolytes in DSSCs
produce highly efficient cells, they have been replaced by other substances, such
as polymers [25], that dissolve the iodine/iodide pair, binary ionic liquids, such
as non-volatile and thermally steady electrolytes [26]; and hole-conducting solids
(hole transporting materials), such as TPD (N,N’-Bis(3-methylphenyl)- N,N’-
diphenylbenzidine) or spiro-TAD (2,2’,7,7’-Tetrakis[N,N-di (4-methoxyphenyl) aminol-

9,9’-spirobifluorene) [27-29], since they drain devices.

Organic solar cells use molecules other than dye molecules in the same
context as DSSCs. Researchers have used Poly(3-hexylthiophene-2,5-diyl) (P3HT)
and Phenyl-C61-butyric acid methyl ester (PCBM), respectively [30, 31|, as can-
didates for organic solar cells, which can also be integrated into DSSCs due
to their favorable properties. The charge transfers to the anode through the
donor molecules (holes), whereas it transfers to the cathode through the acceptor
molecules (electrons) [32]. Cgp, called fullerene, is worth investigating further as
a possible building component for future solar cell systems, as it was added in
DSSCs between porphyrin molecules and TiOy to improve efficiency [33]. Cgq is
an electron acceptor that can be covalently linked to a porphyrin, an efficient pho-
tosensitiser for TiOy, which acts as an electron donor [34-37]. Charge-separation
occurs as a result of injecting the electron from the excited dye into the titanium
dioxide semiconductor conduction band, which leads to enhanced energy conver-
sion. Donor—acceptor-linked molecules interact with the TiO, substrate of the

cell by COOH groups in the Cgy, where the photoexcited electrons created by
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porphyrin are transmitted to the Cgy and then to TiO, [33].

1.3 Aims of this Thesis

Pollution and climate change mean the need to stop burning fossil fuels like coal
and gas and harnessing energy from the sun is much needed. The solar cell is not
just for making electricity. It is also included in dye-sensitised photovoltaics and
solar water splitting to generate hydrogen as a fuel for transport and to convert to
electricity in fuel cells. The overall aim of this project is to find low-cost, simple
ways to filter and manipulate an electrospray beam to control to some extent what
lands on the surface. The premise of the approach is by accelerating the ions all
to the same speed, then their kinetic energy will be determined by their mass. So,
electrostatic deflection plates can be used to bend the beam into a radius that will

be inversely proportional to its mass and therefore, filter it accordingly.

1.4 Scheme of the Thesis

This thesis is organised as follows:

Chapter 1 is intended to provide insights into the study of DSSCs to
understand the behavior of this system, considered an effective alternative to pro-
vide energy from the sun. The research aims and structure of the thesis are also

covered.

Chapter 2 presents a brief background of electrospray, where the char-
acterisation and development of the UHV electrospray deposition technique are
necessary steps in studying fragile and complex molecules. This includes deposit-
ing a wide range of complex molecules that cannot be deposited using traditional

thermal evaporation/sublimation techniques.
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Chapter 3 describes key experimental methods and some background
used in this thesis including X-ray photoelectron spectroscopy (XPS) and atomic
force microscopy (AFM) devices. The SIMION simulation required to implement

these methods is also presented.

Chapter 4 aims to understand electrospray by investigating an image
charge detection spectrometer to determine ions’ speed distribution using a high-
speed amplifier to measure the charge of ions’ image to determine how fast the

molecules are going and whether all the ions can reach the same speed.

Chapter 5 presents the filtering of molecules by their kinetic energy using
electrostatic ion deflection plates that facilitate the deviation of the ions beam.
The ion optics is applied to explore defocusing within the Einzel lens using sodium
chloride (NaCl) solution with XPS measurements. AFM is used to analyse the

morphology of graphene oxide films.

Chapter 6 investigates the study of the adsorption of dye molecules such
as N3, RuP, D5, SC4 and R6 onto a TiO, surface using a unique combination of
electrospray deposition systems to form thin films of dye molecules on the surface

and in situ XPS to investigate the bonding geometry and chemical interaction.

Chapter 7 gives a brief summary of the research work carried out in this

thesis and presents suggestions for future work.



Chapter 2

Fundamental Concepts of

Electrospray lonisation

2.1 Introduction to Electrospray Ionisation

Electrospray ionisation (ESI) is considered the most common method of ionisation
used in analytical chemistry. A wide range of analytes may be studied with it,
including inorganic ions, ionised polymers, nucleic acids, peptides and proteins.
The analytes existing in the electrospray solution may be ions or compounds not
ionised [38]. ESI is a process that uses a liquid solution to produce a flow of
small droplets charged by the electric field. The main point of this system lies in
applying a high voltage between a capillary needle tip and a target. The physics
behind the electrospray is derived from Rayleigh’s theoretical studies [39], which
studied the physics of isolated charged droplets. During the period between 1914
and 1917, Zeleny published three articles describing multi-jet modes utilising a

mechanism comparable to current electrospray systems [40-42].

In 1968, Dole et al. [43] predicted that a beam of large molecules would be

generated by ESI, but they could not provide convincing experiments to support
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this prediction. Fenn et al. proved definitively in 1988 that large molecules such
as proteins could be transferred using a quadrupole mass spectrometer into gas-
phase molecular ions without breaking them apart [44, 45]. Fenn was awarded the
Nobel Prize for the development of ESI mass spectrometry (ESIMS) analyses of
biological macromolecules in chemistry in 2002 [46]. In 1992, Fenn first discovered
that ESIMS, which is still in use today, could generate up to five million ions
with vast multiple charges [47]. The basic ESI mechanism is demonstrated in the
schematic illustrations of Figure 2.1. This mechanism indicates a liquid passing
through an electrospray emitter capillary with a high voltage of 2 — 4 kV applied
to it and the entrance capillary is at a distance of about 2 — 5 mm from the emitter

capillary exit.

Emitter
capillary
Taylor Drop Molecular ion
Jet : . .
cone formation formation Entrance capillary

(2-4kV

Fig. 2.1. Electrospray ionisation mechanism experiment. The liquid passes via
the capillary tube that is placed (2 — 5) mm away from the entrance capillary. A
large voltage (2 — 4) kV was applied to a liquid causing to form a Taylor cone,
divided into a jet and emits a mist of droplets. Image modified from [6].

2.1.1 Taylor Cone-Jet Formation

The main first step of the ESI process is molecular ion formation by spraying liquid
that exits the emitter capillary. Using a large electric field disintegrates charged

droplets, leading to aerosol formation. Surface tension and electrostatic coulomb

9
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are dominating forces on the liquid. The surface tension returns the liquid into
the capillary in order to minimise the surface area, while the electrostatic forces
pull the liquid to the counter electrode. The liquid is formed into an elliptic shape
when lower voltages are applied to the liquid that is held inside the capillary. At a
certain voltage, the elliptic shape suddenly changes to a sharp cone called a Taylor
cone. In 1964, Taylor showed that at all points of its surface, a balance of surface

tension and electrostatic forces can be achieved at an angle of 49.3° [48].

The Taylor cone is inherently unstable because it tends to be infinitely
sharp due to the apex of the cone and the electric field at the tip constituting a
singularity. A charged liquid jet is expelled from the Taylor cone tip by the strong
electric field, as seen in the Figure 2.1. Repulsion of the surplus of charged ions
existing on the jet’s surface makes the jet split into a series of newly generated
droplets that are charged near the theoretical Rayleigh limit. The maximum

charge for the droplet before the fission process is given by:

Q = 8n(eyR?)? (2.1)

where (@) is droplet charge at the Rayleigh limit of radius R; € is electric
permittivity; and vy is the liquid surface tension. This expression demonstrates the
main concept of transforming charged droplets into molecular ions, which is that

multiple smaller drops are more stable than one big drop [49].

The jet mode at the tip of the needle is formed based on the solution
properties and the process conditions, such as needle size, distance, flow rate
and applied voltage [50]. Figure 2.2 shows different cone-jet modes created by
electrospray. The spray mode in ESI goes through three stages: from the dripping
stage into multi-jet and ultimately to cone-jet. The cone-jet mode is regarded as
the best due to the stability of the liquid jet [51]. Dripping and spindle modes

may occur because of a high-viscosity solution, which may block the needle or

10
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entrance capillary. Additionally, dripping generally takes place at low-liquid flow
rates as opposed to the spindle that happens at high flow rates [52]. Moreover,
low surface tension and high viscosity led to multi-jet and precession modes [53],

but the oscillating mode appears as a result of the increase in surface tension and

viscosity.
(a) Cone-jet mode (b) Dripping mode
(c¢) Spindle mode (d) Multi-spindle mode
Gl -
—
(e) Multi-jet mode (f) Oscillating mode

P

(g) Precession mode

Fig. 2.2. (a-g) Subsequent frames showing different cone-jet modes through
electrospray system. Image adapted from [54].

2.1.2 Gas-Phase Ions Production

Two models for the generation of gas-phase molecular ions from small and large
charged droplets in the ESI process have been proposed: the ion evaporation model
(IEM) and charged residue model (CRM), shown in Figure 2.3 [38, 45]. Iribarne
and Thomson [55, 56] established the IEM in the 1970s to illustrate how a spray
atomiser generated atomic ions from charged droplets. IEM usually applies to
species with low molecular weight and works when the radius of droplets decreases
below 10 nm, whereas the electric field at the drop surface is sufficiently large to

eject a small ion from the surface [45].

11



2.1. INTRODUCTION TO ELECTROSPRAY IONISATION

The CRM is applicable for very large macromolecular species ions above
1,000 Dalton (Da), such as proteins. Droplets containing only one analytical
molecule according to the CRM are generated by the electrospray mechanism.
The electrospray system breaks up the droplets where solvent evaporation leads
to shrinkage, increasing the charge on the surface towards the Rayleigh limit,
and the emission of the Taylor cone expels charged liquid from the origin drop.
The solvent of the final droplet evaporates after many cycles in CRM to generate
analyte ions in the gas phase [45]. According to some studies, the CRM is a poor
description of the process for long-chain and non-spherical molecules, which have

larger and wider distributions of charge than the CRM would predict [57].

|
+ o +5
<+ small anahte
+ . :
r— W
+ o+

(b) Charge Residue Model (CRM)

Fig. 2.3. Two mechanisms for molecular ions generation from charge droplets. (a)
[EM: Small analyte ion ejection from a charged nanodroplet. (b) CRM: Release
of a globular protein ion into the gas phase. Figure reproduced from [6].

12
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2.2 Electrospray Deposition

The first common application was discovered by ESI use as a source of mass spec-
trometry. Mass spectrometry is based on converting highly non-volatile analytes,
such as biological molecules, into ions in a vacuum and measuring their path re-
actions to electric and magnetic fields [44]. Another advantage of ESIMS is the
enabling of a chemical analysis of molecular species directly in the solution [58].
EST is currently utilised as suitable source of deposition appropriate with an ambi-
ent and UHV by using a substrate as the counter electrode. In the case of vacuum,
the counter electrode is the entrance. Vacuum deposition is based on comparable
instruments with applications for mass spectroscopy through minimising the pres-
sure until it reaches the high-vacuum environments required using a group from
pumped chambers. Also, it has been commonly used to produce an ion beam from

a solution comprising molecules to be deposited.

Electrospray ion beam deposition (ES-IBD) is a more efficient way to
deposit big molecules instead of the conventional approach, which depends on
converting molecules from a solid or liquid state to a gaseous state, called subli-
mation or thermal evaporation. If the molecule is big, the temperature needed to
sublimate or evaporate it will be higher, where raising the temperature leads to

the destruction of the molecule before converting it to the gas phase.

In this thesis, a standard basic electrospray deposition source was intro-
duced, which demonstrated remarkable capability to overcome the vapour deposi-
tion difficulties for large organic biological molecules or inorganic clusters. During
the electrospray deposition process, as shown in Figure 2.4 | the solution passes
into the emitter capillary (needle) and then applies 2 kV and drives the liquid
into the entrance capillary followed by three pumping vacuum stages separated
by skimmer cones. Compared with many of the developed electrospray deposition

instruments, this machine is characterised as easy to operate, low cost, small and

13
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portable.
1 Sk 2 3 4
VRIS Exit
i aperture
Emitter _ Entrace / \ Sample
capillary - capillary .. _ | {|
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Fig. 2.4. Schematic of the vacuum electrospray deposition system showing the
solution enters through a capillary and a series of differentially pumped skimmer
cones minimizes the pressure at all stages. Figure reproduced from [59].

The electrospray method generally occurs in the air, and thus the spray
moves to a lower pressure chamber for analysis. In fact, many materials can be
deposited using electrospray deposition depending on the availability of appro-
priate solvents. Ku and Kim [60-62] found that the solutions with low viscosity,
such as water and methanol, are perfect solvents for spraying in a vacuum as com-
pared with high-viscosity solutions, such as glycerol. Moreover, scientists have
attempted to overcome the freezing of organic solvents at the tip of the capillary

emitter during low pressure and high evaporation by heating the tip.

2.2.1 Vacuum interface

Electrospray vacuum ionisation is performed through differential pumping, begin-
ning from a capillary inlet. A capillary tube with a 0.25 mm inner diameter and
length of 5 cm transfers the ions into a vacuum chamber. It is important to use a
capillary because it reduces the amount of gas leaking into the chamber, and the
amount of pumping, in order to obtain a sensible pressure in the chamber com-
pared with a pinhole or a skimmer cone. Further modifications can be made to the
entrance capillary, including forming the capillary with a funnel-shaped inlet, but
this was not feasible during this project. The funnel-shaped inlet is used to de-

velop nanoelectrospray capillary vacuum interfaces. The hydrodynamic flow will

14
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collimate the ion cloud and minimise the space charge expansion because of the
axial acceleration of the ions. The funnel design produces a huge volume of high
speed, allowing for efficient sampling. Moreover, vacuum transmittance can reach
100% of the ions created by the electrospray and, thus, can be transmitted to the
vacuum through a funnel capillary, which transfers higher currents compared with

an inlet capillary (a non-funnelled capillary) [63].

The ions and gas are subject to free jet expansion when they leave the
entrance capillary and proceed into the first stage of the vacuum where they move
more quickly, equal to the sound speed (Mach number M=1) at the capillary exit
and supersonic speeds towards M>1, as shown in Figure 2.5. Gas is being ex-
panded to such an extent that the particles no longer collide because of increasing

speed and decreasing density, which is known as a quitting surface [64].

P=1000 mbar P=1 mbar
Expansion fan Reflections
- Zone of
Nozzle silence
Flow > [ Fl -
I oW
[ -
It
/ B Mach-disk
shock
Quitting N ]\
Surface Barrel H“'-I
shock Jet
boundary
Pump

Fig. 2.5. A typical free-jet expansion. The beam’s thermodynamic characteristics
are constant between quitting surface and zone of silence (shown in purple) where
samples are taken from the molecular ions. Figure reproduced from [6].

Reducing the region of cross-sectional expansion and increasing the pres-
sure leads to the so-called Mach disc. The position of the Mach disc can be

analytically described by the following equation [64]:
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Pam ien
xR 0.67dy | =2mbent (2.2)

Pvacuum

where z is the distance, d is the capillary diameter and Pgpient and Pypgcuum

are the system’s pressures.

Barrel shock is caused at the capillary exit by forming a sequence of waves
that propagate outward and reflect off the jet boundary causing gas recompression.
The region outside the quitting surface and inside barrel shock is called the zone
of silence, where the gas is completely unaffected by any exterior impacts. The
expansion implies that the particles flow in one direction, and thus, collisions are
less likely. A skimmer cone is inserted into the silence zone to sample the ions
in order to reduce disturbances and other unwanted flows. Perhaps inserting the

skimmer cone will change the shape of the Mach disc [65].

2.2.2 Applications

The electrospray technique offers a quite promising method for depositing a wide
range of complex molecules in an UHV as dye sensitisers, nanoparticles, polymers,
biological molecules and high-energy chemistry. These molecules will be discussed

in more detail below.

2.2.2.1 Dye Sensitisers

O’Shea’s group has developed an electrospray deposition device to investigate the
‘N3’ sensitiser dye sprayed on rutile titanium dioxide surface (TiO2(110)). In 2008,
XPS was used to study bonding/interaction sites and charge transfer dynamics
between molecules with this surface [12]. Moreover, N3 on anatase surfaces has
been studied using scanning tunneling microscopy (STM) and spectroscopy [66].

In the case of adsorption of N3 dye on the Au(111) surface, researchers have not

16
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only looked at molecules’ ligands but have also studied charge transfer dynamics.
They observed that only the sulphur in these compounds forms an effective con-
nection with N3 [13] and that charge transfer from molecule into the surface was
ultra-fast [67]. In the same way, the bonding and charge transfer of an ultra-thin
aluminium oxide layer into a NiAl(110) was studied [14]. Dye molecules for pho-
tocatalytic water splitting [68-71] and photovoltaic dye molecules, such as zinc

protoporphyrins [72], have also been studied using the electrospray system.

2.2.2.2 Nanoparticles and Macromolecules

Electrospray deposition experiments focused on the production of solid colla-
gen nanoparticles, where spraying collagen led to the formation of nanofibers
[73]. Some electrospray deposition studies were also conducted on fullerenes [74]
and carbon-based nanomaterial (carbon nanotubes) [75]. Electrospray deposi-
tion source in situ is suitable for giant porphyrin nanorings, as discussed in some
literature [76-80], single-molecule magnets [81-85] and clusters [86]. Moreover,
scientists have been interested in depositing polymers by electrospray mechanism
in the form of simple chains, such as poly(ethylene) oxide [60], and complex ones,
such as porphyrins [87]. A blend of P3HT and PCBM are commonly used in
polymer-fullerene bulk heterojunction solar cells prepared by electrospray deposi-

tion as well [88].

2.2.2.3 Biological Molecules

Novel advances in UHV deposition methods have introduced new potential ap-
plications in biotechnology to deposit large biological molecules such as peptides
[89] and proteins without affecting their activity or functional properties [59, 90].
Unfortunately, it is difficult for researchers to obtain high-resolution scanning mi-

croscopy images of individual protein molecules by STM because of the proteins’
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incompatibility with the vacuum environment [91, 92]. However, the ES-IBD of
unfolded proteins allows for controlling their conformation by changing the depo-

sition energy [93].

2.2.2.4 High Energy Chemistry

According to results from STM and spectroscopy, UHV ESI of N3 dye on Au(111)
does not break down at kinetic energy lower than 2.5 eV, but fragmentation begins
when the impact energy is ~7eV per molecule. Consequently, it is necessary to
optimise the ion kinetic energy in order to prevent fragmentation throughout the
deposition process [94]. As for the molecules less susceptible to fragmentation,
functionalisation of graphene was employed via hyperthermal molecular reaction
with azopyridyl groups by the collision of azopyridinium ions onto the surface at
considerably high energy. According to XPS and Raman spectra, a 3% degree of
the carbon atoms in graphene was highly functionalised, whereas AFM observa-
tions showed that chemical vapour-deposited graphene retained its topographic
characteristics after exposure to azopyridinium [95]. In electrospray studies pre-
sented in Chapter 6 of this thesis, no fragmentation of the molecules is observed.
For example, all the N3 data suggest that the molecule is completely intact and
it has not fragmented since there is not enough energy to break it apart (where

the kinetic energy is 0.34 eV).
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Chapter 3

Instrumental Techniques and

Methods

3.1 Surface Cleaning

The surfaces in UHV are often cleaned by argon sputtering, where the beam
energy is between 500 eV up to 4 KeV per ion. This creates defects on the
surface and then the surface usually needs to be restructured, which is achieved
by heating it typically above 600°C. At various stages, the surface cleanliness is
verified using XPS (see section 3.4). The series of sputter and anneal cycles with
Artions is different for every material. For example, to clean titanium dioxide, a

2 kV followed by 1 kV and annealing up to 600°C have been used.

3.2 Ultra High Vacuum (UHV) Pumps

For accurate measurements of the desired properties, the experiments must be op-
erated in a UHV environment, which ensures that contaminants do not interfere

with measurements and that any extra particles in the system are removed after
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deposition as well. Scroll pumps, often called dry-scroll pumps and commercially
available from companies such as Edwards, are needed to reduce the system pres-
sure from atmospheric pressure of 1,000 mbar down to 102 mbar. Scroll pumps
are capable of compressing the air inside the pump chamber to the atmosphere,
allowing for the removal of large volumes of gas. These pumps are used to avoid
backstreaming of pump oil (used in rotary vein pumps) into the system. This is
especially substantial in this project, as a molecular beam of molecules is formed

to deposit on the surface, so we do not want oil vapour to be part of the deposition.

In addition to rotary pumps, there are turbomolecular vacuum pumps that
can also be used to reduce the pressure of a high vacuum to a UHV between 1073
and 10 mbar by spinning rotor blades. The working principle of this pump is
that a series of rotary blades transport the molecules through the system, and
they are expelled from the system by hitting the underside of these blades. The
pump comprises stator blades that are used to assure that only molecules moving
in the right direction are allowed to progress to the next stage and eventually the

backing pump.

An ion gauge measures vacuum pressure by attracting electrons from a
heated cathode to an anode with a direct current (DC) potential of approximately
150V. The XPS system uses the hot filament ion gauge. Most of the electrons
are transmitted through the mesh, whilst some of them collide with the remaining
gas-forming ions. Increasing the negative voltage on the collector, which is gen-
erally —-30V, causes the gas ions to accelerate in the direction of the central ion
collector. The ion current amplifier is commonly used to provide measurements of
the gas pressure in the high vacuum range. A cold cathode gauge is engaged in the
electrospray system of this project due to the pressure range in the two turbop-
umped electrospray stages not being low enough. The working principle of a cold
cathode gauge is that the ionisation results from the electron plasma created by

the random release of an electron at the cathode where the discharge is carried out
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slowly by applying a DC high voltage. The electrons move quickly in a cycloidal
way around the anode, where they have enough energy to ionise gas molecules.
The slow ions are captured by the cathode, and the discharge ion current is used
for pressure measurements. The cold cathode gauge is considered less accurate
than the hot cathode gauge but more robust where it does not use hot filament
and works perfectly to achieve stable pressure measurement from high vacuum to
UHV. The absence of hot filaments releases less outgassing compared to the hot

cathode gauges.

3.3 Deposition Methods

3.3.1 Thermal Evaporation/ Molecular Beam Deposition

It is possible to sublimate many small molecules from sources of vaporisation, such
as Knudsen cells (K-cells), which are considered one of the most commonly used
techniques for molecular deposition on surfaces in UHV environment [96, 97]. Typ-
ically, in this method, the substance for deposition is placed in a crucible heated
by a current-operated filament heater. The temperature of the material can be
measured using a thermocouple connected to the K-cell, supposing that the solid
molecule is generally a powder and it has been fully degassed. Throughout this
process, a limited increase in chamber pressure should occur due to the molecules
usually tending to remain where they land. Thus, it is necessary to have a direct
line of sight between the source and the sample by heating at the sublimation
temperature of molecules. Heating facilitates the molecules along a straight line
towards the substrate surface. Sublimation deposition is popular because it allows
for precise control of the deposition rate. This method enables the production of
a uniform layer over a wide surface of the substrate. The deposition time and the

K-cell’s temperature are two important factors that affect the amount of chemi-

21



3.3. DEPOSITION METHODS

cal deposition. Thermal evaporation is not suitable for large molecules, which has
motivated the development of UHV-compatible ESD. The most previously studied
example for comparison of sublimation and electrospray is Cgg onto Au(111) by
Satterley et al. [98]. The results for the UHV-ESD of Cgy show that it is possible
to deposit molecules onto a hydrogen-bonded supramolecular network. The STM
images show that heptamers and Cgy dimers might be trapped in the hexagonal
and parallelogram network pore almost as if they were thermally evaporated. It
is also noticed in this study that there is some reorganisation of the underlying

network because of the residual solvent.

3.3.2 Ultra-High Vacuum Electrospray Deposition

The disadvantage of using a molecular beam deposition method is that the in-
tramolecular binding energies are lower than the sublimation and dissociation
energy, as is the situation for large molecules [99]. The appropriate alternative
to deposit large molecules, which will be addressed here, is UHV-ESD, which can
be found in the literature [74, 86, 100, 101]. The simplest electrospray deposition
system, used in this thesis, is based on a very similar configuration to the com-
mercially available Molecularspray system developed in Nottingham, and will be
discussed later in this context. This technique has achieved great success, allowing
the study of non-volatile and complex molecules using UHV techniques from STM

to synchrotrons [12, 13, 67-70, 72, 74, 75, 81, 98, 102].

The ESI interface creates the ion beam and carries it out to the first stage
of the differentially pumped system (discussed in more detail in Section 2.1.1). As
shown in Figure 3.1, this interface was built using PEEK (PolyEtherEtherKetone)
microfluidic parts that supply liquid feed from a glass syringe pump used to control
the liquid flow and an electrical potential attached in a T junction, which applied
the high voltage to the liquid to deliver it to the emitter capillary where ions were

generated. The emitter was placed a few millimeters away from the inlet capillary,
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and the T junction was mounted on a three-axis manipulator to control its position
as the perfectly aligned emitter and inlet capillary. A flow rate of approximately

0.3 mL/hr and a large voltage (2-4 kV) were usually used.

#

Fig. 3.1. Photograph showing the key components of the electrospray ionization
source interface.

As shown in the schematic diagram in Figure 3.2, the electrospray sys-
tem enables the pressure to be lowered through a series of differentially pumped
chambers from the atmospheric pressure to 10 mbar in the deposition chamber.
The electrospray system has a capillary tube with an inner and outer diameter
of 0.25 mm and 1.6 mm, respectively, and a length of 5-cm stainless steel. A
heater has been used around the inlet capillary to help desolvation of the droplets.
Electrospray occurs in ambient gas, and it is common in almost all electrospray

deposition sources worldwide [86, 101]. The only exception is in Swarbrick’s paper,
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in which deposited carbon nanotubes using electrospray deposition in a vacuum
was carried out by the O’Shea group in Nottingham [75]. The drawback of this
method is that the electrospray solution could freeze and block the capillary, so
almost all ESI takes place at ambient pressure. Some studies applied an extrac-
tor ring underneath the emitter capillary in order to steady the spraying process
[103-106].

Skimmer cone 1 Skimmer cone 2 Skimmer cone 3 Depaosition Chamber

\ \ Target (sample)
L S —
Emitter Capillary
atmosphere P= 10 *mbar Stag
P=10° mbar Stage 2 Stage 3 Stage 4

inlet caplllary P=10"! mbar P=10 " mbar P=10 S mbar

Fig. 3.2. Schematic drawing of the electrospray deposition process that shows the
liquid passing through the entrance capillary and a group of differentially pumped
at all stages into the deposition chamber to be deposited on the surface.

In this work, three skimmer cones with aperture diameters of 0.4 mm, 0.6
mm and 0.6 mm, respectively, were placed to four separate differentially pumped
stages (two roughing pumps and two turbomolecular pumps). Vacuum stages
1 and 2 are pumped by a dry-scroll pump to a pressure of 1 mbar in the first
stage, and the second stage achieves a pressure of 0.1 mbar. The third and fourth
chambers are pumped by turbomolecular pumps, allowing the pressure to decrease
from 10* mbar in the third chamber to 10 mbar range in the fourth chamber,
which provides a pressure of roughly 10 mbar in the chamber where the deposition
sample is held. It is worth noting that when the source is coupled to a preparation
chamber with a larger pumping capacity, the deposition pressure can be reduced

to the 10® mbar range.

Some systems placed an ion funnel between the entrance capillary and
the first skimmer. The ion funnel consists of spaced ring electrodes that gradually
decrease in internal diameter whilst working to restrict the ions radially (see Figure

3.3) [107]. The ion funnel compresses the beam into a smaller diameter so that

24



3.3. DEPOSITION METHODS

more of it passes through the skimmer cone. The disadvantage of this instrument
is that it is quite big and has to be used in a large tube relation. The ion funnel
cannot insert into the skimmer cone; therefore, skimmer cones have been chosen
as a way to overcome the complexity of the ion funnel. The other disadvantage is

that the control electronics are complex and expensive.

Fig. 3.3. Schematic of the ion funnel showing ring electrodes and the direction
of the ion diffusion.

Deposition time differs depending on the desired film thickness. Monolayer
coverage was accomplished after approximately 20 minutes, whereas multilayer
coverage occurred after several hours. The deposition was observed by keeping
an eye on the changes in the pressure of the deposition chamber or through the
immediate measuring of the sample drain current. Two deposition approaches
were carried out in this thesis: an electrospray rig and by attaching the electro-
spray to the XPS chamber. In the first approach, the sample is transferred ex
situ from an electrospray rig and introduced into the XPS via a load-lock to study
bonding/interaction sites on the surface. The sample here may be susceptible to
contamination from the air. However, an advantage of using this method is the
possibility of depositing a lot of materials, thus focusing only on XPS measure-

ments. In the other approach, the deposition onto the surface takes place in situ
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inside the XPS, where the sample only has to be moved a little bit to move from
the deposition spot to the analysis spot (a few mm), so the sample is never ex-
posed to the atmosphere. The disadvantage of using this approach is that it is
more time-consuming because the same system is used to conduct the deposition,

therefore it is impossible to take any measurements.

A solvent such as isopropanol was utilised to clean the entrance capillary
to unblock clogging due to the high liquid concentration, so dilute solutions that
have concentrations beneath 0.1% (w.t.) can be used instead. A broad variety
of molecules from different solvents can be deposited, such as methanol, ethanol,
tetrahydrofuran, water (with 10% methanol added), acetone, toluene (with 10%
methanol added) and chlorobenzene (with 10% methanol or acetone added). There
is a wide range of molecules that have been deposited by electrospray deposi-
tion from various solvent mixtures, for example, Cgy from toluene/acetonitrile
(98], N3 from 200 ml of 3(methanol):1(water) mixture [12, 13], ~1 mg of single-
molecule magnet in 10 ml of pure methanol [81], zinc protoporphyrin from 10
ml of 1:1 methanol/toluene mixture [72], graphene oxide from propylene glycol
methylether acetate, acetone, ethanol [108] and sodium chloride (NaCl) from wa-

ter/methanol/acetic acid [109].

3.4 Photoemission Spectroscopy

In 1887, Hertz [110] studied how light interacts with electrons when he discov-
ered that exposure of zinc to ultraviolet radiation causes it to lose its negative
charge. Experiments conducted in the late nineteenth century revealed that shin-
ing light on a metal surface enabled the emission of electrons. Einstein analysed
this phenomenon, known as the photoelectric effect, in 1905 [111] using plank’s
equation of the black body radiation, for which he was awarded the Nobel Prize

in 1921. The photoelectric effect contributed to the development of photoelectron
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spectroscopy, which has been used to investigate chemical interactions and charge

transfer dynamics between molecules and surfaces.

The photoionisation process of electrons may only occur if the photon
source has high energy. Photoemission spectroscopy (PES) probes the energy
distribution of occupied states of atoms by measuring the photoionisation process.

The energy level diagram of these states is shown in Figure 3.4.
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Fig. 3.4. Energy level diagram showing the ground state where the molecule
absorbs a photon with energy hv. This energy is transmitted to an electron in the
form of a photoelectron.

3.4.1 Uses of Photoemission Spectroscopy

The PES technique, also known as photoelectron spectroscopy, is widely used for
measuring the binding energy of electrons in atoms and molecules. Scientists often
use PES to identify chemical composition, studying surface contamination, organic
layers, catalysis and corrosion. This method might be used for identifying the

ingredients in a historical artefact, such as a painting, which may reveal the kind
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of paint used and, consequently, the period and place of the artwork’s creation.

Additionally, PES may reveal the chemical states of atoms bound together.
The electrons of atoms can form stronger and more energetic bonds by sharing
with other atoms. But, as a result of this, a simple shift of electrons occurs in the
binding energy, which can be discovered by measuring the binding energy of the
electrons. For instance, it has been proven that positively charged atoms lead to
shifting electrons’ binding energy to higher values, which is coupled with a rise in

the coulombic attraction between the electrons and the nucleus.

In this work, PES is used to ensure that the surface is free from contami-
nants after the sputtering and annealing process and before depositing molecules.
More importantly, it determines the chemical states of the atoms in the dye
molecules adsorbed on a crystal surface, such as the rutile TiO5(110), having

been used in the Chapter 6 experiments to study their bonding.

3.4.2 X-ray Photoelectron Spectroscopy

XPS is one of the most frequently applied methods for analysing the chemistry
of the surface of the material. It also measures the electronic state of the atoms,
as well as their kinetic energy. The photoelectric effect, in which electrons are
emitted from the substance as a consequence of the absorption of photons, is the
fundamental mechanism underpinning PES. The photoionised electrons’ kinetic

energy is given by:

where hv is the energy of the absorbed photon. Each electron has a specific
ionisation potential required to remove it from the atom or molecule. The ioni-

sation potential has been divided into binding energy, Eg, of the excited electron
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with respect to the Fermi level and the work function, ¢, of the material required
to transfer electrons from the Fermi level to the vacuum level. The basic concept

of these levels and energies is shown schematically in Figure 3.5.
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Fig. 3.5. Schematic energy levels diagram for spectrometer showing removal of
a core level electron during an XPS experiment.

The Fermi level can be considered the energy level of an electron at which
it has a 50% probability of being occupied. The Fermi level of metals tends to
be located above the highest occupied electronic level. However, for insulators
and semiconductors, it tends to be in the centre of the bandgap, whereas doped
semiconductors move nearer to the conduction band or the valence band depending
on the carrier’s charged dopant. For example, in the case of TiO,, the natural
dopant is oxygen vacancies, which makes it n-type, and therefore, the Fermi level

is usually very close to the conduction band edge.

The vacuum level refers to the energy level of a free-electron far enough

away from neighbouring particles that it is at rest with zero kinetic energy. Any
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additional energy gained by the electron would be in the form of kinetic energy,
which enables the electron to transmit through the vacuum and then be positioned
above the vacuum level. The unoccupied and bound electronic state lies between

the Fermi and the vacuum levels [112].

Electrons may exist in atomic or molecular energy levels. The atomic
energy levels are well-defined by a finite number of electrons before the extra
electrons start moving to the next level. The inner-shell electrons (1s orbital),
called core levels, have a higher binding energy than outer-shell electrons such as
2s and 2p electrons due to their proximity to the nucleus. On the other hand,
the electrons farthest from the nucleus have low binding energy and are named
valence electrons, relating to their location in the valence levels. Molecular energy
levels, also called molecular orbitals, comprise electrons that are weakly bonded
in mixed energy levels. The electrons distribute over neighbouring atoms or the

entire molecule.

Photons can penetrate quite deep into the solid before being absorbed,
but excited electrons can only travel through a few layers of matter. Hence, it is
necessary to prepare the sample carefully and eliminate contamination as much
as possible because the XPS technique is very sensitive to the surface. Surface
sensitivity in XPS can be increased by altering the angle at which electrons are
detected from the surface with respect to the analyser, and therefore, the route of
electrons changes before arriving at the detector and decreasing the depth from

which the detected electrons can be released.

3.4.3 Hemispherical Electron Energy Analyser

The photoelectron energy distribution is essentially measured with a hemispheri-
cal analyser. Electrons pass through an electrostatic lens system that bends the

inbound electrons entering a narrow slit to prevent unusual paths, and then via
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an analyser which consists of two concentric hemispheres with two different radii,
see Figure 3.6. Potentials applied to the inner and outer hemispheres apply an
electrostatic force to the electrons. The electrons only flow through to the detector
if the electrons’ centripetal forces nearly match the electrostatic forces, enabling
the measurement of the number of electrons and their kinetic energy; on the con-
trary, an imbalance causes electrons to collide into one of the two hemispheres
depending on how much kinetic energy they have. A retardation voltage is used
to slow down the photoelectrons to pass energy, which will detect kinetic energies

in addition to the pass energy.
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Fig. 3.6. Schematic diagram of a hemispherical electron analyser. The photoelec-
trons that are emitted from the surface are accelerated into the analyser. Electrons
are decelerated and focused via a slit with applying a voltage in between. Just
electrons that are in the pass energy range will reach the DLD detector to be
counted.

A swept-tuned mode is the most significant detection mode used in XPS.

The retardation potential of the reaching electrons on the detector is changed,
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allowing their number to be measured, whilst the hemisphere’s pass energy remains
constant. XPS measures the whole range of electron kinetic energies at one fixed
pass energy level on the detector. There is another detection mode known as fixed-
tuned mode but it was never used. It is not suitable for obtaining the correct shape

of the spectrum; rather, it is appropriate for very fast data acquisition.

In this study, a 2D delay-line detector (DLD) is the most employed piece
of equipment in the detector composition. The 2D-DLD can be used instead of
charged coupled device (CCD) camera. The design of the DLDs is a modern
innovation in physics detectors, unlike most microchannel plate (MCP) detector
systems. DLDs may be either single- or multi-dimension devices. The feature of
the DLD detector is that it defines the electrons’ effect position on the detector
in two dimensions with a high capability for detecting numerous particle hits
and analysing the position and time coordinates of every single particle. A DLD
comprises two delay lines that are perpendicular to each other, where every delay
line consists of a pair of wires applying a voltage between two thin wires. In
the DLD, electron-pulsed signals strike two layers of thin wires, causing flashes
of light on the detector surface. The distance of the electron cloud colliding with
the wire is determined via reading the pulses of induced current from the end of
the wire. Moreover, the information received from both wires is used to identify
the location of the incident charge on the detector surface. Single-channel electron
multiplier devices (e.g. a 1D array of channeltrons) are the most used conventional
detectors. These detectors are best suited for applications requiring high-intensity

measurements.

The term ‘pass energy’ (EP) refers to the energy carried by electrons when
they flow along a central axis between the two hemispheres. This energy is gen-
erally set between 5 eV and 200 eV based on the type of the chosen application.
High pass energy provides more count rates and gives the analyser a worse accu-

racy, but low pass energy loses more electrons and provides a higher resolution.
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In addition to the pass energy, the spectrometer’s final energy resolution can be
calculated using the equation for the sum of the two slits” widths ( Weptrance and

Wexit) and the spectrometer’s size.

W = Wentrance + Wemit (32)

Higher-resolution spectra can be provided by using smaller slit apertures
and bigger spectrometers based on the following equation, where the smallest full

width at half-maximum (FWHM) is given by AE.

AE/E, = W/2R, (3.3)

where E, is pass energy of the electrons through the analyser. Ry, as
indicated in Figure 3.6 by a black dashed line, is the radius of the electrons with
the pass energy that can get to the exit slit along the median path through the
spectrometer where Rg = % (Rin + Rout) [113, 114]. Ry, and Ryy are the radii of

the inner and outer hemispheres, respectively.

3.4.4 X-ray tube Anode

The single X-ray source (called microfocus X-ray) generates high-intensity and
high-resolution X-ray with small spot sizes less than 200pm, which can achieve
monochromatic resolution of 0.25eV. 200W is determined as the maximum power
dissipation to prevent anode damage. The MF single X-ray is made of filament
due to its thermal properties, tungsten (target material — it is a single aluminum
anode) and an emitter. The emitter includes a crystal connected to wires that
create a high flux of electrons with a low-energy diffusion. The MF single X-ray

anode operates by electron flows that are boiled off by the X-ray tube filament
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using a sufficiently high voltage to hit the target area in a steady electron beam.
The emitted electrons released due to thermionic emission process are controlled
using a grid bias. There are two types of X-rays generated: characteristic radiation
and bremsstrahlung radiation, as summarised for aluminium in Figure 3.7. A
bremsstrahlung X-ray is created when bombarded electrons slow down due to
electrostatic interactions with the target’s electrons. X-ray photons are released
as a result of the electrons’ change in momentum, whereas characteristic X-ray
takes place when electrons expelled from filaments smash with the electrons within
the target in order to excite them from low to high atomic energy levels. X-ray
photons with energy levels equivalent to the energy gap are released when electrons

decay back to their ground states.
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Fig. 3.7. Diagram outlines characteristic X-ray emission and Bremsstrahlung
background for Aluminium. Kaq, Kas and K3, correspond to transitions Ly, Ly
and My energy levels down to the core hole 1s.

The characteristic X-rays enter the analysis chamber by penetrating a very
thin aluminium-coated silicon nitride window, which is one of the components of
the anode. Monochromatic x-rays have been used to remove undesired character-
istic peaks and for imaging studies, especially for increasing energy resolution and
minimising the background to obtain sharper images. A point-to-point focusing
crystal geometry is introduced in the Rowland circle [115], e.g. a toroidal quartz

crystal to concentrate the X-ray beam onto the sample, as outlined in Figure 3.8.
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Constructive interference in the X-ray reflection in accordance with Bragg’s law
(used to measure variations in scattering angles of crystals) for the general case of
hkl planes, nA = 2dyy sin(Oyk ), is permitted when the total path difference (2dyy
sin(9)) between light diffracted by parallel crystal plates matches the integer wave-
lengths. Where n (an integer) is the order of diffraction, A is the wavelength of the
incident X-ray, d is the spacing of the crystal layers and ¥ is the angle between
the incident ray and the scattering crystal plane. The undesirable spectral contri-
bution may be greatly decreased by adjusting the incidence angle ¥ such that the

path length difference matches the wavelength of the required emission line.

Crystal

Ca]
§¢

Rowland
circle

Fig. 3.8. Configuration of the sample and analytical crystal on the Rowland
circle geometry within X-ray emission spectroscopy from an anode.

3.4.5 Surface Sensitivity

The surface sensitivity approach is one of the main advantages of using PES in

surface science experiments, as this technique is more sensitive to atoms close to
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the surface than to atoms in the bulk that are farther away from the surface. It
has to be noted that photoelectrons have a smaller escape depth despite the fact
that the soft X-rays’ regime is able to penetrate a surface at a depth of microns

[116] because of the strength of the interaction between electrons and material.

Inelastic scattering of electrons may occur as they move through a solid
material. Subsequently, the origin of these electrons is no longer known due to their
missing Auger transition or energy level information, and as a result, a background
of uninteresting secondary electrons is created. With regard to electrons that are
not inelastically dispersed, which take part in photoelectron and Auger peaks,
they come from the crystal’s surface rather than its bulk. So, electrons that move
a short space before scattering are favoured over those that move a long space and,
hence, may be originating from deeper in the specimen. Because of the definition
of the inelastic mean free path, A(E), which states the average distance travelled by
the electron through the material before losing energy and reducing its intensity

to 1/e, it is presented by:

1(d) = Iy exp(—d/A(E)) (3.4)

where I(d) is the intensity after the electron beam has travelled through

the material to a distance d, and I is the initial intensity.

The mean free path of the electrons is more dependent on the kinetic
energy than on what form of matter they exist in. The graph in Figure 3.9
illustrates the general curve for the electron inelastic mean free path in a different

metal as a function of kinetic energy.

The inelastic mean free path on the plot shows a minimum for electrons
with kinetic energy at roughly 50 eV-100 eV. At higher kinetic energies, the elec-

trons can travel rapidly and spend less time in the metal so that they are less likely

36



3.4. PHOTOEMISSION SPECTROSCOPY

to interact, whereas at lower kinetic energies, the probability of inelastic scatter-
ing reduces since the electron has insufficient energy to excite loss processes and
consequently originates from the minimum in the sample. In the experiment, the
kinetic energies are determined by the fact that the photon energy cannot be
changed. It is always a fixed aluminium KAI for photon energy, for example, the
kinetic energy for the Cls level calculated from Ex=hv-Eg that appears on the

universal curve at 1,203 eV.
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Fig. 3.9. The curve showing the inelastic mean free path of an electron travelling
through metals (solid) as a function of kinetic energy. The graph is adapted from
reference [117].

3.4.6 Final State Effects

3.4.6.1 Spin-orbit Coupling/Splitting

XPS peak splitting is expected to occur for other orbitals (e.g. p, d and f orbitals)
other than s orbital due to spin-orbit coupling. This forms as a result of an
electron’s spin, s, coupled with its angular momentum, [; in other words, it is
an interaction between electrons’ spin and angular momentum to give the total
angular momentum, j, such that j = [ + s [118, 119]. After an electron is emitted

from a core atomic orbital by photoemission, two distinct states are involved,
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either s = +1/2 (spin-up) or s = -1/2 (spin-down), and [ = 0 in the case of s
orbital, which means that there is no degeneracy between the two electrons since
they have the same kinetic energy. However, degeneracy is apparent for energy
levels with [ > 0, such as p, d and f orbitals (i.e. [ = 1, 2 and 3, respectively),

causing a split in the final state energy. Degeneracy can be calculated by:

Degeneracy = 25 + 1 (3.5)

If the emitted electrons with two different energies, two distinct peaks
are observed for p, d and f orbitals at different binding energies measured in XPS
rather than the single peak obtained for s orbital. Two peaks’ size ratios is defined

by the degeneracy value’s ratio, as seen in Table 3.1.

Orbital | J values | Degeneracy | Peak ratio
s (1=0) 1/2 0

p(l=1)| 1/2,3/2 2,4 1:2

d (1=2) | 3/2,5/2 4,6 2:3
f(1=3) | 5/2,7/2 6, 8 3:4

Table 3.1. Total angular momentum (j), electron degeneracy, and peak intensity
ratio of s, p, d, and f orbitals for X-ray photoemission spectroscopy.

For example, Ti 2p splits into discrete peaks corresponding to the Ti 2p; o
and Ti 2p3/,, calculated using the total angular momentum, j =1 + s. In this
case, [ = 1 and the intensity ratio between the two Ti 2p peaks is given by the
equation (3.5), resulting in an intensity ratio of 1:2, as shown in a titania spectrum
in Figure 3.10. A low total angular momentum makes the two peaks small with

high binding energy.
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Fig. 3.10. A photoemission spectrum of a titanium sample is shown, where Ti
2p1/2 peak on the left and Ti 2p3/, peak on the right has computed using the total
angular momentum j = [+ s.

3.4.6.2 Shake-up and Shake-off Features

Satellites are formed when a core electron is removed through a photoionisation
process, where a sudden change in coulomb potential occurs due to the loss of
shielded electrons. This disturbance causes the electron to shift from a bonding
orbital to an anti-bonding orbital simultaneously. Two types of satellite peaks
created by satellite lines in the XPS spectrum have been detected: shake-up and
shake-off, as outlined in Figure 3.11. The shake-up satellites in a photoelectron
spectrum of an atom can arise when the core electron that is emitted from the
atom loses some energy through excitations of valence band electrons into the
unoccupied valence levels, so the photoelectron has kinetic energy less than it
would normally be by an amount equal to the cost of the HOMO-LUMO (highest
occupied molecular orbital-lowest unoccupied molecular orbital) excitation. Lower
kinetic energy looks like higher binding energy, so these features are always found
to be the high binding energy side of the main peaks that are related to them.
The shake-off is a similar process but the valence electron is fully ejected from the

ion into the continuum of unbound energy states above the vacuum level; hence,
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the loss structure can disappear into contributing to the scattered background.
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Fig. 3.11. Schematic of energy level diagram showing XPS (main peak), shake-
up, and shake-off (satellites peaks).

3.5 Atomic Force Microscopy (AFM) and Opti-

cal Microscopy

AFM has been used in a wide range of sciences around the world, including physics,
chemistry, biology, as well as engineering. In this thesis, AFM data on the mor-
phology of graphene deposition will be shown in Chapter 5. AFM can precisely
identify a sample surface’s electrical, magnetic, chemical, optical, topographic and
mechanical characteristics [120] in air, liquids and UHV environments. Binnig et
al. invented AFM, a very high-resolution imaging method, in 1985 [121] using a
tiny probe, known as a cantilever, for scanning the sample. The AFM may be
sensitive to vibrations conveyed by the floor, resulting in restriction of measure-
ment sites and, subsequently, defection on images, so they are placed on isolators

to prevent vibration.
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The typical AFM techniques operate [122] as represented in Figure 3.12,
by scanning a sample’s surface using a sharp tip (commonly made of silicon or
silicon nitride) on the end of the cantilever. A piezoelectric tube scanner is made
of ceramic material which has been used to move the sample in the three coordi-
nates (XYZ stage or scanning stage). In most cases, a laser beam reflected from
the cantilever’s backside is used for observing the AFM tip’s height and then di-
recting the reflected beam to hit the photodiode. A feedback loop is employed
to maintain a constant interaction force between the tip and the sample. A 3D
topographic image is created by incorporating the coordinates of the AFM tip
by scanning with a magnification greater than 1,000x compared to the compound

optical microscope. On the other hand, AFM cannot measure regions greater than

100 pm.
Detector and
feedback <5
electronics
Image

Photodiode

Cantilever

Probe tip «+—

e

Piezo scanner

Fig. 3.12. Schematic of basic AFM setup components.

An optical microscope (also called a light microscopy) is a common tech-
nique that uses visible light and lenses to produce 2D images that are magnified

about 1,000x due to the limited resolving power of visible light. Optical images
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can be captured by a camera such as a CCD. It is employed in many science
and technology fields, including physics, biology, pharmaceutical, nanotechnology,

materials science and many others.

3.6 SIMION simulation

Ion optics can be modelled with 2D symmetrical and 3D asymmetrical electro-
static potential arrays using the SIMION simulation program. It is suitable for
simulating a wide variety of systems, such as mass spectrometers and particle op-
tic lenses. This software is used to calculate the virtual electrostatic fields and to
determine the paths of charged particles [123]. The trajectories of ions in electro-
static fields can be calculated in SIMION according to the Lorentz Force law. The

equation is given as:

F=qE+quxB (3.6)
where q is the electric charge of the particle moving with velocity v. E
and B are electric and magnetic fields. The path of ion charge can be defined by

the Lorentz Force equation and Newton’s second law equation. Newton’s second

law can be expressed as follows:

F=ma (3.7)

where m and a are the mass and acceleration of the object, respectively.
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3.6.1 Electrode Geometry

The first step in SIMION is to create electrostatic potential arrays by drawing
3D geometric shapes in the grid point. 3D arrays can be defined as electrodes
(poles) by inserting electrode numbers with 1 volt or 2 volts, etc. or non-electrode
(non-pole) of 0 volts to erase the wrong points. The geometry of the electrodes,
empty space and applied voltage helps to calculate the electric field in SIMION.
Figure 3.13 presents the creation of the electrodes in the grid points in SIMION,
and Figure 3.14 shows view of the potential 3D array generated from Figure 3.13.
SIMION provides another way to define electrode geometry in a potential array
using geometry files. Geometry files are usually employed for sophisticated 3D
geometry, or any geometry definitions that need to be resized. Because symmetry
is different in different parts of the instruments, geometry files have been used in
order to assemble them together into one array. For instance, cylindrical symmetry

for the Einzel lens and mirror symmetry for the deflection has been applied.
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Fig. 3.13. Example of a potential array form of the generating electrodes (black)
in the grid points (green) in SIMION software.
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Fig. 3.14. View of the 3D electrodes introduced from Figure 3.13.

3.6.2 Flying Ions

Before flying ions in SIMION’s ion optics workbench (WB), potential arrays should
be refined. To simulate the trajectory of the ions, it is necessary to define some
parameters for the ions’ simulation, such as the number of particles and values of
ions’ mass, charge, position distribution and kinetic energy or velocity. Ions can
be defined either in groups of similar ions or individually. Electrons, protons and
defaults all give ions in the selected ion group resting mass and charge, except the
defaults transform the definition of the group of the selected ions to a SIMION
default. After setting up all parameters, ions can be flying through the potential
field in SIMION. SIMION uses the fourth-order Runge-Kutta calculator technique

to compute ion trajectories.

After the ion’s flight is finished, SIMION permits a view of these trajec-
tories in WB or potential energy (PE) surface views. The WB view (see Figure
Figure 3.15) allows 2D and 3D views, even for interior ion trajectory. There are
many viewing choices, such as 3D pointing, cutaway clipping and others. Figure
Figure 3.15 illustrates ion trajectory within the Einzel lens, which has been built
by a 2D cylindrical array. The PE surface view (see Figure 3.16) lets us see the

ion pathways of a 2D plane. The PE surface view has physical importance for
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the electrostatic fields due to graphically showing the electrostatic forces acting
on the ions. Figure 3.16 shows a PE surface view of the Einzel lens trajectory,
which aids in understanding the electrostatic focusing of ions. It is easy to learn
the ion paths in the Einzel lens by imagining that the shape of the PE surface is a
bit like a golf course where golf balls interact with hills in the same way that ions

interact with the PE surface.

Fig. 3.15. Workbench (WB) view of ion trajectories flown through Einzel lens
cutaway. Image modified from [124].
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Fig. 3.16. Potential energy (PE) surface view of ion trajectories flown through
the Einzel lens. Image modified from [124].

In this chapter, the key experimental methods and techniques of elec-
trospray deposition, some background underlying PES and AFM are outlined,
including a discussion of the instrumentation used. All of these will underpin the
experimental work presented in Chapters 4, 5 and 6. SIMION calculations will
also be exhibited in Chapter 5. At this point, the next chapters begin discussing

experimental studies.
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Chapter 4

The Characterisation of Velocity
Distributions in Electrospray

Tonisation

4.1 Introduction

Depositing molecules on surfaces supports an enormous variety of science and
technology fields, from solar cells to heterogeneous catalysis. Ion beam deposition
in a vacuum is considered a technology that produces surface coating for a large
range of applications and enables researchers to study complex molecules on sur-
faces, especially in situ using high-resolution techniques requiring a high vacuum,
such as scanning probe microscopy and PES. Depositing functional molecules, dye
sensitisers of photovoltaics, water-splitting solar cells, biomolecules and nanopar-
ticles onto surfaces under UHV conditions is not readily feasible because they are

typically fragile and non-volatile.

Small volatile and thermally stable molecules can be vaporised onto sur-

faces in the conventional deposition because most of the traditional methods de-
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pend on thermal evaporation or sublimation. The liquid or solid in the case of small
molecules is softly heated in order to reach the fractional pressure of molecules in
the gas stage, where raising the molecule’s temperature leads to its destruction
or dissociation before the necessary energies are reached to achieve the gas phase.
Using this technique could be ineffective with large molecules or nanoparticles
since a high temperature is required for sublimation and evaporation - i.e they are
thermally unstable, and their vapour pressure is low. Electrospray is a soft ioniza-
tion technique that can use with non-volatile materials to produce the molecules
into the gas phase non-thermally. Rauschenbach [125] proved that it is possible to
deposit non-volatile molecules, such as proteins and peptides, onto surfaces and
retain their structure (i.e. even the very weak bonds that give proteins their shape

are not broken) or successfully soft land them from ion beams under vacuum.

Image charge detection mass spectrometry is a general technique used to
calculate m/z (i.e. mass to charge ratio) for each ion. Also, it enables measurement
of the ion charges that go through the system. The image charge detector consists
of a metal tube connected to a charge-sensitive amplifier, as can be found in
the literature [126-128]. The simple description of the image charge detection
spectrometer is shown in Figure 4.1. When charged ion passes through the tube,
it impresses an image charge that the amplifier detects on the tube. If the tube is
long enough, the image charge then has time to build up a charge that corresponds
to an ion charge on the tube but with an opposite sign, which can be measured as
a voltage. In addition, it measures interval time when the ion enters the tube and
gives a measurement of the speed when the ion leaves the tube. Differentiating
the voltage signal can reveal the time-of-flight (TOF) of the ions from the distance
between peaks where, in turn, the velocity of the ions is calculated where the area

under the peaks is proportional to the ion charge [126].
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Fig. 4.1. Schematic diagram of image charge detection spectrometer showing the
ion passes through the tube. A sensitive amplifier and high-speed data acquisition
card (DAQ) can be used to measure an image charge of the ion on the tube.
The lower portion of the Figure shows the signal obtained from the image charge
detector which is known as time-of-flight (TOF).

The electrospray deposition source (see Figure 3.2 in section 3.3.2) has
been developed by including a homemade image charge drift tube in order to de-
termine the ions’ velocity distribution using an amplifier to measure image charge,
which will be discussed in more detail in the method section. The aim of devel-
oping this instrument is to build a low-price, small-scale electrospray deposition

system, designed to be mounted on a wide range of UHV instruments.

The main goal of this work is an exploration of speed and, indirectly, the
size of the ions in stages 3 and 4 as a result of changes to the geometry of stage
1. Therefore, the charge tube has been used to determine the velocities and to
determine if it is possible to accelerate them to a similar speed. In addition, the
position of the first skimmer cone relative to the entrance capillary to sample
inside the Mach disc has been changed in order to see whether obtaining more
control over the speed will be possible. The sample takes place inside the Mach
disc because the ions are still under the influence of the supersonic expansion,
so they are probably accelerated to a similar speed. Alternatively, outside the

Mach disc, there are other air molecules that will slow them down, where they
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will collide and thus begin to thermalise — details of which are outlined in section
2.2.1. However, if the distance is too large, they will all be reduced to the same
energy and therefore have different speeds based on their mass according to the
kinetic energy equation KE = % mv?, where m and v are the mass and velocity of

an object.

4.2 Experimental Methods

The electrospray deposition setup used for these studies is shown in Figure 4.2.
The source is equipped with a 250 pm internal diameter entrance capillary in
stage 1 using a heater around the entrance to assist desolvation of the droplets.
The first two vacuum stages are pumped by roughing pumps, such as dry scroll
pumps, where pressures around 1 mbar in stage 1 and 0.1 mbar in stage 2 have
been achieved. In this experiment, the position of the skimmer cone has been
changed with respect to the Mach disc of the supersonic expansion in order to
gain some control over the ions’ speed, which can be measured with an image
charge drift tube. The second skimmer (aperture diameter of 0.6 mm) is placed
near the first skimmer (aperture diameter of 0.4 mm) to increase the ion range to

the maximum and reduce any thermal revolution.

Stage 3 and 4 are pumped by a turbomolecular pump to pressures around
10* mbar and 10® mbar, respectively. The third stage constitutes an image charge
drift tube. This instrument allows for determining the speed distribution of ions
using a high-speed amplifier to measure the charge of the ion image when entering
the tube and losing the charge when leaving. Moreover, the ion charge can be

qualitatively estimated from the volume of the induced image charge.

The strategy of Maze et al. [129], who utilised image charge detection
spectrometry to investigate the charge and velocity distributions of electrosprayed

pure water droplets, was employed in this experiment but with spraying fluores-
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Fig. 4.2. Schematic of the electrospray deposition source. A supersonic sampling
stage speeds up molecules to a narrow speed distribution that is measured by a
drift tube of image charge. The beam of molecules enters into the system to the
final skimmer aperture to deposit on the sample in the deposition chamber (UHV
chamber).

cein dye. The TOF between two peaks gives the speed of the droplet; additionally,
the charge amount on the drops can be determined from the region beneath peaks
in the differentiated signal by applying a small voltage pulse using a known ca-

pacitance of the preamplifier.

An example of data collected using an image charge detector is shown in
Figure 4.3. The device in Figure 4.1 comprises a 50 mm long brass tube installed in
the vacuum chamber by a PTFE (Polytetrafluoroethylene) insert and attached to a
charge-sensitive amplifier. Further, a data acquisition (DAQ) card is applied until
the amplifier’s voltage output can be measured. Since the instrument is extremely
affected by vibrations that mostly came from vacuum pumps, the chamber is
placed on a vibration isolation table, so it was necessary to conduct a careful study
of the pumping to reduce this. Dry-scroll pumps (previously discussed in section
3.2) have been used in the main chamber, whereas the turbomolecular pump is
installed in the third stage and connected through bellows to the electrospray
system to pull vibration out from the system. All support pumps are connected
through plastic tubes rather than metal tubes because the metal tubes allow the

transferring of further vibrations.
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Fig. 4.3. Example data collected using an image charge detector for 1 mM of
a standard fluorescein solution (50:50 water: methanol) sprayed at 3.5 kV. The
bottom plot zooms in on the transients marked in the top plot with a blue solid
circle.

Figure 4.4 shows the example of differentiated data for the positive bias
mode (i.e. positively charged droplets) used in the lower trace from Figure 4.3.
It displays four transients produced from electrospray ions travelling through the
tube consecutively. Non-differentiation data makes the transients’ identification
more difficult due to the differential signal noise which results from high-frequency
noise. Applying the filtering using a low-pass filter to minimise a lot of the high-

frequency noise has the same outcome as smoothing; therefore, there is no need
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to use a more time-consuming method.
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Fig. 4.4. Differentiated data collected of 1 mM fluorescein dye in (50:50 wa-
ter:methanol) sprayed at 3.5 kV.

Figure 4.5 shows the example of differentiated data for the negative bias
mode (i.e. negatively charged droplets). It presents four transients from electro-
spray ions travelling through the tube sequentially. As can be seen, the second
transient at 16 ms indicates a double situation, and this is attributed to two ions
entering the tube simultaneously, causing interference in both signals. Accord-
ing to peak heights in the differential signal, the two ions have the same charge.
The electrospray can be detuned to reduce the event rate down to a level where

individual events can be observed without them overlapping.

The positive peak refers to inserting a negatively charged ion into the tube,
and the negative peak is produced when it leaves the tube, whilst the opposite
occurs with a positively charged ion. The time elapsed between the two peaks in

the differentiated signal exactly coincides with the ion’s TOF [129].

54



4.3. RESULTS AND DISCUSSION

10 —

> 5
(0]

(@)]

]

5 0

>

5

S 54

O
-10 -

T | T | | |
15.5 16.0 16.5 17.0 175 18.0
Time [ms]

Fig. 4.5. Differentiated data collected of NaCl dissolved in 5 ml of water and
methanol sprayed at -2.58 kV.

4.3 Results and Discussion

Velocity distributions measured for different spray biases (2.00 kV, 3.00 kV and
4.00 kV) are shown in Figure 4.6. A 0.1% solution of fluorescein in methanol was
used, and the distance between the inlet capillary and first skimmer was 12.3 mm.
In each case, a 1.25 MHZ sampling rate and the number of samples (50,000) were
set. Within 0.5 seconds, a considerable number of transients were recorded. The
time interval for each transient in this data was measured manually by taking the
time difference between the positive and negative peaks in each transient signal, as
shown in Figures 4.4 and 4.5. Each one of these then is added manually as a data
point to the histograms, as presented in Figure 4.6. Manual measurement was
performed, as efforts to automate the process may have led to unreliable results.
The histograms produced from the mean and standard deviations of the speed

values are presented in a Gaussian distribution (see Figure 4.6).

The plot (a) 2 kV indicates velocity distribution centred at 303 ms™!, with
a full-width at half maximum of 46 ms™'. The histograms for 3 kV and 4 kV (b,

c) are a little broader than 2 kV. Furthermore, the distributions, centred at 327
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ms~! and 333 ms~! have FWHMs of 84 ms™! and 64 ms™!, respectively. When
processing the data, it was clear in the 3 kV and 4 kV datasets that each transient
had a very similar image charge because of their extremely reproducible form.
However, the higher bias obviously increased the ions’ speed. It is logical that
using a high voltage or large electric field would accelerate the ions to a higher
speed before entering the entrance capillary. The scatter plots showed that the
distribution of velocity always depends on the clusters’ charge where clusters with
greater charge tend to be slower than ones with less charge. The charge-to-speed
relationship can be fitted with 1/v?, suggesting that they might all have the same

kinetic energy.

Another set of six examples of velocity distributions for the ions measured
at 3.5 kV is shown in Figure 4.7. Various patterns were used in the distance
position between the inlet capillary and the first skimmer: 12.3 mm in (a), 8.3
mm in (b), 14.8 mm in (c-e) and 4.6 mm in (f). The distance between the
entrance capillary and skimmer 1 were modified to observe whether the velocity
distribution varied. In all cases, 1 mM of a standard fluorescein solution (50:50

water:methanol) was utilised.

The histograms in Figure 4.7 (a—f) point out very similar distributions
of velocity centred at 301 ms™, 294 ms™?, 299 ms™?, 296 ms™, 291 ms*' and 307
ms!, with FWHMs of 61 ms™, 43 ms™?, 34 ms?, 24 ms?, 32 ms! and 33 ms™,
respectively. The histograms (b, ¢, e and f) show that each transient in the dataset
has a fairly comparable image charge owing to their repeatable shape, while (a)
and (d) are distinct from them because (a) has a larger width and (d) has a smaller
width. Furthermore, repeating the data analysis distance of 14.8 mm three times,
as shown in histograms (c—¢), showed that their shapes were very similar together
and demonstrated a narrower width in (d) than (c) and (e). The right-hand side
of Figure 4.7 clearly demonstrates a relationship between charge and velocity. All

the fastest moving drops have lower charges. The hypothesis in these experiments
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Fig. 4.6. The left-hand side histograms of the velocity distributions for fluorescein
dissolved in methanol sprayed at 2 kV, 3 kV, and 4 kV. The 12.3 mm was used
as a distance between the entrance capillary and the first skimmer. The values
cited as v and o indicate the mean and standard deviation measured from the data
which is used to plot the Gaussian distributions. All histogram bins width is 5
ms~!. The right-hand side plot is a scatter of the charge against velocity showing
the correlation between these two quantities and fitting with a 1/v? relationship.
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Fig. 4.7. The left-hand side histograms of the velocity distributions for 1 mM
a standard fluorescein solution (50:50 water: methanol) sprayed at 3.5 kV with
differences between them in modifying the entrance capillary position in each case.
The values v and o indicate the mean and standard deviation measured from the
data which is used to plot the Gaussian distributions. All histogram bins width is
5 ms~t. The right-hand side plot is a scatter of the charge against velocity showing
the correlation between these two quantities and fitting with a 1/v? relationship

was that a shorter distance would make the histogram of velocity distribution
narrow as can be seen in Figures 4.6 and 4.7, where all clusters are around 300
m/s to 330 m/s. Furthermore, the widths of the distributions suggest that they
typically have narrow velocity distribution. The narrow distribution depends on
the distance in stage 1 between where the ions exit the entrance capillary and
where they enter skimmer 1. This hypothesis is not entirely correct since there is
a dependence on mass. In fact, they do have a narrow speed, although there is
a dependence on the mass where there is some evidence of speed dependence on

charge, and by extension probably mass.

Figure 4.8 represents velocity distributions taken at various distances from
Figure 4.7. It shows that there is a very slight dependence on the position of the
first skimmer cone. This proves that decreasing this distance results in a slightly
increased ion velocity due to sampling further into the adiabatic expansion within

the Mach disc.
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Fig. 4.8. Plotting data points between emitter-skimmer distance and speed to
show similar velocity distributions.

In this system, it is expected that the speed of ions will be controlled
by adiabatic expansion. Figure 4.9 is shown as a free-jet expansion after adding
velocity distributions for all cases from histogram plots in Figure 4.7. The position
of the Mach disc from the entrance capillary in stage 1 and skimmer 1 in stage 2 is
given using the equation 2.2 (see section 2.2.1). The distance in the first vacuum-
pumped stage was 5.3 mm. It was obtained by applying 0.25 mm for capillary
diameter, an ambient pressure of 1,000 mbar and a vacuum pressure of 1 mbar,
whilst the distance of 0.8 mm in the second vacuum-pumped stage was acquired
using 0.4 mm for the first skimmer aperture diameter, an ambient pressure of 1
mbar and a vacuum pressure of 0.1 mbar. Adiabatic expansion in stage 1 with a
position of skimmer 1 relative to Mach disc is shown in Figure 4.9a. All the speed
distributions for distances 8.3 mm, 12.3 mm and 14.8 mm were outside the Mach
disc, which means that they are less than the speed of sound except the speed
distribution of distance 4.6 mm, which was inside the Mach disc. This means that
the speed inside the Mach disc is much greater than the speed of sound, but the
velocity measured in the image charge tube was less than the speed of sound. This
is probably due to the position of the Mach disc in stage 2 which is so close to the

first skimmer cone, where the ions always be captured outside the Mach disc if it
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Fig. 4.9. Adiabatic expansion after adding velocity distributions from previous
Figure 4.7. The doted lines in (a) showing the position of skimmer 1 relative
to Mach disc. The entire speed distributions out the Mach disc except for the
velocity distribution of 307 ms™1.
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exists at all. Therefore, the opportunity for some thermalisation is always going
to be there after that expansion because there will be residual gas molecules in
stage 2, where the pressure is 0.1 mbar. So, there will be some scattering that
probably reduces the overall velocity. In contrast, the adiabatic expansion in stage
2, where skimmer 2 is fixed with respect to skimmer 1, is seen in Figure 4.9b. All
the speed distributions for 4.6 mm, 8.3 mm, 12.3 mm and 14.8 mm were on the

external side of the Mach disc.

Briefly, the data showed that all the clusters were travelling through the
drift tube with a speed within a rather small range despite having different sizes.
However, the slowest clusters in all of these distributions tended to have a higher
charge, giving them a lower speed. So, it is inferred that the heavy ions travel
slower than the light ones. The fit with a 1/v? relationship indicated that they
may all be thermalised in stage two, and they all have the same kinetic energy.
It is worthwhile to keep in mind that dependence is only over a relatively narrow
velocity distribution. If the ions are completely thermalised and all have the same
kinetic energy, this would imply a relatively narrow size distribution. The reasons
for this are not entirely clear but may indicate the preferential sampling of large
ions in the image charge tube, as these will give clearly measurable signals, or it
may be due to the preferential formation of large clusters in the beam. There is
still scope for being able to deflect the ions using electrostatic deflectors further
downstream, thus bending them based on their kinetic energy, but for this to lead
to mass-selection, the kinetic energy would need to a large extent depend on their
mass, while charge/speed data shown in this chapter are actually consistent with

a constant kinetic energy model (see Chapter 5 for full details).
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4.4 Conclusions

The data from an initial instrument with the ability to measure the charge and
speed distributions of the ion beam were provided. The instrument was used to
effectively measure the speed distribution for fluorescein sprayed from methanol
using biases of 2 kV, 3 kV and 4 kV. The results showed that 3 kV and 4 kV give
a mean velocity that is slightly greater than 2 kV, but 3 kV’s and 4 kV’s results
were the same within uncertainty (they are both 330 ms™'). In addition, the
histogram data taken with 1 mM of a standard fluorescein solution sprayed at 3.5
kV with distance adjustments applied to the entrance capillary in each case (12.3
mm, 8.3 mm, 14.8 mm and 4.6 mm) demonstrated a narrow speed distribution,

as illustrated in Figures 4.7 and 4.8.

Velocity distributions in adiabatic expansion showed that all were less than
the supersonic speed, unlike the speed distribution for a distance of 4.6 mm, as
shown in Figure 4.9. The 4.6 mm was inside the expansion fan, so it should be
v>>300 m/s, but it is not. This might be because of the second expansion in
skimmer 2, where the Mach disc is very close to skimmer 1, so the ions capture
outside the expansion fan. There is sufficient gas in stage 2, as the pressure is 0.1
mbar in this stage, which slows down the speed of the ions and thus spends their
energy as a result of exposure to collisions. In fact, we are not sure why there are
no more differences, especially at the largest distance in stage 1. Perhaps a good
follow-up experiment would be to increase this distance even further, although

this would require redesigning the first stage to accommodate a larger distance.

These experiments have formed large clusters of relatively narrow distri-
bution of cluster sizes with a correspondingly narrow distribution of speed. These
clusters probably formed in adiabatic expansion in the first stage, regardless of
where they sampled, or they may have formed in the rapid cooling of the plume

where there is nothing happening afterwards in the system to break them into
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smaller clusters. Large clusters give nice large transient signals as they enter the
drift tube, and they can be seen clearly by measuring the current using electronics.
However, if these clusters are smaller, the signal becomes weaker, and therefore,
this signal becomes buried in the noise where it cannot be seen. In order to see
noise signals, there is need to use much more sensitive electronics and eliminating
the noise somehow. Thus, the experiment should be performed on an isolation
table, as the instrument is very sensitive to vibration. It is interesting to note,
however, that there is not a continuous distribution of cluster sizes, as otherwise,
it would observe transients of intermediate amplitudes in spectra such as those
shown in Fig. 4.5. Instead, a series of transients all with very similar amplitudes
has been observed. This would be the case if cluster formation in the system
favoured a particular size. In this picture, it could still be the case that the beam
contains very small clusters, and even individual molecules that would give signals
masked by the background noise, but the only clusters formed are those within a

relatively narrow size distribution.

Absolute charge information would require calibration against a known
ion source, such as an Argon ion sputter gun, which it is not done. However,
mass/charge information has been acquired, and this provides insight into the
composition and energetics of the ion beam in our system. In the following chap-
ter, the response of the ion beam to an electrostatic field in an attempt to deflect
the beam is explored. This has two potential advantages. The first would be
to separate the neutral molecules from the charged ions. The second could be
a method to disperse the beam according to the mass of the molecules or clus-
ters. However, this relies on the ions maintaining a constant velocity rather than

constant kinetic energy.
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Chapter 5

Towards A Supersonic
Mass-selected Electrospray
Deposition system and Separation

of Neutral and Charged Species

5.1 Introduction

The electrospray technique is well established in mass spectrometry and has more
recently been used in the deposition of a wide range of complex molecules in-situ
with large organic molecules and inorganic clusters [59, 86]. Soft and reactive
landing using mass-selected onto surfaces is considered the most popular addition
to sources of electrospray deposition. Mass selection is typically utilised in mass
spectrometry for one or more of the quadrupole mass filters [130]. Some litera-
ture [100, 101] has used systems with mass-selection integrated into their electro-
spray. The design includes a quadrupole mass filter and a bending quadrupole (a

quadrupole deflector) to filter charged beam impurities and then prevent neutral
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species (i.e. solvent molecules) originating in the ion source from reaching the

substrate in the high vacuum chamber.

The electrospray ionisation (ESI) process generates an ion beam from a
solution that includes the molecules to be deposited. As shown in Figure 3.2 (see
Section 3.3.2), this technique passes the solution through an electrospray capillary
emitter by applying a high voltage (2-4 kV), which pulls the liquid out of the
emitter into a sharp cone known as a Taylor cone. The electric field plays a sig-
nificant role in disintegrating charged droplets, contributing to aerosol formation
6, 48]. The surface of the jet contains an excess of charged ions that divide the jet
into a sequence of newly generated droplets charged near the theoretical Rayleigh
limit [49]. The ionised droplets enter through the entrance capillary and a group
of differentially pumped skimmer cones to minimise the pressure at all stages into
the ultra-high vacuum (UHV) range, then exit the final skimmer of the system to

the deposition chamber to be deposited on the surface.

In this simple method, no ion optics are used to control the beam through
a series of differentially pumped skimmers compared with other developed elec-
trospray deposition instruments, as mentioned in references [86, 100, 101], which
include ion optics to control the molecular ion beam. The biggest downside of this
method is that there is no mass selection of the ion beam used, where everything
in the original solution has access to the surface. In certain situations, this is a
significant obstacle, including solutions where counter ions occur, buffers and the
distribution of molecules. In addition, it prevents any use of extremely reactive
surfaces towards the carrier fluid. Thus, the main goal of this work is to present
the solution to this issue by designing the mass-selected electrospray deposition

instrument.

A few groups worldwide [91, 101] follow this method since the current
mass-selected electrospray deposition systems are incredibly expensive when de-

signing a device that can be installed in numerous research laboratories. In these
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systems, the mass selection is accomplished through high-priced precision devices
with complex electronics, such as quadrupole radio frequency-direct current (RF-
DC) filters, which, in most cases, cannot be used with massive molecules because
quadrupole mass filters have a specific mass range determined by their geome-
try. A quadrupole mass filter is one such significant instrument in the field of
multipole ion guides. The quadrupole mass filter (sometimes called a quadrupole
mass analyser) is used for two primary purposes: to analyse ion beam character-
isation. Besides this feature, it is utilised to transfer ions from one system phase
to another [131]. The mass filtering is obtained using radio frequency and direct
current voltages to produce an electric field. If the ions have a certain m/z, they
flow steady and are permitted to pass through, but in the case of having a different
m/z, they have an unsettled route and thus are unable to pass. Likewise, they
are useless in preventing neutral molecules from reaching the surface because neu-
trals are unaffected by electrostatic fields, so the quadrupole cannot manipulate
them. More high-precision equipment and electronic control systems are required;
an electrostatic quadrupole deflector, also known as a quadrupole bender, uses an
electric field to direct the ion beam at a 90-degree angle to eliminate them from
neutral species. In this chapter, the use of simple electrostatic deflection plates
to separate out two molecules from a solution to deposit selectively is explored,
for example, fluorescein, ferrocene and a combination of fluorescein and ferrocene
where the chemical structures are depicted in Figure 5.1. The aim of this work
was to develop a very low-cost, compact method for manipulating an electrospray

ion beam in terms of filtering based on kinetic energy and charge.

The ESI technique is most convenient for ionic or highly polar dyes, as Hol-
capek et al. mentioned in their paper on the effects of functional groups on the
fragmentation of dyes in electrospray and atmospheric pressure chemical ionization
mass spectra [132]. Adolf von Baeyer synthesised organic dyes in 1871, which won
him the Nobel Prize in Chemistry in 1905 [133]. Fluorescein is an organic molec-

ular compound, and it has the formula CoqH205. It is available as an orange-red
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powder dissolving in certain alcohol such as methanol and ethanol. Also, electro-
spray mass spectrometry (ESMS) has been developed to study thermally unstable
and non-volatile materials, such as ferrocene compounds. Ferrocene compounds
are particularly important elements to investigate through the electrospray ioni-
sation mass spectrometry (ESI-MS) because of having characteristics of electro-
chemical oxidising on the electrospray needle [134]. Also, it has been observed
that ferrocene and some of its derivatives readily oxidise with the ferrocenium
cation formation through electrospraying [135, 136]. Ferrocene molecular ions are
produced through the ferrocene oxidation technique during the gas stage under
the ‘reverse’ ESI conditions in the presence of ferrocene vapour [137]. Ferrocene
compounds have become a major focus of research in the past two decades be-
cause of their wide range of applications in catalysis, medicinal chemistry, organic
synthesis and others [138-140]. Ferrocene is available as an orange-yellow powder,

and its formula is CioHjoFe, as mentioned in its chemical structure (see Figure

5.1).

. Oxygen
() Hydrogen

. Carbon

(a) Fluorescein

@ ron
D
Fe () Hydrogen

. Carbon

(b) Ferrocene

Fig. 5.1. 2D and 3D chemical structure of the a) fluorescein (consists of four ben-
zene rings modified by the presence of a carboxylic (COOH), a carbonyl (C=0), a
hydroxyl (-OH), and an ether type bonding (C-O-C)), b) ferrocene (iron centered
between two cyclopentadienyl rings) [141-143].
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In the case of using deflection voltage to bend the graphene oxide (GO)
beam, the solvents are only deflected, and the GO continues straight. This may
occur because GO is a considerably large molecule and forms very large clusters,
much bigger than clusters of ferrocene and fluorescein. Therefore, GO clusters
cannot be deflected since they have too much energy, so no deflection voltage has

been employed in taken dataset.

In addition to simple electrostatic deflection plates, this chapter also ex-
plores the use of the electrostatic Einzel lens (called a unipotential lens), as shown
in stage 4 in Figure 5.2. The Einzel lens is a widespread lens design. The unique
characteristic of unipotential lenses is that both the object and image sides have
the same stable potential. In principle, the Einzel lens would be extremely useful
to focus electrospray beam in stage 1 of the system so that it can collect more of
beam through the 0.4 mm aperture in the first skimmer cone. However, the Einzel
lens in this region would require a high voltage to overcome the high energy of the
accelerating ions at the pressures in this region. The high voltages cannot be ap-
plied as they may cause arc. Instead, the need to use advanced optics is required,
such as ion funnels, to achieve this, which was not feasible in this project [144].
Instead, in this experiment, especially in stage 4, the Einzel lens has been used to
spread the beam out over the sample or at least explore this approach since the
pressure in this stage is low enough to sustain the high voltage without arcing.
The dataset has been presented here to explore defocusing within the Einzel lens
using a sodium chloride (NaCl) solution with x-ray photoelectron spectroscopy
(XPS) measurements. This is an important goal because the formation of func-
tional thin films on surfaces, in most cases, requires a homogeneous coverage of
molecules over a larger area than the unmodified ion beam, which is typically only

2 mm in diameter.
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Fig. 5.2. A schematic instrument for mass-selected electrospray deposition. A
supersonic sampling stage speeds up molecules to a narrow speed distribution
that is measured using an image charge drift tube. The ion pathways will disperse
in the electrostatic ion deflection stage based on the mass and charge where the
neutral molecules continue straight, lighter ions are deflected beneath the exit slit,
whilst heavier ions are directed toward the slit to the Einzel lens and then into
the sample through the final system aperture.

5.2 Instrumentation

In the previous chapter, all distributions of cluster speeds (Gaussian distribution)
are within a narrow range of 300 m/s + 330 m/s. Therefore, in this chapter, the
mass of the clusters is selected using deflection plates, as schematically illustrated
in Figure 5.2, which bend the beam based on their kinetic energy, where their

kinetic energy will be related to their m/z (and their speed - see Chapter 4).

The first two vacuum stages and the third stage are discussed in the pre-
vious section 4.2. The beam travels through the third skimmer to the deflection
chamber, which contains an electrostatic deflection field in stage 4 at a pressure of
107% mbar range. The beam in the deflector stage incorporates low-mass molecu-
lar ions, high-mass molecular ions, and neutrals molecules. Assuming the starting
hypothesis of near-constant ion velocity, the ion pathways distribute using deflec-
tor voltages based on the masses of the ions. The trajectory of ions is improved
by controlling the high-voltage power supplies of the deflection connecting posi-
tive and negative biases via Bayonet Neill-Concelman (BNC) cables to deflection
plates through an electrical feed-through flange. Neutral molecules keep going

in a straight line, whereas the lighter and heavier molecules are deflected onto
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a parabolic path determined by their energy, which depends on their mass, as
observed in Figure 5.2. Heavy molecules have higher kinetic energy than lighter
molecules. The plates shall be placed at the center axis of the chamber and more
than 5 mm away from any point of the chamber wall because even in a vacuum or
the pressures that are using high voltages in the kilovolt range can still arc over

short distances to the grounded chamber.

As shown in Figure 5.2, stage 4 also contains two moveable knife edges
shaping a selection slit to assist the mass-filtering. The slit is closed to a narrow
width and placed at a well-defined angle to permit the window of ion masses to
reach the refocusing lens and then to the sample in the UHV chamber through the
final aperture. The slit can also be applied to filter out heavy and low-mass solvent
molecules using different widths, angles, and deflector voltages. To control the ion
current hitting the slits, they ought to be linked separately to electrical feed-
throughs using a picoammeter. The main reason for doing this is to improve the
system and explore the distribution of ion energies in the beam. For characterising
the system, The split targets (two targets) have been used instead of representing
the knife edges and thus bending the beam to hit the two targets simultaneously
as illustrated in Figure 5.3, which is the same as the beam going between the
two edges of the knife edges. These targets are connected to two electrical feed-
throughs using a picoammeter (Keithley) to observe the ions’ current hitting the
targets at different deflection voltages and discover the distribution of ion energies
in the beam. These Keithley instruments are also coupled to the computer serial
port using an RS-232 cable to record electrostatic ion deflection data as a graph on
MATLAB program, which is considered the easiest way to know at which point
in the graph has the same current. Both targets in this project do not cover
the center of the vacuum flange, so the Keithley instrument cannot measure the
straight beam on either target if the deflection voltage is not used. The main aim of
using the central target is to check whether the electrospray is actually working as

it should by measuring the straight beam. Ideally, three targets should be attached
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to three Keithley instruments, but to minimise cost, the target configuration is
replaced and then changed back again. Similarly, in the fully integrated system,
the targets are replaced by a 1 mm offset aperture to represent the knife edges
where the sample was placed after the aperture to perform the deflected deposition

experiments as shown in Fig. 5.4.

Deflection Chamber
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Fig. 5.3. A schematic of the electrospray source showing hitting the beam be-
tween the two targets when deflection voltage is applied to plates (top). Photo-
graph of the targets placed away from the flange center (bottom).
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Fig. 5.4. Schematic drawing of the electrospray deposition system showing offset
aperture to carry out the deflected deposition experiments.

As displayed in Figure 5.2, the heavier ion masses reach the refocusing

lens and then the final skimmer cone slit, impinging on the sample. The main
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purpose of using this lens is to focus the ion beam through the aperture, causing
the beam to diverge on the other side of the aperture to deposit over a large area
on the sample surface. The Einzel lens consists of three ring electrodes arranged
in a row to which a voltage is applied to the central electrode. In the defocusing
experiments of this project, the Einzel lens replaces the deflection plates, and a
sample is placed where the targets would be to perform deposition, as can be seen

in Figure 5.5.
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Fig. 5.5. The electrospray deposition source used the Einzel lens to defocus the
beam (top). Photograph of the 20 mm internal diameter Einzel lens assembly
taken in the laboratory (bottom).

Stage 5 is the UHV chamber, called the deposition chamber, in which
the instrument is connected to an XPS. The pressure in this stage reaches 10~°
mbar range due to the removal of the solvent molecules from the beam and the

differential pumping provided by the final skimmer slot.
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5.3 Methods, Results and Discussion

5.3.1 Electrostatic ion deflection data from spraying fluo-

rescein (50:50 methanol and water)

1 mM of the standard fluorescein solution was dissolved in 50:50 methanol and
water and was sprayed at +2295 V. An electrostatic ion deflection experiment
was taken in this research by following steps. Initially, during the electrospray
process, the positive and negative voltages on the deflector plates were gradually
raised from the voltage source to allow the ion beam to bend to hit the first target,
continuing to increase the voltage on these plates to direct the ion beam to the
second target. The two picoammeters were used simultaneously to measure the
ion current hitting the targets and obtain roughly equivalent currents. Then, to
attain equal current on both targets simultaneously, optimising the path of the
beam through the system was needed by controlling the voltage supply of the
deflection plates, which was generated as a graph with the MATLAB program, as

shown in Figure 5.6.

At zero voltage, the ions beam passes straight through deflection plates;
thus, it is infeasible to measure the current through the undeflected beam because
the position of both targets is not in the middle of the vacuum’s flange, as has
already been shown in Figure 5.3. In Figure 5.6, the high blue data shows that
the curved ions began to hit the top target at a deflection voltage of £2000 V
while hitting the second target occurred at +3400 V, as demonstrated by the
high red marks (This is not shown in the data since key measurements are when
the currents are equal). Moreover, it can be seen that ions impinge both targets
simultaneously between 600 seconds and 1000 seconds, with an average voltage of
3150 V £ 50 V. The blue data are clearly higher due to hitting the large droplets

or ions in the upper target, whereas the red data rise is attributed to hitting the
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lower target through the small droplets or ions. Using high deflection voltage may
cause some ions to deviate completely from the second target, so it is important

to increase the deflection voltage slowly.
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Fig. 5.6. Data collected using electrostatic ion deflection for 1 mM of a standard
fluorescein solution (50:50 water and methanol) sprayed at 42295 V. Blue spots
refer to the Top target, and red markers refer to the Bottom target. The dash-
dotted lines indicate the different deflection voltages that were used to obtain
equal ion currents at both targets. The bottom plot zooms in for equal currents
marked in the top plot with dash-dotted lines.
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5.3.2 Electrostatic ion deflection data from spraying fluo-

rescein dissolved in methanol

In this experiment, a concentration of 0.1% (w.t.) solution of fluorescein dissolved
in methanol was used. As illustrated in Figures 5.7 and 5.8, these data were

collected using various electrospray voltages at +1880 V and 42100 V, respectively.

As in the previous experiment, the ions beam also started to hit the top
target at deflection voltage of £2000 V (not shown in the data). As shown in
Figure 5.7, the current was equal at the average deflection voltage of 3150 V +
50 V (appearing as blue and red data) represented by the dashed line sprayed at
+1880 V. In addition, the ions reached the bottom target at deflection voltage
43500 V, determined by the solid rectangular shape. On the other hand, at +2.1
kV, equal currents were achieved also with the average of 3150 V 4+ 50 V (viewed
in Figure 5.8), which can be seen clearly by the dash-dotted line. The ions were
deflected in the direction of the bottom target at £3400 V, also defined by a solid
rectangular form.
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Fig. 5.7. Plot zoom of the data collected using electrostatic ion deflection for
fluorescein solution in methanol sprayed at +1880 V. Blue data points indicate to
out 1 (Top target). Red markers symbolize to out 2 (Bottom target). The dashed
line applies for the equal currents. The solid rectangular shape refers to the ions
struck the bottom target with deflection voltages of £3500 V.
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Fig. 5.8. Plot zoom of the data collected using electrostatic ion deflection for
fluorescein solution in methanol sprayed at +2100 V. Blue data points indicate
to out 1 (Top target). Red markers symbolize to out 2 (Bottom target). The
dash-dotted lines indicate the same currents. The solid rectangular shape refers
to the ions struck the bottom target with deflection voltages of +3400 V. The
bottom plot zooms in for marked data in the top plot.
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The molecules that require a large deflection voltage have a higher ratio of
kinetic energy to charge. In addition, the equal currents in these data are always
found within a narrow deflection voltage range, implying that everything in the
beam has similar kinetic energy. Several high blue data points in Figure 5.7 have
been recorded near 1600, 1850, and 2300 seconds. This is due to the large droplets
that have much more energy and would require a higher voltage to deflect them
by the same amount to hit the upper target. Likewise, there are high blue data
points at 1600 and 2700 seconds in Figure 5.8. This has been also attributed to
larger droplets. But there are obviously smaller clusters within the beam that
may change the electrospray conditions that we do not know exactly why they
form. They are deflected more and thus hit the bottom target. Briefly, it is
harder to bend the high-mass clusters and therefore hit the upper target, whereas
the low-mass clusters bend more to hit the bottom target. After finishing the
electrospray operation, the entrance capillary is regularly flushed with methanol
for approximately an hour to prevent clogging by the highly concentrated solvent;

however, dilute solutions usually make this manageable.

These data are the same as the data taken for fluorescein (50:50 water and
methanol) shown in Figure 5.6. The currents are similar at the average deflection
voltage of 3150 V £ 50 V, as can be seen in Figures 5.6, 5.7 and 5.8. In both
cases, fluorescein clusters up, giving similar-sized clusters, which require a similar
voltage to deflect. It should be considered that the electrospray voltage and flow
rate on the syringe are important matters for obtaining a good spray. Electrospray
voltage may vary with solvent mixtures, like methanol and water, compared to

methanol.
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5.3.3 Electrostatic ion deflection data from spraying fer-

rocene dissolved in methanol

A solution of ferrocene dissolved in methanol sprayed at +2 kV has been used.
Ions, as usual, began to reach the first target at the deflection voltage of +2000 V
and attained the second target using a defection voltage of £3800 V (not shown
in the data). Figure 5.9 shows that the ion beam fell off on both targets at the

same moment using the average of 3650 V &+ 50 V given by the dash-dotted lines.
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Fig. 5.9. Plot zoom of data collected using electrostatic ion deflection for fer-
rocene dissolved in methanol sprayed at 42000 V. Blue and red data refer to ions
hitting the top and bottom target, respectively. The dash-dotted lines indicate
the equalized currents on both targets at average of 3650 V 4+ 50 V. The bottom
plot zooms in for equal currents marked in the top plot with dash-dotted lines.

By comparing ferrocene data in Figure 5.9 with fluorescein data as shown

in Figures 5.6, 5.7 and 5.8, the results are completely different according to the
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mass of the formed clusters and not due to the molecular ions’ mass. The ferrocene
weight is 186.04 g mol~!, whereas fluorescein is 332.31 g mol~!. The fluorescein
ions hit both targets simultaneously using the average deflection voltage of 3150
V + 50 V, unlike the ferrocene, where ions hit both targets at the median devi-
ation voltage of 3650 V £ 50 V. In all cases, what is changed between these two
experiments is the molecules in the beam. Fluorescein and ferrocene form large
clusters that require a higher voltage to deflect by the same amount. The very

heavy ions will be explored in more detail with the SIMION simulations.

5.3.4 Electrostatic ion deflection data from spraying a mix-

ture of ferrocene and fluorescein dissolved in methanol

A mixture of fluorescein and ferrocene in methanol sprayed at +2992 V was used.
The idea of this experiment was to separate two components of the beam for
the solution selectively, which are the lighter (low-mass) and heavy (high-mass)
molecules using electrostatic ion deflection plates. These plates bend the beam
based on its energy depending on its mass. The low-mass molecular ions are

deflected more than the high-mass molecular ions.

As depicted in Figure 5.10, the ions at the deflection voltage of + 3300 V
have reached equal currents (i.e. hitting both targets simultaneously), determined
by the dash-dotted lines. This is likely to have been created by clusters formed
from heavier molecules (i.e. fluorescein). Similarly, the ions hit both targets
again but by applying a mean deflection voltage of 3850 V 4+ 50 V, defined by
the dash-dotted lines, which are supposed to be generated by clusters formed
from the lighter molecules (i.e. ferrocene). These large clusters are formed from
fluorescein and ferrocene molecules containing millions of molecules and lots of
charges and therefore require more voltage to be deflected. Between 600 seconds

and 1500 seconds, the high blue data points reoccur, which probably refers to
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x 1010

the large drops hitting the top target simultaneously as the ions are deflected to
the ions to strike the bottom target. The results of these experiments have been

obtain similar currents in the two targets.
summarised in the following Table 5.1.
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Fig. 5.10. Data collected using electrostatic ion deflection for a mixture of fer-
dash-dotted lines point out equalized currents.

equal currents marked in the top plot with dash-dotted lines.
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Electrospra Deflection voltages applied to
Molecule volta pe Y| both negative and positive plates
g resulting in equal target currents
Fluorescein (50:50 12295V 3150V 4 50V
methanol:water)
Fluorescein in methanol +1880V/+2100V 3150V £ 50V
Ferrocene in methanol +2000V 3650V £ 50V
+3300V
A mixture of fluorescein and (created by fluorescein clusters)
ferrocene in methanol 12092V
3850V £ 50V
generated by ferrocene clusters
d by f 1

Table 5.1. Results of the electrostatic ion deflection experiments when deflection
voltages hitting both targets simultaneously.

The results are unexpectedly opposite of our predictions based only on
the masses of the ions. Not measuring the velocity of the ions using ferrocene
should be considered. Ferrocene requires a high voltage to be bent by the same
amount, implying that the particles have a higher ratio of kinetic energy to charge.
Ferrocene might be travelling with the same velocity as the fluorescein, where it
forms either large clusters so that their kinetic energy is considerable or makes
small clusters with lower amounts of charge and therefore is not affected by the
electric field. The final suggestion might be that ferrocene clusters thermalise to a
higher kinetic energy than fluorescein clusters, where the increased deflection only

results from the difference in kinetic energy.

The ion drift tube can only detect the amount of the clusters’ charge, not
their precise size. It is worthwhile mentioning that the ions measured in the drift
tube velocity experiment cannot be individual ions because a very wide range of
charge values has been observed. For instance, if they are single ions with very
small charges, thus a quantisation in the charge would be seen. Whilst there
is no quantisation in the charge, rather there is a very smooth range of charges,
which refers to a large number of charges on each cluster. The only way this can be
achieved is to have clusters of molecules with a large overall charge. Therefore, the
different deflection voltages required for the two molecules have no relation with

the mass of the individual molecules themselves but rather the m/z of the large
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clusters they form. Any thermalisation that occurs with residual gas molecules
in stages 1 and 2 might mean that they converge on a different kinetic energy.
Therefore, the need to use SIMION simulation is required to gain insight into the

size of these ions.

It requires the use of a voltage of less than 1 volt to bend individual
molecular ions onto the upper target, which has never been attempted in these
experiments because high-voltage power supplies have been used to bend large
clusters. Future experiments should focus on very low voltage to see how the
individual molecular ions would be performing. The only way to get some kind of
idea of ion performance is to know the current has been measured on the central
target. The typical current straight-through beam is 0.1 nA, and the typical
deflected beam hitting the top target is up to 0.1 nA, as shown in Figures 5.7
and 5.9. If the straight-through beam has the same current as the bent beam,
the deflected heavy clusters are the main contribution of the beam. Conversely,
if the current of the bent beam, as shown in Figure 5.8, is less than the straight
beam, this means there are other components within the ion beam that are not
detected in the deflected beam because they are either very small or very large,

and no voltage high enough has been applied to bend it to the target.

5.3.5 SIMION Simulations

An ion optics simulator software (SIMION) is compatible with a wide variety
of systems, incorporating lenses, mass spectrometry and many types of particle
optics devices. This method is employed to simulate the ions passing through
the electrospray rig, allowing a comparison of ion masses with previous results of

deflection experiments.

The deflection of ions via an electrospray system is determined by the

voltage applied to deflection plates. This can be observed in several SIMION
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simulations in Figure 5.11, where the use of £0.01 V on the deflection plates led
fluorescein ions to travel through an electrostatic lens, ferrocene ions to hit the
target and methanol ions to deflect further. In the other two instances, ferrocene
and methanol ions were transmitted through the Einzel lens by applying deflection
voltages of £0.005 V and +0.001 V, respectively. Sometimes, the ions are reflected
due to insufficient kinetic energy to push them over the bump caused by the
potential, as seen in Figure 5.12. Therefore, the kinetic energy should be increased

to allow ions to pass through.

" Fluorescein Einzel lens

- i
" Drift tube . Methanol® > .
/ Deflection v

Skimmer plates Ferrocene

Knife edge

Fig. 5.11. SIMION simulations for an electrospray system. Red, green, and blue
lines represent the paths followed by ions of fluorescein, ferrocene, and methanol
travelling through the Einzel lens applying deflection voltages of +0.01 V, £0.005
V and £0.001 V on plates, respectively.
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Fig. 5.12. Depiction of the path of bounced ions due to insufficient kinetic energy.

In order to compare the theoretical results with the experimental results,

the voltage of the deflection plates in SIMION was set to a voltage of 2000 V
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as used in our lab. A mass of 7x107 amu and speed of 300 m/s was employed
to permit the ions beam to fly through the system, as presented in Figure 5.13.
Moreover, as shown in Figure 5.14, applying a charge of +2e rather than +1le
caused the electric field to bend more, preventing the ions beam from reaching the
electrostatic lens. Therefore, doubling the mass is also required to make the ion
trajectory pass through the whole system, which means that mass and charge are
interdependent - i.e. depending on each other.

_ Dr_ifp tub_e_ Einzel lens

T

lons
beam

Deflection
Skimmer plates

Knife edge

Fig. 5.13. SIMION simulations for an electrospray system showing flying one
group of 20 ions passing through the system into the Einzel lens using charge +1e,
a deflection voltage of 2000 V and a mass of 7x107 amu.

‘ Drift tube : Knife edge Einzel lens

\_\\_

l / ' Deflection

lons Skimmer plates
beam

Fig. 5.14. SIMION simulations for an electrospray system using the same previ-
ous simulation parameters (see Figure 5.13) with setting charge to +2e.The ions
in this event are unable to pass through the Einzel lens.

SIMION simulations suggest that the beam is not formed predominantly
of individual molecular ions but rather clusters of molecules having very large
masses in these experiments, as represented in Figure 5.15. Each cluster also in
the simulations has only a single or double charge, whereas a smooth distribution
of charges, that form clusters containing a very large number of charges, has been
observed in the image charge tube experiments. In fact, the clusters will be even
larger according to the SIMION simulations, as the mass will need to scale with

the charge to observe the same deflection.
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Fig. 5.15. A plot of the data shows using millions of masses by applying a charge
of +1e to make ions beam travel through the whole system at different deflection
voltages.

5.3.6 Defocusing Einzel lens

In electrostatic lenses, an electric field is formed within the cylinder region, which
is used to focus the beam of ions to a focal point as dictated by voltages applied to
lenses. Two-dimensional (2D) and potential energy surface views in Figures 5.16
and 5.17 show the path of fluorescein ions, which is affected by the electric field.
The first and third electrodes are held at 0 V, whilst the second electrode is at
3800 V. The gradient of the electric field within the second electrode is defined by
using the voltage given to that electrode, leading to determining the ion focusing

strength on a centrepiece point.

Electrostatic lenses do not perform properly for ion beams with a wider
range of kinetic energies. Hence, it is a good idea to utilise electrostatic lenses in
areas of the instrument where the kinetic energies are likely to propagate less or

where focusing the beam cannot be avoided.
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Fig. 5.16. A 2D view of ions trajectory showing the second lens voltage effect on
focusing ions into a focal point. The used kinetic energy is 3700 eV.

Potential energy
surface

Fig. 5.17. Potential energy surface view of the ions path passing through a
central cross-section of the Einzel lens.

The NaCl data is introduced to test the success of the Einzel lens in
defocusing the beam in the actual experiment, with XPS measurements detailed

in the following section.

5.3.7 Deposition of NaCl on SiO,

The ability to form ionic clusters of salts such as a NaCl solution has been demon-
strated by electrospray ionisation mass spectrometry (ESI-MS) and can be found

in the literature [109, 145-147]. A 0.05 M NaCl was dissolved in 5 ml of methanol
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and further diluted with 5 ml of water to increase its conductivity. An electrospray
system was used to deposit NaCl for an hour and a half, where the Einzel lens
voltages were applied to defocus the beam. Defocusing the beam will be useful

for future depositions over the whole sample.

5.3.7.1 Deposition with the use of the Einzel lens

Figure 5.18 shows Na 1s and Cl 2p spectra deposited of NaCl onto SiO, by elec-
trospray with an Einzel lens to spread beam on the entire sample. An electrospray
voltage of +1830 V and an Einzel lens voltage of 43800 V have been applied. The
XPS measurements have taken place at various positions on the sample to see
the Einzel lens effect - i.e. the positions of 13-18 mm are arbitrary values on the
manipulator. As indicated in Figure 5.18, the 13 mm and 14 mm regions have a
strong signal on both spectra due to the highest deposition coverage. The chlo-
rine spectrum at 18 mm does not contain Cl 2p peak, and this spectrum signal
is probably attributed to an Auger feature. The sodium spectrum is very weak
because of the low deposition coverage. As a consequence, there will be a neg-
ligible amount of chlorine. Changing shape dramatically (i.e. not in the usual
place for chlorine peak at around 201 eV) is also observed. The Shirley or linear
background of all spectra has been subtracted. The chlorine spectrum at region
18 mm is eliminated from the signal by subtracting the spectrum of chlorine 18
from other chlorine spectra, and therefore a very flat chlorine peak is obtained (Cl

2p 18 spectrum is not shown since it can not subtract it from itself).

Figure 5.19 shows the intensity of the sodium and chlorine spectra taken
from measured spectra at different Z positions on the sample. Igor Pro has been
used to work out the intensity data for all spectra. The intensity values are
calculated from the area located between molecule peaks, and the positions of peak
intensity have been fitted with Gaussian curve fitting. The low-intensity values

indicate the weak spectra peaks, whilst the high-intensity values refer definitely
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Fig. 5.18. Na 1s and Cl 2p spectra of NaCl deposition onto the SiOs substrate.
The high-intensity peaks of Na 1s and Cl 2p correspond to the highest deposi-
tion coverage and the low-intensity peaks are attributed to the lowest coverage of
molecules on the surface. The background has been subtracted from both spectra.
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to the strong spectra peaks. The Gaussian full width at half maximum (FWHM)
for the sodium and chlorine spectra is 3.5 mm + 0.6 mm and 2.0 mm =+ 0.3 mm,
respectively. The FWHM is different even though the same beam is deposited.
The reason might be that one set of ions is focused /defocused more than the other

polarity, such as sodium being more defocused by the Einzel lens than chlorine.
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Fig. 5.19. A graph of Na 1s and Cl 2p intensity data for Z = 13 mm, 14 mm,
15 mm, 16 mm, 17 mm, and 18 mm. A Gaussian fitting is shown generated from
the intensity data values.

Figure 5.20 shows C 1s and O 1s spectra resulting from NaCl deposition by

the electrospray system. The spectra have had a Shirley background subtracted.
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These spectra are measured to get the intensity data as presented in Figure 5.21.
As can be seen, the intensity data of oxygen moves the other way, as it is ex-
pected, because it has not been deposited and has been attenuated slightly with
some sodium and chlorine. Compared to the oxygen graph, the carbon curve has
obviously followed the same shape as sodium and chlorine, even though there is
no carbon in the NaCl molecule. This is attributed to the fact that, besides the
electrospray, some of the solvents are deposited. The Gaussian fitting has not

applied to these data because what matters is the deposited NaCl data.
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Fig. 5.20. C 1s and O 1s spectra of NaCl onto the SiOy substrate. The high-
intensity peaks are attributed to the highest coverage and low-intensity peaks are
due to the lowest coverage. A Shirley background has been subtracted from both
spectra.

91



5.3. METHODS, RESULTS AND DISCUSSION

6000 — O C1s intensity

5000 —

4000 —

C1s intensity (arb. units)

3000 —

2000 —
| | | | | |

13 14 15 16 17 18
Z position (mm)

31x10° - © Ofs intensity {

. I L]

28 —
27 —{
26 —

25 — }

| | | | | |
13 14 15 16 17 18
Z position (mm)

O1s intensity (arb. units)

Fig. 5.21. C 1s and O 1s showing intensity data using different Z positions.
These data are created by measuring the area of each spectrum.
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Cl 2p spectra are in a doublet state with a spin-orbit splitting of 1.6 eV.
Curve fitting software (XPST) has been employed to fit the peaks for the spectrum.
An example of a curve fitting to the Cl 2p spectrum is outlined in Figure 5.22.
XPST can also calculate the intensity values for every peak separately, which has

been discussed in the next step.
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Fig. 5.22. Cl 2p XPS spectra of NaCl onto SiOy. The data has had a Shirley
background subtracted. The curve fitting shows two peaks which belong to Cl
2p3/o and Cl 2p /5 where the area of the Cl 2p;/, peak is half of the Cl 2ps3/,
peak.

The XPST is considered another way to compute the peak intensity. Fig-
ure 5.23 presents the intensity data of the chlorine spectra from Figure 5.18 using
XPST curve fitting. The curve fitting has been carried out to obtain two peaks for
every chlorine spectrum, as shown in the example in Figure 5.22. The Gaussian
FWHM of the Cl 2pintensity data is 2.0 mm + 0.1 mm. The shape and FWHM
of the CI 2p intensity data in Figure 5.23 are similar to the Cl2p intensity data in
Figure 5.19.
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Fig. 5.23. Cl 2p intensity dataset given from spectra measurements at different
regions. The peak fitting is carried out using Gaussian functions.

5.3.7.2 Deposition without the use of the Einzel lens

Na 1s and Cl 2p spectra deposited on NaCl onto SiOs by electrospray without
using the Einzel lens are exhibited in Figure 5.24. The electrospray voltage +1829
V and no Einzel lens voltage have been applied. This experiment is to show
whether or not the Einzel lens has an effect on beam propagation on the sample.
The spectra of sodium and chlorine at 13 mm and 14 mm positions, as illustrated
in Figure 5.24, have a good signal in contrast to spectrum 18, which has a very
weak signal, as the previous data presented using the Einzel lens in Figure 5.18.
All spectra have been background subtracted. The spectrum 18 does not contain
chlorine 2p peak, so it is removed from the signal by dividing the spectrum of
chlorine 18 from other chlorine spectra and subtracting it to zero to obtain a very
flat chlorine peak (Cl 2p 18 spectrum is not shown since it can not subtract it
from itself). As can be seen in Figure 5.24, the binding energies (BEs) of NaCl
shift to higher BE as the coverage increases. This is because the thicker the NaCl
layer, the more insulating the film becomes since NaCl is an insulating material.
Therefore, steady-state charging will push the BE higher in sodium and chlorine.

By comparing the intensity of the Na 1s and Cl 2p in the original data, the raio
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1:1 for Na 1s and CI 2p has been found when taking into account photoionisation

cross-sections, implying that there is no preference to deposit in the positive ions.
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Fig. 5.24. Na 1s and Cl 2p spectra of NaCl deposition onto the SiOy substrate.
The high-intensity peaks are attributed to the highest deposition coverage and
low-intensity peaks correspond to the lowest coverage. The background has been

subtracted from both spectra.

Figure 5.25 displays the Na 1s and Cl 2p spectra intensities taken from

measured spectra at various locations on the sample. The intensity data is fitted

using Gaussian fitting. The Gaussian FWHM for sodium and chlorine is 3.5 mm

+ 0.2 mm and 2.4 mm + 0.1 mm, respectively.

95



5.3. METHODS, RESULTS AND DISCUSSION

< Naits intensity
—— Na1s intensity fit
@ 4000
c
3
o
s 3000 —
2
i
E 2000 —
£
&
S 1000
T 7]
0 4- —
| | | | | |
13 14 15 16 17 18
Z position (mm)
O CI2p intensity
1.0 1 — ClI2p intensity fit
)
5 084
g
©
> 0.6 —
2
o2 0.4 —
K=
&
o 0.2
] T T T
00 ki T i
| | | | | |
13 14 15 16 17 18

Z position (mm)

Fig. 5.25. Intensity data of Na 1s and Cl 2p spectra for Z = 13 mm, 14 mm, 15
mm, 16 mm, 17 mm, and 18 mm. A Gaussian fitting is shown generated from the
intensity data values.

C 1s and O 1s spectra created from NaCl deposition are shown in Figure
5.26. Shirley and linear backgrounds are removed from spectra by subtraction.
The intensity data presented in Figure 5.27 has been generated from measured
spectra at different positions on the sample. The shape of the carbon intensity
data is the same as the shape of the sodium and chlorine intensity dataset due
to the depositing of some solvents from the electrospray, whilst the shape of the
oxygen intensity data is different compared to them. These experimental data
are very similar to data obtained using the Einzel lens. The results of these

experiments have been summarised in the following Table 5.2.
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Fig. 5.26. C 1s and O 1s spectra of NaCl onto the SiOy substrate. The high-
intensity peaks of C 1s and O 1s are attributed to the highest coverage and
low-intensity peaks are due to the lowest coverage. The background has been
subtracted from both spectra.
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Fig. 5.27. C 1s and O 1s showing intensity data created from measured spectra
data at various Z positions.

Experiment Electrospray | FWHM for Na | FWHM for Cl
perime Voltage Intensity Data | Intensity Data

With Einzel Lens
(43800V) +1830 V 3.50mm+ 0.6 mm | 2.0 mm + 0.3 mm
Wlthout(éa\lf)lzel Lens | 1890V | 3.5 mm 4 0.2 mm | 2.4 mm + 0.1 mm

Table 5.2. Table of FWHM for Nals and Cl2p intensity data of NaCl experi-

ments.
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These data indicate that the Einzel lens has had no effect on the deposition
of NaCl, which is likely because the NaCl beam contains many neutrals. The
Einzel lens does not change the size of the deposition spot, and the spot size is
always essentially the same, which can be observed by XPS. This was essentially a
single-point experiment where the Einzel lens was set at a sufficiently high voltage
during the deposition, which would surely make the beam smaller or more diffuse.
We are certain that a higher voltage will achieve focusing or defocusing the beam
because a voltage similar to that used to defocus the beam has been employed in
the deflection plates. This experiment needs more time to explore more voltages
because the Einzel lens must be set to a particular voltage during deposition and

then map it out using XPS.

On the other hand, to explore the effect of the Einzel lens on the ions, a
circle target is placed a long distance away in stage 4, as shown in a diagram in
Figure 5.28. In this case, the voltage on the Einzel lens is changed and thus the
current is measured. It has been noticed that the Einzel lens defocuses the beam
until the spot is larger than the target; therefore, the current will drop, as shown

in Figure 5.29.
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Fig. 5.28. A schematic of the electrospray deposition system showing the Einzel
lens, long straight section, and target at the end to get deposition spot to be bigger
than target.
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Fig. 5.29. Plot showing decrease of the current implying that the Einzel lens is
working using the long tube.

5.3.8 Deposition of Graphene Oxide on SiO,

Graphene is of great interest due to its use in many applications, including elec-
tronic devices, solar panels, sensors and anti-corrosion coatings. Electrospraying
enables the deposition of graphene materials, such as graphene oxide (GO), re-
duced graphene oxide (rGO) and carbon nanofibers (CNF), onto a greater variety
of substrates [108, 148, 149]. Graphene films were deposited through an electro-
spray deposition system for the first time by Beidaghi et al [150]. As illustrated
in the chemical structure in Fig. 5.30 [151], GO is an oxidised form of graphene

(i.e. an allotrope of carbon arranged in 2D) bound to oxygen-containing groups.

Fig. 5.30. Chemical structure of the graphene oxide molecule. Reproduced from
ref. [151].
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A solution made of GO in ethanol diluted to 0.04% (w.t.) was prepared.
Because GO is a very large molecule, it forms suspension because it settles to
the bottom of the bottle if it leaves for a few days. A silicon wafer substrate
was cleaned by ultrasonication in acetone and methanol, and then the wafer was
rinsed in de-ionised water. Graphene oxide was deposited using electrospraying
onto the silicon dioxide surface. There was no deflection voltage applied to this
experiment. The deposition time was an hour, and after the deposition, the sample
was transferred into the photoemission electron microscopy (PEEM) for heating.
The film morphology was analysed using atomic force microscopy (AFM), and
images were captured at different scanning areas of 30x30 pm, 10x10 pm, 4x4

pm and 1x1 pm. The data had been processed by Gwyddion software.

Figure 5.31 illustrates AFM images measured by Bellamy-Carter (Not-
tingham) on different areas across a surface. AFM shows some circular deposits,
presumably large droplets with a delivery mechanism for the GO on the scale of 2
microns produced from the electrospray. Even though the surface of SiOy is very

rough, the graphene is clearly visible, especially in the phase imaging.

o

; Bﬁﬁum :
e :
.‘_

Fig. 5.31. AFM images of graphene oxide film on silica substrate using the
electrospray. The scale bars are of length (a) 6.0 pm, (b) 2.0 pm, (c¢) 800 nm, and
(d) 300 nm. AFM images are taken by Bellamy-Carter (Nottingham).
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As shown in Figure 5.32, the optical micrograph at 5X, 50X and 100X
displays small objects distributed on the silica substrate, which are GO flakes.
These flakes are large enough to be visible by optical microscopy and lie flat
on the surface with few wrinkles (actual size unknown), which means that it is

promising to deposit these with electrospraying.

Fig. 5.32. Optical micrographs of graphene oxide film on silica substrate using the
electrospray. Images taken at different magnifications starting from 20X (a), 50X
(b), and 100X (c, d). Optical images are taken by Bellamy-Carter (Nottingham).

The split target was replaced with an offset aperture (the aperture is 5
mm off the flange centre) to attempt to deposit the GO onto a target placed
behind the aperture using deflection plates to remove the large neutral droplets
that appeared by deposition through the straight beam. This experiment did not
work potentially because the GO formed very large clusters, making bending the

beam through the offset aperture challenging.
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5.4 Conclusions

The potential of the electrospray deposition method has shown remarkable success,
as demonstrated by the experiments. The first four electrostatic ion deflection
experiments using the electrospray technique were addressed. The fluorescein
dataset has shown ions hitting both targets at the deflection voltages range of
3150 V 4+ 50 V. They are extremely similar since they have the same solution
properties. Moreover, the results of spraying ferrocene solution at +2 kV clearly
exhibited the difference in the deflection voltages used, which was the average of
3650 V + 50 V compared with fluorescein data. The co-electrospray experiment
(i.e. a mixture of fluorescein and ferrocene solutions) sprayed at +2992 V proved
the energy selection’s success in separating the two molecules into two different
beams from the same solution. The deflection voltage of + 3300 V has been used
to separate the fluorescein beam, whilst the average deflection voltage of 3850 V +
50 V has been applied to separate the ferrocene beam. Fluorescein and ferrocene
have formed giant clusters that require a higher voltage to deflect, as suggested
by the SIMION simulation and the smooth nature of the ion charge distribution.
Modelling the electrospray system in SIMION simulation generates very large
clusters of ions with a lot of kinetic energy flying at speed of approximately 300

m/s, and their masses are in the millions of amu.

The ability to measure individual molecule ions in both the image charge
tube and the deflection experiment is likely substantially limited by the capability
of the electronics. It is also likely that only the very large ion clusters were
measurable in the charge tube, as these give clear transient signals. The smooth
distribution of charges in drift tube data suggests a large number of charges on
each ion, which means forming large clusters. The small ions, even if these made
up the majority of the beam, would be below the detection limit. Similarly, if
the very large ion clusters contribute a large current signal on the target in the

deflection experiment, it could primarily be probing their deflection. The smaller
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molecular ions would be deflected by voltages in the low range, which would have
been missed. Interestingly, there seems to be a preferred size of the clusters, which
leads to a narrow range of deflection voltage to maintain a stable bent path for

the ion beam.

These experiments have been conducted in a range that primarily focuses
on the high voltage regime for the extremely large clusters that give a strong signal
in the image charge tube and are easily detected with the deflection field. This
has not been able to be demonstrated with smaller components and individual
molecular ions, so more work is required on the low-voltage system to determine
whether this voltage can be used to identify individual molecular ions because it
would require creating more sensitive electronics for the image charge detector and
eliminating noise from the system. Both future research experiments will benefit
from removing the very large clusters from the beam, possibly by redesigning the
first stage. However, the design of the first stage, where ions are deliberately
extracted from within the silence zone, might be the real cause of large clusters in
the beam, which can form during rapid expansion into a vacuum similar to what

occurs in a gas aggregation source.

The electrospray source forms a deposition spot with range of coverages
in the Gaussian distribution. The beam hitting the sample is about 2 mm in
diameter, and the Einzel lens has been used to attempt to spread the beam out to
10x10 mm. The NaCl XPS measurements have proven the inability of the Einzel
lens to defocus the beam practically, although SIMION simulation has shown a
defocused beam. However, the data has shown that some regions are covered more
than others. So the electrospray deposition time should be longer than expected
to have high coverage. The experiments using negative voltages for both the
electrospray and the Einzel lens and the experiment with no voltage applied to
the Einzel lens have failed. On the other hand, the data presented using a long

tube showed the success of the Einzel lens in defocusing the beam by observing
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the decrease in current when applying different voltages to the Einzel lens.

The AFM and optical images have revealed the inconsistency of deposition
across the surface — some areas are heavily covered, and some are bare. Therefore,

this is certainly worth further future studies.

105



Chapter 6

A Photoemission Study of Dye
Molecules Deposited by

Electrospray on rutile TiO9(110)

6.1 Introduction

For decades, renewable energy sources have received considerable global interest
due to the increase in fossil fuel consumption. The abundant energy produced
by the sunlight makes dye-sensitised solar cells (DSSCs) a promising alternative
compared to conventional silicon and thin film solar cells due to their transparency
and tunable colours, which make them suitable for applications such as windows
and glass facades [7, 152, 153]. The key components of a DSSCs device are a
layer of semiconducting oxide materials, commonly TiO,, a photosensitiser (dye),
a redox-mediator (electrolyte) as I~ /I3~ and a counter electrode. The dye on the
TiOy layer absorbs sunlight (photon) to excite electrons and then injects them
into the conduction band of the titania. Subsequently, these injected electrons

are transported to transparent conducting oxide. The oxidising dye at the counter
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electrode is reduced by transferring electrons from the redox mediator. The DSSCs
mechanism is discussed in further detail in Section 1.2). Although a variety of dyes
have been studied for use in the dye-sensitised solar cells model, ruthenium-based
inorganic dyes are among the most effective when applying 17 /I3~ as a redox

mediator [2].

The investigation of metal-organic dyes (i.e. ruthenium complex dyes)
was the primary focus of early DSSC research. Nowadays, the study of organic
dyes has become an interest of researchers [154, 155] due to ruthenium being a
rare and expensive metal, and metal-free organic dyes have many features, such as
high molar extinction coefficients, low manufacturing costs and ease of structural
modification and synthesis [156]. There are, of course, some groups that have
developed organic dyes and exhibited lower light-harvesting efficiency ranging be-
tween 4% and 8% [157-161]. The creation of dye aggregates on the surface of the
semiconductor is one of the most significant issues contributing to the low con-
version efficiency of organic dyes in the DSSC. To solve this problem and improve
the light-harvesting efficiency, aggregation of dyes must be prevented to achieve
the best performance, as this can be done by increasing both the surface area of

the semiconductor oxide and adsorption on the substrate [5].

The electrospray deposition combined with photoelectron spectroscopies
has become a good combination for the investigation of dye-sensitised surfaces
[12, 13, 67]. The electrospray system is described previously (see Chapter 2), which
allows non-volatile and complex molecules to be deposited at pressures between
1077 and 1079 mbar. Some literature studied XPS of free-metal organic dyes [162]
and metal-organic dyes [12, 70]. The charge transfer interaction of N3 related to
multicenter water splitting dye complex and its bi-isonicotinic acid ligand on TiO4
has been reported by the O’Shea group [12, 70, 163]|, where 12 fs was the maxi-
mum limit charge transfer time from N3 to TiOs substrate [70]. The TiO5(110)

substrate has received considerable attention in surface science studies due to its
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own versatility and multitude of applications, particularly in photocatalysis [164].
Also, a TiO5(110) surface is the most stable structure in terms of thermodynam-
ics. Anatase TiO5(101) surface is considered a promising topic for further surface
studies as well [165], as oxygen vacancies that are diffused on TiO2(110) tend to
move to subsurface locations on TiO4(101) [166, 167]. Employing a single crystal
substrate rather than a nanostructured is suitable for the surface science studies,
as a periodic structure to obtain molecules in the same adsorption state is needed.
In this chapter, all dyes were deposited in situ using the electrospray deposition
technique combined with XPS. The system of organometallic (i.e N3 and RuP)
and organic molecules (i.e D5, SC4 and R6) adsorbed onto rutile TiO5(110) is
explored by XPS, which can be used to obtain element-specific information on
the chemical structure and study bonding/interaction sites on the surface where
analysis can be performed. The chemical structure of these dyes is given in their

respective section.

6.2 Experimental Method

The sample used was a non-metallic wide band gap semiconductor surface of rutile
TiO2(110) single crystal substrate. TiO5(110) was cleaned by cycles of sputtering
2 kV Ar" ions for 10 mins and then 1 kV for 5 mins, followed by annealing at

600°C until the C 1s peak was no longer observed in XPS spectra.

The electrospray source has been installed on the XPS system without
applying instruments such as the drift tube, Einzel lens, and deflection plates pre-
sented in the previous results to use it for in-situ deposition experiments more
conveniently. This comprises stages 1 to 3 of the electrospray, as presented in
Chapter 5, and stage 4 is the XPS preparation chamber. A subtle but perhaps
significant difference with the system used in this chapter is the larger separa-

tion between the entrance capillary and skimmer 1 and the increased separation
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between skimmers 1 and 2. These changes reflect the unwillingness to achieve a
constant velocity to mass-select the ions by their kinetic energy. The deliberate
shortening of these distances might cause the large clusters observed in the ex-
periments in Chapters 4 and 5. A more molecular ion beam comprising smaller
clusters might be reasonably expected, perhaps even individual molecular ions,
in future experiments. This configuration is very similar to the one used in the
deposition of Cg, fullerenes, single-molecule magnets (SMMs) and Self-decoupled
tetrapodal perylene molecules in the literature [74, 85, 98, 168], where the spec-
troscopy and scanning probe microscopy is consistent with individual molecules
being deposited rather than large clusters. All dyes (N3, RuP, D5 and SC4) were
dissolved in ethanol except R6, which was dissolved in Tetrahydrofuran (THF) and
sprayed at various times until 40 mins. The electrospray system is separated from
the preparation chamber by a UHV gate valve. The preparation chamber pressure
was 10719 mbar when the gate valve was closed, whilst it was 10~8 mbar when the
valve was open, and there was no electrospray procedure. The chamber pressure
during the electrospray process rose to 10~7 mbar, whereas the presence of extra
pressure was because of solvent molecules remaining in the molecule beam. As
shown in Chapter 5, the deposition spot on the circular shape was with a range
of coverages in the Gaussian profile. However, in this chapter, the coverage is
changed by depositing for different times, such as 5 mins, 10 mins, 20 mins, 30

mins and 40 mins, then measuring after each deposition separately.

XPS data were calibrated to the Ti 2ps, substrate peak at 458.8 eV.
Shirley [169] and linear backgrounds were removed from spectra, and curve-fitting
analysis was carried out using pseudo-Voigt functions (a combination of Gaussian
& Lorentzian) [170]. The dataset presented here has been fitted with a 30%

Lorentzian and 70% Gaussian mix to approximate a Voigt lineshape.

Here, the widely used metal-organic ruthenium complex (N3) was exam-

ined again for comparison with the results already in the literature [12, 70] and
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to know what the data should look like when performing a new experiment. The
XPS results are presented to characterise the bonding between the molecule and

the surface in their respective section.

6.3 Results and Discussion

6.3.1 N3 on TiO, (110)

The surface coverage in the photoemission spectra samples is categorised into sub-
monolayer, monolayer, few layers or multilayer. In the monolayer, molecules are
directly adsorbed onto the surface, whilst the adsorption in the multilayer is deep,
where the deep molecules cannot interact with the surface. To build a complete
picture of how the molecules bond to the surface - particularly for new dyes used
in this experiment — the N3 molecule in Figure 6.1 was tested as an example to

ensure that the new experiments are working well.

Fig. 6.1. Molecular structure of N3 dye (cis-bis(isothiocyanato)bis (2,2-bipyridyl-
4,4’-dicarboxylato)-ruthenium(II)).

Figure 6.2 displays the O 1s XPS data at different sets of times to give a
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diverse range of coverages. The monolayers mean that the molecules are measured
in direct chemical contact with the surface, whilst the multilayers predominantly
imply molecules are not in contact with the surface. The monolayer at 5 mins de-
position is fitted with two components, and the multilayer at 10 mins, 20 mins and
40 mins depositions with three. The dominant spectrum at 530.4 eV is attributed
to the oxygen peak of TiO,. For the monolayer, the peak at 531.4 eV is assigned
to C=0 and deprotonated to COO~ [12]. Deprotonation and configuration of
the 2M-bidentate bridging method are typical advantages of aromatic carboxylic
acid molecules adsorbed on TiO,. Usually, oxygen bind to the surface in a 2M-
bidentate bridging mode, where the two oxygen atoms in the O 1s spectrum are
chemically equivalent upon adsorption [15], as shown in the schematic in Figure
6.3. The different anchoring modes of carboxylic acid onto a metal oxide have been
clarified in the literature [171]. The bi-isonicotinic acid bonds with TiO, substrate
are discussed in the previous studies as the 2M-bidentate (bridge) bonding geom-
etry involves deprotonation of the carboxyl (COOH) groups [15, 16, 172]. The
binding of pyridine carboxylic acids onto the TiO4 surface can be obtained in the
literature [173-175]. There is a problem that the N3 is incapable of deprotonating
and bonding all 4 carboxylic acid groups onto the surface simultaneously. In the
paper by Mayor [12], they found a 3:1 ratio of the COO~ and C-OH peaks in the
monolayer, but a ratio of 1:0 has been observed in the monolayer data because

the signal is weak enough to see C-OH.

In the case of 10 mins deposition, the small peaks at 531.4 eV and 533.4
eV are identified as the carbonyl (C=0) and hydroxyl (C-OH) groups, respec-
tively, in the molecule’s carboxylic acid ligand [15]. For the 40 mins deposition,
the same event as 20 mins deposition is noticed with a suppression in the O 1s
molecule component (C=0) relative to the substrate contribution because of in-
creasing molecules number on the TiO, surface. Because of the equal intensities
of carbonyl (C=0) at 531.7 eV and hydroxyl (C-OH) at 533.5 eV oxygen atoms in

the N3 structure, it can anticipate the appearance of two O 1s peaks of comparable
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Fig. 6.2. O 1s photoemission spectra taken at different deposition times for
N3 adsorbed on rutile TiO5(110), fitted using identical parameters. The dataset
had Shirley’s background subtracted. The residual spectra are shown above each
spectrum.
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TiO,

Bidentate bridging

Fig. 6.3. Schematic representation of bidentate binding mode for carboxylic acid
anchor onto titanium dioxide TiO5(110).

intensity. As can be seen in the multilayer coverage (10 mins) and (40 mins), the
intensity ratio of the O 1s peaks in (C=0) and hydroxyl (C-OH) are 3:1 and ap-
proximately ~1:1, respectively. This means most of the measured photoelectrons
are from N3 molecules with limited intermolecular and molecule-surface bonding
through the bi-isonicotinic acid ligands in the multilayer. In contrast, there is an
interaction in the monolayer because of the deprotonation of the carboxylic acid

groups.

The monolayer (a) and multilayer (b) of C 1s and Ru 3d spectra data
are presented in Figure 6.4, which have been fitted with pyridine, carboxyl, thio-
cyanate groups and a doublet state Ru 3d. The atomic ratio of 10:2:1 is for carbon
atoms in the pyridine ring, carboxylic acid and thiocyanate ligands. The actual
ratio for the monolayer is 12:2:1. Hence the disagreement with the expected results
is most probably attributable to the fact that half of these groups are bonded to
the surface. The ratio found for the multilayer is 10:2:1, which corresponds to the
ratio of these atoms in the molecule. The bi-isonicotinic acid (related to pyridine
and carboxylic acid molecules) has been investigated previously [176, 177]. In both

coverages, the main peak for the monolayer and multilayer at 285.9 eV and 285.7
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eV is assigned to carbon-nitrogen (C—-N) environments in the pyridine rings. The

peak at 289.4 eV on both coverages is attributed to the carboxyl carbon atom in

the carboxylic acid (COOH) anchoring group. The shoulder to the higher binding

energy

eV for

of the main peak is due to the thiocyanate groups at 287.3 eV and 287.1

monolayer and multilayer. A slight change in the binding energy of the C

1s peaks in both coverages was observed, as shown in Table 6.1.
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4. C 1s core-level spectra taken at different deposition times adsorbed on

rutile TiO2(110), fitted with Ru 3d, C-N, COOH, and N=C=S components. The
spectra have had background subtracted.
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Ru 3d is a doublet state with a well-defined separation of 4.2 eV [178].
The peak at the lower binding energy, 281.5 eV, is attributed to Ru 3ds/2, with
the corresponding Ru 3d3/,, which can be seen in Figure 6.4. The intensity ratio
of Ru 3d5/, is 6, and the intensity ratio of Ru 3ds/, is 4 (see Chapter 3 in the

Section 3.4.6).

Figure 6.5 represents the N 1s photoelectron spectra of the monolayer and
multilayer fitted with two components which are assigned to the nitrogen peaks in
the pyridine ring (C-N) and thiocyanate (N=C=S). For the monolayer, the binding
energies of these peaks are 400.5 eV and 398.6 eV, but 400.4 eV and 398.5 eV for
the multilayer with a 2:1 ratio, respectively, corresponding to the atom ratio in
the molecule. The monolayer of N 1s data shows no change in the intensity ratio
related to pyridine and thiocyanate, implying that molecules reach the surface
entirety. The C 1s and the N 1s spectra show that the molecule is intact on the
surface since all the functional groups and the ruthenium atom are present. Also,
the Ru 3d binding energy is is consistent with the Ru?*, which supports the idea

that the molecule is intact.

The XPS measurement of the S 2p spectra for monolayer and multilayer
coverage is illustrated in Figure 6.6. S 2p is a doublet state with a spin-orbit
coupling of 1.1 eV [179]. Previous studies revealed two different chemical environ-
ments of sulphur atoms for the monolayer [12], meaning that one of the thiocyanate
ligands was included in the bonding to the surface. On the other hand, only one
type of sulphur atom can be observed in this XPS data of both monolayer and
multilayer films with an intensity ratio of 2:1. This implies no thiocyanate group
involved in bonding to the surface, so both of these must be sticking out into
the vacuum away from the surface, thus placing bi-isonicotinic acid ligands at the
surface. This is consistent with the observation of complete deprotonation of the
bi-isonicotinic ligands in the O 1s spectra for the monolayer, implying that all

of the carboxylic acid groups are bound to the surface (both bi-isonicotinic acid

115



6.3. RESULTS AND DISCUSSION

\/VM/.\N\/\A/O\/\/\/\/\/\/\/\/\/\/\/V\/\/\/\/\/M\
10 mins deposition o

QA
O N 1s XPS data \
—— Composite fit

—— Residual \
= Pyridine ’

2 Thiocyanate 3

—— Shirley bgs P

© ool 502 Monolayer
0 o ‘\{ \\ - ooo o® oo

Intensity (arb. units)

40 mins deposition

O N 1s XPS data
—— Composite fit
— Residual

= Pyridine

2 Thiocyanate
—— Shirley bgs

Intensity (arb. units)

207772227
0000~ \ 2000022727778

402 400 398 396
Binding energy (eV)

Fig. 6.5. N 1s XPS measured for a monolayer and multilayer of N3 on the rutile
TiO2(110) surface. The large peak is attributed to nitrogen in the bi-isonicotinic
acid ligands, whereas the small peak is assigned to the thiocyanate ligands.
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ligands), making the sulphur atoms impossible to bond to the surface. In the pa-
per by Mayor et al., different adsorption geometry is observed, where one sulphur

atom is bound to the surface due to the bonding of a single bi-isonicotinic acid

ligand to the surface [12].
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Intensity (arb. units)

Fig. 6.6. S 2p XPS spectra indicate a single chemical state for S atoms (S 2p3/2
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and S 2py/,) with spin-orbit pairs of 1.1 eV,

toionisation cross-sections ratios of the multilayer coverage 8.5:2:29.6:4.3 which

The ratios of O, S, C and N in N3 molecule are 8:2:26:6 compared to pho-
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have a reasonable agreement, but these ratios do not match exactly. This is prob-
ably because of the molecule’s geometry on the surface, with some parts being
attenuated by the other part of the molecule. The number of carbon atoms over-
estimates because some residual methanol is leftover from the deposition. Also,
nitrogen is a bit low because it is on the inner part of the molecule, where some
parts cover the nitrogen. A summary of core-level binding energy (BE) positions

obtained from peak fitting of the XPS data is listed in Table 6.1.

Peak BEs (eV)
Monolayer Multilayer

TiO, 530.4 530.4

O 1s C=0 & COO~ 531.4 b31.7
C-OH 533.5

Pyridine (C—N) 285.9 285.7

C 1s  Thiocyanate (N=C=S) 287.3 287.1
Carboxyl (COOH) 289.4 289.4

Ru 3d 281.5 281.3
N1 Thiocyanate (N=C=S) 398.6 398.5
’ Pyridine (C—N) 400.5 400.4

S 2p 162.9 162.6

Table 6.1. Parameters of the XPS component binding energies for N3 on the
rutile TiO2(110) surface.

6.3.2 RuP on TiO,(110)

Previous studies of water-splitting dye-sensitised photo-electrochemical cells have
investigated a derivative of ruthenium with phosphonate anchoring groups as RuP
[180-182]. RuP belongs to the ruthenium(II) bipyridyl dye family with phospho-

nic acid functional groups. It was synthesised and characterised, as reported by
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Gillaizeau et al. [183]. The chemical structure of RuP is shown in Figure 6.7.

H,04P PO4H,

Fig. 6.7. Molecular structure of the RuP dye [Ru(bpy)2(4,4-PO3H2)2bpy]?*.

Figure 6.8 shows the O 1s photoelectron spectra obtained for a range of
RuP coverages, from 5 mins to 40 mins deposition. The oxygen peak in the oxide
surface at 530.4 eV dominates the spectrum on both coverages. The two smaller
peaks to higher binding energy are due to the phosphonic acid groups (i.e. P = O
and P-OH environments) [183]. Phosphonic acid anchors to the surface of TiO,
are illustrated in Figure 6.9 through the adsorption of O, on the surface mediated
by the 2M-bidentate bridging mode. In the lower coverage (5 mins deposition),
these two peaks, at 531.3 eV and 532.6 eV, respectively, have a ratio of 4:1. When
the phosphonic acid groups are bound to the TiO, surface, it causes some loss
of OH (i.e deprotonated as bonded to the surface) which makes the O 1s peak
resemble the binding energy of P=0 as seen in the rest of deposition times. In the
high coverage (40 mins deposition), P=0 and P-OH peaks at 531.7 eV and 533.2
eV, respectively, have a ratio of 1:1 in the unbound molecule, as the phosphonic

acid groups remain protonated.

Figure 6.10 exhibits a photoelectron spectra of the C 1s and Ru 3d core

levels for the monolayer and multilayer. The carbon environments are bonded into
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Fig. 6.8. O 1s core-level photoemission spectra measured for different surface
coverages of RuP adsorbed on rutile TiO4(110).
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Bridging bidentate

Fig. 6.9. Schematic representation of bidentate binding mode for phosphonic
acid group anchor onto titanium dioxide TiO2(110) [184].

pyridine ring C-C, pyridine ring C-N and phosphonic acid. In both coverages, the
most intense peak to be dominated by XPS is from C-C in the pyridine ring. The
binding energy of pyridine ring C-C at 285.7 eV in the low coverage whilst 285.5
eV in high coverage. The second intense peak in both coverages at 286.8 eV and
286.6 e is due to carbon atoms bound to nitrogen in the pyridine ring, whilst the
phosphoryl carbon atom in the PO3H, group is fitted to a small shoulder at 287.3
eV for both coverages. The intensity ratio representing pyridine ring C-C, pyridine
ring C-N and phosphoryl carbon is 8:6:1 for monolayer and multilayer which is
consistent with the expected ratio based on the stoichiometry. The C-C and C-N
pyridine rings and phosphoryl carbon are in the same chemical environment in
both films, implying these have not participated in bonding to the surface. The
Ru 3d peaks are resolved as a doublet of Ru 3ds5/2 and Ru 3d3/, at 281.9 eV and
286.1 eV in the monolayer, and binding energy of 281.7 eV and 285.9 eV is to the

multilayer.

N 1s XPS spectra are displayed in Figure 6.11, exhibiting a single pyridine
C-N peak in both films. This peak is consistent with the single bonding shown
by nitrogen atoms. However, the binding energy of C-N is 401.04 eV for the

monolayer and 400.9 eV for the multilayer coverage.
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Fig. 6.10. C 1s photoemission spectra of a RuP monolayer and multilayer film
adsorbed on rutile TiO4(110).
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Fig. 6.11. N 1s XPS spectra for the monolayer and multilayer film fitted with
one component attributed to the pyridine C-N environment.
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Figure 6.12 presents the P 2p core-level spectra for the monolayer and
multilayer film and the P 2p paired state with the spin-orbit splitting of 0.87 eV
[179]. The corresponding peaks of P2p can be deconvoluted into double peaks (P
2p3/2 and P 2py)5). The lower binding energy of the P 2ps/, peak can be seen
clearly in the monolayer spectrum at 133.4 eV, and similarly, it is 133.5 eV for the
multilayer. It is worth noting that a 0.1 eV shift is not really significant. This shift
can occur as the coverage is increased due to less screening of the core holes from
the surface, causing a small amount of steady charging. All P 2p spectra coverages
have a ratio of 2:1. When calculating the photoionisation cross-sections of the O,
P, C and N, it was observed that the ratios 4.4:2:27:3.9 do not match completely
with the proportions based on the stoichiometry 6:2:30:6, although there is a good

similarity. The binding energies of the XPS peaks are summarised in Table 6.2.

Peak BEs (eV)

Core Level Monolayer Multilayer

TiO, 530.4 530.4

O 1s P=0 531.3 531.7
P-OH 532.6 533.2

Pyridine ring (C-C) 285.7 285.5

C 1s Pyridine ring (C-N) 286.8 286.6
Phosphoryl (C-P) 287.3 287.3

Ru 3d 281.9 281.7

N 1s Pyridine (C-N) 401.04 400.9

P 2p 133.4 133.5

Table 6.2. Core levels of the XPS component binding energies for RuP on the
rutile TiO2(110) surface.
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Fig. 6.12. P 2p photoemission spectroscopy of monolayer and multilayer coverage
of RuP showing the spin-orbit split P 2p3/, (right) and P 2pq /5 (left).
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6.3.3 D5 on TiO,(110)

The D5 molecule is known as the polyene-diphenylaniline dye. The diphenylani-
line group donates an electron, whereas the cyanoacetic acid group accepts it.
Moreover, the cyanoacetic acid acts as an anchoring group onto the nanostruc-
tured TiOy surface [161] (see chemical structure in Figure 6.13). The electronic
structure of D5 and triphenylamine on TiO, had previously been studied using

photoelectron spectroscopy (PES) [162, 185, 186].

NC
™\~ COOH

ot 1N o e
N

Fig. 6.13. Molecular structure of D5 dye (3-(5-(4-(dip—henylamino) styryl)
thiophen-2-yl)-2-cyanoacrylic acid.

A comparison of the O 1s X-ray photoemission spectra for surface cover-
ages ranging from 5 mins to 40 mins deposition is shown in Figure 6.14. As usual,
the prominent peak at 530.4 eV in all spectra is attributed to the substrate oxygen
atom. In the first spectrum for 5 mins deposition, there is a single molecule O
1s peak at 531.8 eV, which is assigned to the COO~. This arises because of the
deprotonation of the COOH groups and the bonding of the Ols atoms to TiOq
atoms on the surface by the 2M-bidentate process (see section 6.3.1). As the cov-
erage is increased, the same situation is clearly observed for 10 mins deposition
with an increase in the number of molecules on the surface. In the case of 20
mins and 40 mins deposition, the two components to higher binding energy are
referred to C=0 at 531.8 eV, which presents in the carboxylic acid group and is
thus deprotonated to COO~ [12]. The oxygen atoms of the O—H feature at 534.0

eV indicates that not all molecules are bound to the surface. The expected ratio
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of the C=0 & COO™:C-OH should be 1:1, but it was 4:1, which means some
O-H group lost proton (i.e. deprotonated as bounded to the surface) or it did not

receive thick coverage (i.e. just a little more than one monolayer).

C 1s core-level photoelectron spectra are presented in Figure 6.15. There
are four chemical environments for C 1s in D5: ring carbon, triphenylamine N,
thiophene and carboxyl groups. The main carbon peak can be fitted to three com-
ponents representing the carbon bound to nitrogen in the triphenylamine moiety
and cyanoacrylic acid group at 286.3 eV, carbon bound to sulphur in the thio-
phene at 287 ¢V and the dominant peak to lower binding energy at 285.3 eV,
which comprise 21 ring carbon atoms of the molecule (see Figure 6.13). The peak
at 288.7 eV is attributed to a carboxylic carbon atom. The same molecular com-
ponents are observed for 40 mins deposition coverage, where the binding energies
of 285.2 €V, 286.2 eV, 287.0 eV and 289.0 eV are attributed to ring carbons, triph-
enylamine N, thiophene and COOH groups, respectively. The 5 mins deposition
(sub-monolayer) contributes to this deprotonated carboxylic, whilst the 40 mins
deposition (a little more than one monolayer) is not deprotonated. The atomic
ratio of molecules in the chemical structure is 21:4:2:1, whereas 22:5:2:1 is the
intensity ratio for the sub-monolayer. There is a slight difference in the ratio be-
cause some molecule parts close to the substrate are bound to the surface, whilst

the rest of the molecules attenuate them.

N 1s XPS data is illustrated in Figure 6.16 and is fitted with two com-
ponents for all coverages. These are attributed to the nitrogen atoms in the
triphenylamine (C-N) at binding energy of 400.6 eV and nitrile (C = N) at 399.7
eV for the 5 mins and 40 mins deposition. A previous study has the same moieties
of triphenylamine and nitrile, which have been used to investigate the comparison
of N 1s binding energies in D5 [187]. The 5 mins and 40 mins deposition data
indicate that the ratio of nitrogen atoms in the triphenylamine and nitrile groups

s 1:1.
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Fig. 6.14. O 1s core-level XPS spectra using different time deposition coverages

of D5 adsorbed onto nanostructured TiO5(110).
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Fig. 6.15. C 1s photoemission measured spectra of D5 coverages adsorbed on
rutile TiO(110) surface.
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Fig. 6.16. N 1s XPS spectra for 5 and 40 mins deposition coverages of D5
adsorbed on TiO4(110) referring to no change in chemical environment between
different coverages.
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Figure 6.17 shows the S 2p photoemission spectra of the 5 mins and 40 mins
deposition films, fitted with two component pairs corresponding to the sulphur
environments in the thiophene moiety (C-S 2p3,2 and C-S 2py/,). The spin-orbit
splitting 1.1 eV [179] between 3/2 and 1/2 doublet components were used. The
2:1 is the intensity ratio for 5 mins and 40 mins deposition coverages. The lower
binding energy of the C—S 2p3/; peak can be observed clearly in the spectra at
164.8 eV [188]. The atomic ratios of O, S, C and N in D5 molecule are 2:1:28:2
which also does not coincide perfectly when considering the photoionisation cross-
sections ratios of 1.4:1:24.4:1.6, where the oxygen ratio is low due to its bonding

to the surface. The spectral parameters are given in Table 6.3.
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Fig. 6.17. S 2p core-level spectra of D5 coverages adsorbed onto rutile TiO4(110)
surface.
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Peak BEs (eV)
5 mins deposition film 40 mins deposition film

TiO, 530.4 530.4

O 1ls C=0H & COO~ 531.8 531.8
C—-OH 534.0

Ring (C-C) 285.3 285.2

o1 Triphenylamine N 286.3 286.2
s Thiophene 287.0 287.0
COO~ 288.7 289.0

N 1 Triphenylamine N 400.6 400.6
° Nitrile N 399.7 399.7

S 2p Thiophene 164.8 164.8

Table 6.3. Parameters of the XPS component binding energies for D5 on the
rutile TiO2(110) surface.

6.3.4 SC4 on TiO,(110)

SC4 has a similar chemical structure to D5 with an addition of an incorporated
moiety of 4-(benzolc|[1,2,5]thiadiazol-4-yl)benzoic acid as shown in Figure 6.18.
The previous study has reported a triphenylamine-dihexylbithiophene in SC4
dye-sensitiser molecule as an electron donor and a 4-(benzo|c|[1,2,5]thiadiazol-
4-yl)benzoic acid as the electron acceptor. There has been an investigation using
UV-visible and photoluminescence spectroscopies to study metal-free dye SC4

[189], but it has not been attempted for XPS.

Figure 6.19 shows a comparison of the O 1s photoemission spectra cov-
erages taken at different deposition times. The substrate oxide signal clearly
dominates the binding energy at 530.4 eV. There are two peaks fitted to the O 1s
spectrum assigned to COO™ and C-O-C at 531.7 eV and 533.7 eV as it is visible
in the 5 min deposition. The COO™ peak is generated due to the deprotonation of
the carboxyl groups and the ligation of O 1s atoms to the TiOy substrate, whilst
C-0O—C is formed due to oxygen atom in the ether group (~O-). There is only one

OH group, and it disappears completely in the monolayer due to deprotonated
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CeHi3—0

Fig. 6.18. Molecular structure of the SC4 dye 4-(7-(5-(4-(bis (4-
(hexyloxy) phenyl) amino) phenyl) -3,3’-dihexyl-[2,2’-bithiophen]-5-yl)benzo[c]
[1,2,5] thiadiazol-4-yl) benzoic acid.

and bonding to the surface. The same condition is observed in the 10 mins de-
position except for the intensity difference where it is closer to 1:1. These peaks
should have the same intensity, but if the molecule is bound to the surface through
COOH, C-O-C would be much stronger than COOH. The reason is that COOH
will be buried underneath the C-O—-C part of the molecule. The oxygen atoms
may interact with the surface but will not create strong covalent bonds as if they
were deprotonated. In the 20 mins and 40 mins deposition, two different chemical
environments are presented. The high binding energy environment is attributed
to the C-OH & C-O-C oxygen group, whilst the low binding energy is assigned
to the C=0 oxygen of the carboxyl acid group [15]. The C-OH & C-O-C: C=0

intensity ratio is approximately 3:1, which agrees with the molecular stoichiometry.

Figure 6.20 displays the C 1s photoelectron spectra for surface coverage
ranging from 5 mins to 40 mins deposition. The C 1s spectra have been fitted
using five peaks. The most intense peak in the spectra is attributed to carbon
atoms in the aromatic ring carbons at 285.2 ¢V in 5 mins and 10 mins deposition.
As the coverage is increased, the binding energy position of aromatic carbon shifts
upwards from 285.2 eV in the monolayer to 285.8 ¢V in the multilayer relative to
carboxylic carbon. The neighbour peak is due to aliphatic chains. The aliphatic

chains were shifted by 0.6 eV from aromatic carbons previously using photoemis-

134



6.3. RESULTS AND DISCUSSION

R e W I e S e
40 mins deposition

10 mins deposition

5 mins deposition

O Of1s XPS data
—— Composite fit

—— Residual
& TiO,
COO~

= C-0-C
—— Shirley bgs

Intensity (arb. units)

536 534 532 530 528
Binding energy (eV)

Fig. 6.19. O 1s core-level photoemission spectra for different time deposition
coverages of SC4 adsorbed onto TiO4(110).
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sion spectroscopy of zinc protoporphyrin adsorbed on rutile TiO9(110) [72], which
is similar to our shift between these two peaks. The shoulder to the higher binding
energy is fitted with triphenylamine and thiophene. The carboxyl peak is invisible
but still there, which is identifiable from the previous study of the D5 molecule
on TiO,. According to the SC-4 molecule, the atomic ratios of aromatic carbons,
aliphatic carbons, triphenylamine, thiophene and carboxyl is 29:24:5:4:1, which is

consistent with the intensity ratios observed in Fig. 6.20.

N 1s photoemission spectra of the film coverages are shown in Figure 6.21.
There is a nitrogen atom in the triphenylamine (C-N) ligands and two nitrogen
atoms bound to sulfur (N-S), and thus the ratio is 2:1. The binding energy of N—S
compounds in the thiadiazole varies from 399.3 eV to 401.6 eV [190] and is close to
the binding energy of C-N, which is 400 eV or 400.5 eV [185, 186]. Therefore they

are fitted with one peak at 400.2 eV and 400.4 eV for both coverages, respectively.

S 2p photoelectron spectra for the surface coverages are illustrated in
Figure 6.22. S 2p is a doublet state and always comprises two peaks corresponding
to two pairs of spin orbitals doublets (S 2p3/2 and S 2py/5). The S 2p3/2 peak has
to be twice the size of the S 2p;/, peak using a spin-orbit split pair of 1.1 eV [179].
The coverages require two doublets to obtain a good curve fit, as can be observed
in Figure 6.22. The two doublets are attributed to C-S ligands, and the other
doublets are relative to N-S ligands. The low binding energy for the chemical
states in the monolayer at 164.5 eV and 166.1 eV significantly correspond to
sulphur atoms bound to carbon and nitrogen, respectively, whilst they are around
164.7 eV and 166.3 eV in the multilayer. The ratio of the doublets is 2:1 for both
coverages, as expected from the sulphur atomic ratio in the molecule. The O, S,
C and N ratios of 4:3:63:3 in the SC4 have not corresponded precisely with the
3.4:3:53.7:2.1 ratios obtained by photoionisation cross-sections, which is perhaps
due to the geometry of the molecule on the surface where some parts are attenuated

by the other part of the molecule. Information about the binding energies and the
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Fig. 6.20. C 1s core-level photoemission spectra for different surface coverages
of the SC4 dye onto TiO5(110).
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Fig. 6.21. N 1s core-level photoelectron spectra of SC4 for all coverages adsorbed
on rutile TiO4(110).
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Fig. 6.22. S 2p XPS spectra of SC4 onto TiO, refer to four components related
to C-S3/2, C-Sy/2, N-S3/2, and N-S; /o moieties using spin-orbit separation of 1.1
eV.
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XPS peaks can be found in Table 6.4.

Core Level Thin Film Thick Film
TiO, 530.4 530.4
O 1s COO~ & C=0 531.7 532.6
C-0-C & C-OH 533.7 533.9
Ring C 285.2 285.2
Aliphatic C 285.8 285.8
C 1s Triphenylamine 286.3 286.3
Thiophene 287.0 287.0
Carboxyl C 289.0 289.0
N 1s Triphenylamine N & N-S 400.2 400.4
g9 C-S 164.5 164.7
b N-S 166.1 166.3

Table 6.4. Parameters of the XPS component binding energies for SC4 on the
rutile TiO4(110) surface.

6.3.5 R6 on Ti0,(110)

A blue dye called R6 is presented in a schematic diagram in Figure 6.23. The
Samanta group in Ireland has previously studied the electronic properties of R6
and its binding interaction on a TiO, anatase-101 surface [191]. Ren and co-
workers reported an organic dye, R6, achieving a 12.6% power conversion efficiency

measured under sunlight [4, 192].

Figure 6.24 displays the O 1sphotoemission spectra at different times of
deposition. The dominant peak at 530.4 eV is assigned to the oxide surface on both
coverages. The 5 mins deposition data are weak because it is not easy to make a
reliable fit due to not having sufficient statistics from the molecule compared to
the substrate. In the 10 mins deposition, there are two peaks fitted to the O 1s
spectrum attributed to C=0 & COO~ and C-OH & C-O-C at 531.6 eV and 533.2
eV, respectively. The C=0 & COO~ and C-OH & C-O-C peaks have reached
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Fig. 6.23. Molecular structure of the R6 dye 4-(7-((15-(Bis (4-(hexyloxy) phenyl)
amino) -9,9,19,19-tetrakis (4-hexylphenyl)-9,19 -dihydrobenzo [1°,10’] phenanthro
[37,47:4,5] thieno [3,2-b] benzo [1,10] phen-anthro [3,4-d] thiophen-5-yl) ethynyl)
benzo[c| [1,2,5] thiadiazol-4-yl) benzoic acid.

a ratio approximately 1:1 in the case of complete deprotonation of the carboxylic

acid group in bonding to the surface.

The multilayer coverages (20 mins and 40 mins deposition), as shown in
Figure 6.24, has presented same components as in 10 mins deposition. The atomic
structure ratio for C=0 & COO~ and C-OH & C-O-C should be 3:1 (i.e. 3 is
related to two oxygen atoms in the ether group and one oxygen atom in ~OH
whilst 1 is related to one oxygen atom in =O group) in the case of the absence of
deprotonation of the carboxylic group in the isolated molecule. The multilayer is
likely estimated to be two or three layers as a 1:1 ratio of the C=0 & COO~ and

C-OH & C-O—-C peaks are seen.

Figure 6.25 presents the C 1s photoelectron spectra of the surface cover-
ages. The most intense peak at 285.0 eV corresponds to ring aromatic carbons;
however, the second intense peak at 285.5 eV is due to aliphatic chains. The
shoulder side to the higher binding energy of the main peak is fitted with two

peaks attributed to triphenylamine and thiophene. The carboxyl carbon atom in
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Fig. 6.24. O 1s core-level photoemission spectra for surface coverages obtained

at different deposition times of R6 adsorbed on rutile TiO5(110).
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the carboxylic acid anchoring group is the higher binding energy peak in the C 1s
spectra. Since the spectra are quite complicated, the width of each peak for all
coverages has been constrained to be the same (see Figure 6.25). The fits of C 1s
are very similar to the SC4 molecule because they have the same moieties. The
atomic ratio of 84:36:5:4:1 is for carbon atoms in the aromatic carbon, aliphatic
chains, triphenylamine, thiophene and carboxylic acid group, which is consistent

with the actual ratio of the layers.

The photoemission spectra of the N 1s region have been exhibited in Figure
6.26. The measurements of the N 1s show no different change for all coverages
where C-N and N-S moieties are represented as one peak, as a result of the

convergence in the binding energy at 400.1 eV, as occurred in SC4 dye previously.

Figure 6.27 shows two chemical environments in the S 2p region for differ-
ent coverages. Both the 5 mins and 40 mins deposition are bound into two peaks
related to C—S and N-S ligands. These peaks are corresponded to two pairs of spin
orbitals doublets (2p3/2 and 2p;/2) using separation between the two peaks of 1.1
eV [179]. The chemical state peaks located at low binding energies are attributed
to C—S 2p3/2 and N-S 2p3» environments. The atomic ratios of 4:3:122:3 in the R6
molecule do not coincide with multilayer coverage ratios of 8.4:3:177.6:2.4 based
on photoionisation cross-sections. In fact, this may be due to the geometry of
the molecule on the surface, where some regions of the molecule attenuated other
molecular regions on the surface. The XPS parameters are discussed briefly in

Table 6.5.
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Fig. 6.25. C 1s core-level photoelectron spectra for different surface coverages of
the R6 on rutile TiO5(110).
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Fig. 6.26. N 1s core-level photoemission spectra for 5 mins and 40 mins deposi-
tion times of R6 on the TiO4(110) surface.
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Fig. 6.27. S 2p XPS spectra for surface coverages of R6 onto TiO, substrate
showing the spin-orbit split C—S 2ps/5, N-S 2p3/2, C-S 2pi/5, and N-S 2p; )9
contributions.
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Core Level Low Coverage High Coverage
TiOq 530.4 530.4
O 1s C=0 & COO~ 531.6 531.6
C-OH & C-0O-C 533.2 533.2
Ring C 285.0 285.0
Aliphatic C 285.5 285.5
Cls Triphenylamine 286.0 286.1
Thiophene 286.8 286.8
Carboxyl C 289.0 289.8
N 1s Triphenylamine N & N-S 400.1 400.1
g9 C-S 164.4 164.3
b N-S 166.1 166.0

Table 6.5. Parameters of the XPS component binding energies for R6 on the
rutile TiO4(110) surface.

6.4 Conclusions

The UHV electrospray source and the XPS system have been used to deposit
some dye complexes, such as N3, RuP, D5, SC4 and R6, onto the rutile TiO5(110)
substrate in situ. The surface coverages were obtained by depositing at different
times to construct the film thickness and then taking measurements after each de-
position process. The molecules’ bonding geometry and chemical interaction with
the oxide surface have been inferred from photoemission spectroscopy. The XPS
data collected for monolayer and multilayer coverages of dyes present convincing
evidence of chemical interactions with the surface TiOs. The O 1s photoemission
in the monolayer coverages shows that the carboxylic acid and phosphonic acid
groups are anchored to the titanium atoms of the oxide surface through deprotona-
tion by 2M-bidentate bridging mode, bonding their oxygen atoms to the surface.
The C 1s spectra, along with N 1s, provide strong evidence that the molecule is
still intact on the surface and has not fragmented upon deposition; moreover, the
ruthenium binding energy is consistent with the Ru?* oxidation state within the

molecule. If the ruthenium fell out of the molecule and the ruthenium was simply
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sitting on the surface, it would probably cluster together, become metallic and
have a different binding energy. Moreover, there is a sensible agreement between
atomic ratios for all molecules and photoionisation cross-section proportions, even
though they are not perfectly matched. The main reason is likely to be due to the
geometry of the molecule on the surface, where part of the molecule attenuated
the other parts. The importance of the bonding for the electronic characteristics
of each dye complex for the orbitals studied here should be subject to further

study.
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Chapter 7

Conclusions and Future Work

This chapter summarises a series of experiments demonstrating the unique ca-
pabilities of electrospraying. Future work suggestions also are covered in this

chapter.

7.1 The Characterisation of Velocity Distribu-

tions in Electrospray lIonisation

An image charge detection instrument was used to determine the charge and speed
distributions of ions in the UHV electrospray system. The geometry of the vacuum
interface was investigated, where the speed of ions could be controlled by adiabatic
expansion. This instrument will aid future ion optics studies in electrospraying by
knowing the size values and the velocity measurements of the ions. In this chapter,
large clusters with a narrow velocity distribution of the cluster sizes between 300
m/s and 330 m/s was formed. The evidence suggests that the ions measured in the
drift tube cannot be individual molecular ions as there is a very smooth band of
charges implying the formation of large clusters. So, the next stage incorporates

the electrostatic deflectors to separate these clusters by mass (more details in

149



7.2. TOWARDS A SUPERSONIC MASS-SELECTED ELECTROSPRAY
DEPOSITION SYSTEM AND SEPARATION OF NEUTRAL AND
CHARGED SPECIES

Chapter 5).

7.2 Towards A Supersonic Mass-selected Elec-
trospray Deposition System and Separation

of Neutral and Charged Species

The first section of this chapter presents four electrostatic ion deflection exper-
iments using the electrospray technique. These deflection experiments showed
that fluorescein and ferrocene form large clusters that need high voltages to be
deflected, as proposed by the SIMION simulation and the smooth nature of the
ion charge distribution. The deflection of small molecular ions using low volt-
ages has not been proven because the experimental setup has concentrated on the
high-voltage regime. In future work, more sensitive electronics will be created
for the image charge detector and eliminate noise from the system to measure
individual molecular ions on the low voltage regime. In the second section, XPS
measurements of NaCl were studied to test the electrospray’s spot size and the
ability of the Einzel lens to defocus the beam in the real life, especially since
the SIMION simulation proved successful. These measurements have shown that,
under the conditions studied, the Einzel lens did not change the spot size. In
the future, a specific target will be made to test defocusing again; however, it is
worth remembering that the Einzel lens will not affect the neutral component of
the electrospray beam, which may be significant in this case. Future experiments
on the Einzel lens should therefore filter these out first to observe the effect on
the ions. AFM to study the morphology of the graphene oxide films and optical
microscopy have been employed in the last section of Chapter 5, which showed
successful deposition of flat-lying graphene oxide flakes but a very inhomogeneous

coverage due to the large droplets delivering those flakes.
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7.3. A PHOTOEMISSION STUDY OF DYE MOLECULES DEPOSITED BY
ELECTROSPRAY ON RUTILE TIO,(110)

7.3 A Photoemission Study of Dye Molecules

Deposited by Electrospray on rutile TiO5(110)

This chapter studied the adsorption of the dye molecules of N3, RuP, D5, SC4
and R6 on the rutile TiOy (110) surface using a combination of electrospray with
XPS to deposit in situ to make layered deposits and films comprising blends of
materials. Their chemical interaction and bonding geometry with the titanium
oxide surface are investigated by XPS. The results of the core-level photoemission
spectra for dyes indicate that the first layer of dye molecules creates a strong
chemical anchor to Ti atoms of the oxide substrate by deprotonating the carboxyl
and phosphoryl groups as the 2M-bidentate bridging mode. The spectra of C
1s, along with N 1s, provide strong evidence that the molecule is intact on the
surface due to the presence of all functional groups and a ruthenium atom where

the binding energy of Ru3d is consistent with the Ru?*.

7.4 Future Work Suggestions

For future research that could build on this thesis, a potentially important experi-
ment could be conducted regarding the electrospray instrument development. The
beam in these experiments is about 2 mm in diameter when hitting the sample.
For example, it is required to spread the beam to at least 10x10 mm in order
for a solar cell device to be made. The defection plates can deflect the beam at
least +/- 5 mm. Having two more plates in the other direction would help direct
the beam anywhere within a 10x10 mm square on the sample. Therefore, the
deflection voltages are controlled using a computer to quickly move the beam over
that 10x10 mm area during the deposition to create a homogenous film over the
whole sample. One simple way to start might be to place a window instead of

the target and then have a camera focused on it (possibly with a microscope at-
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tachment). After that, the solution is sprayed onto the window and attempted to
be controlled, with the beam transmitted using the existing plates. If this works,
a four-plate system is designed and then determined how to control the voltages.
Again, it should be noted that any netural component of the beam will not be
deflected, so these would need to be filtered out first. The future work of defo-
cusing the Einzel lens could be by manufacturing a target containing a series of
rings and then measuring the current on each ring to find the voltage that would
make the beam the smallest. Using XPS will enable seeing the effect. Alterna-
tively, increasing the distance to the surface might also spread the beam out to a
larger diameter simply because of the beam’s divergence, which could be tested

by constructing a long tube for the source.

Another future experiment related to the drift tube experiment is that it
would be worth to carry out further studies on ion drift tube measurements for one
more molecules that can be bent because this study focused only on fluorescein.
For example, the ferrocene needs a large voltage to be deflected, which suggests

that the ferrocene forms a large cluster.

It would also be interesting to extend the work in Chapter 6 by depositing
more molecules such as N719, Ru455, D45, PY1, C239 and R4. Some of these dye
molecules have a carboxylic acid group, and it is useful to study their adsorption
geometries on the TiO, surface to compare them with the other dyes described
in Chapter 6. Also, it would be worth to study the dipyrrin-based bonds in PY1,
which has a different chemical structure than the bi-isonicotinic acid ligands, to
discover how the molecules adsorbed onto the surface. These experiments will be
carried out to determine the primary factors affecting charge transfer efficiency.
Finally, it is interesting to incorporate a solar simulator to study dye complexes

adsorbed onto a TiOs surface in operation.
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