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Abstract

Ionic liquids (ILs) are molten salts that are used in electrospray thrusters as the
source for the ionic emission. The total current of the emitted ions is proportional
to the conductivity and the surface tension of the ionic liquid. Since the thrust of
the propulsion system is dependent on the current, we try to maximize the total
current emitted. However, the production of new ionic liquids is very challenging
and thus this thesis explores the use of mixtures as an alternative ionic source. This
thesis studies the relationship that exists between temperature, conductivity and
surface tension with the concentration of 𝐿𝑖𝐵𝐹4 salt in the 𝐸𝑀𝐼𝐵𝐹4 ionic liquid.
The solvent was selected given it is one of the most commonly used ionic liquids
in electrospray propulsion. The salt, on the other hand, was selected because of its
small and simple positive ion 𝐿𝑖+ and its matching negative ion, 𝐵𝐹−

4 to that of
the IL. From measurements at a concentration of 27𝑤𝑡% time of flight spectrometer,
an increase in the percentage of the beam that was single 𝐸𝑀𝐼+ from ∼ 50% to
∼ 70%. This lead to an increase in efficiency of ∼ 2% and specific impulse of ∼ 27%.
It was found that the surface tension of the mixture decreases as the concentration
increases. Likewise, the conductivity tends to decrease as the weight percentage of
salt is increased, except for a local maximum around 15𝑤𝑡%.

Thesis Supervisor: Paulo Lozano
Title: Professor
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Chapter 1

Introduction and Background

Up until now, most of the research and characterization has been done for pure ionic

liquids. Their surface tension, conductivity and emission properties have been care-

fully studied and documented by multiple authors. However, there is little research

in the field when it comes to the previously mentioned properties in a mixture [1], let

alone a highly asymmetrical mixture as the one used in this thesis. By adding a salt

to a pure ionic liquid, we add an additional variable of concentration that opens the

door to multiple new questions. The main reasoning behind the study of mixtures is

not only to push the boundary of our understanding of how such mixtures would act

in given circumstances, but also to improve the performance of one of its possible ap-

plications: electrospray propulsion. Electrospray propulsion is based on the emission

of charged particles that are extracted, from an ionic source, and accelerated by an

electrostatic field. Electrospray thrusters use ionic liquids as the ionic sources for their

emission. In general, the production and development of these liquids are a lot more

complicated than the simple mixing process that is done in this work. Therefore, the

results of this thesis could provide a simple alternative for performance improvement.

This performance improvement can be measured by seeing an increase in specific im-

pulse and by decreasing the polidispersity of the beam. Polidispersity is the presence

of species of different masses in the beam. This polisdispersive effect causes a loss in

efficiency of the propulsion system since the total power that is being used to acceler-

ate all ions is the same but the energies reached by each species are not. The current
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state of the art suggests that this increase in performance is dependent on properties

of the liquids such as: surface tension, conductivity, amongst others, that can be

changed by the addition of salts. This leads to the main goal of this thesis to be

the measuring and characterization of mixture between a commonly used ionic liquid

𝐸𝑀𝐼𝐵𝐹4 and the salt 𝐿𝑖𝐵𝐹4 at different weight percentages and temperatures. The

goal is to find the concentration that has the desired properties leading to the highest

increase in performance. The main reasoning behind the selection of the salt is its

small and simple positive ion 𝐿𝑖+ and the matching negative ion 𝐵𝐹4 to that of the

solvent. The hopes of this thesis is to see an increase in emission of single 𝐿𝑖+ ions

since they are the lightest ions and therefore would reach higher velocities leading to

higher thrust.

Ongoing research in the field has also proven a lack of standardization in methodol-

ogy when it comes to the characterization of both ionic liquids and mixtures. Making

this the second goal of this thesis to characterize the new mixtures in the same way

that ionic liquids have in the past. The methodology used in this thesis in order

to characterize the mixture is using the same instruments and similar experimental

setup as the ones used to study pure ionic liquids. These instruments include a spher-

ical retarding potential analyzer, to characterize the energy distribution of the beam,

and a time of flight mass spectrometer, to study the mass distribution of the beam.

[16] However, since the mixtures are made in house, additional experimental setups

had to be designed in order to further characterize the mixtures properties. These

experiments consisted of the testing of the surface tension of the mixtures, as well as

the conductivity at different temperatures. Additional steps in handling and prepa-

ration were taken in order to ensure that the humidity of the environment was not

being absorbed by the mixtures and therefore changing their chemical and physical

properties.

The third goal of this thesis is to have a better understanding of what is happening

at a molecular level. This lead to the inclusion of molecular dynamics simulations.

These simulations were done based on a code that was previously written by Ph.D

candidate Tom Coles, and was modified by the author of this thesis to simulate

16



the mixtures and concentrations studied in this work. By comparing simulations to

experiments, it would be possible to validate the findings. The inclusion of simulations

can help make a better informed decision of what can be expected to be a good mixture

and at what temperature and concentration, the desired results can be obtained.
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Chapter 2

Literature Review

The work that has been done up until now regarding ionic liquids, used in electric

propulsion, has been limited to single ionic liquids and the effects different field ge-

ometries may have in their performance. However, this thesis aims to focus on the

possibility of using mixtures as ion sources. This opens several questions to how mix-

tures will interact under similar conditions to the "pure" ionic liquids. In order to

see the contribution to the field of this thesis, one must first define what ionic liquids

are, how they differ from mixtures, what role they play in electrospray propulsion

and what is the issue that is being address by making this change.

2.1 Ionic Liquids

Ionic liquids (ILs) are salts that are found in the liquid form at temperatures below

100∘𝐶. They consist of both positive and negative molecules that allow the liquid to

interact with an external electric field. Their ion mobility allows for the transportation

of current. Unlike most organics solvents, i.e. water, that are kept together via Van

Der Waals forces, the molecules that form ionic liquids are tied together through

Coulomb forces. Ionic liquids are known to have negligible vapor temperature, a wide

electro-chemical window, high thermal and chemical stability, and highly significant

ionic conductivity. These physical and chemical properties are what make them very

attractive to different fields. They were first synthesized by Walden in 1914.[24]
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Since then, many different kinds of ionic liquids have been developed for a variety of

applications such as solvents for organic synthesis and catalysis, as electrolytes for

batteries [11] and as ionic sources for electrospray propulsion. For the purpose of

this thesis, the characteristics that shall be further explored are those that benefit

electrospray propulsion.[13]

Conductivity is probably the most important property for the use of ILs in elec-

trospray propulsion. In a molten salt, conductivity can be described as:

𝜎 =
𝑦𝐹 2𝑑

6𝜋𝑁𝐴𝐹𝑊𝜂

[︁
(𝜁𝑎𝑟𝑎)

−1 + (𝜁𝑐𝑟𝑐)
−1
]︁

(2.1)

where 𝑦 is a concentration constant,𝐹 is the drag force, 𝑁𝐴 is Avogadro’s number, 𝑑

is the density, 𝐹𝑊 is the formula weight, 𝜂 is the viscosity, 𝑟𝑎 and 𝑟𝑐 are the radii

of the anion and cation respectively, and finally 𝜁𝑎 and 𝜁𝑐 are their microviscosity

factors.[2] From this equation, it is possible to see the role both the viscosity of the

liquid and the size of the ions play in increasing the conductivity. Therefore, if a

higher conductivity is desired, it is necessary to find the IL that has low viscosity as

well as small ions.

When an ionic liquid is placed in an electric field, the freedom that the charged

molecules have, given its molten state, allows them to rearrange themselves. Due to

the presence of the field, charges relax to the surface and form a surface charge density

on which a field can act to reform the surface shape. Depending on the polarity of the

electric field they are placed in, either the positive or the negative charged molecules

will move towards the surface of the liquid. If the field is stronger than a critical

value (the activation energy, free energy of a solvation, etc), then ion evaporation

could occur. Ionic emission is a carefully experimentally characterized phenomena

that has been studied by multiple authors.

Lastly, a very important property that ILs have is their ability to solubilize salts.

This opens the door to the main subjects of research of this thesis, mixtures.[2]
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2.2 Mixtures

Mixtures are the main focus and novel part of this thesis. When referring to a mixture

throughout this thesis, it is between an ionic liquid, which has been defined in the

previous section, and a solid salt.

The selection of the two components of the mixture were based on the possible

application in electrospray propulsion. This is why, for the solvent, one of the most

commonly used ionic liquids was selected: 1-Ethyl-3-Methylimidazolium tetrafluorob-

orate (𝐸𝑀𝐼 − 𝐵𝐹4) (see figure 2-1a).The positive molecules ([𝐸𝑀𝐼]+) of this ionic

liquid are very complex, i.e. heavy, making them not ideal as having a single atom as

the positive ion. As a result, the selected salt had the lightest positive single atom,

Lithium (𝐿𝑖+). The reason why a lithium based pure ionic liquid was not selected

is carefully explored by Hitoshi Shobukawa et al[20]. In this paper, they found that

lithium ionic liquids have too high of a viscosity, causing their conductivity to be

less than ideal. Their viscosity laid between 300 to 1200 𝑚𝑃𝑎𝑠, making them 10

times higher than those of the typical ionic liquids, while their conductivity was only

between 10−4 𝑆𝑐𝑚−1 and 10−5 𝑆𝑐𝑚−1 at 30∘𝐶, two full orders of magnitude less.

The salt that is used in this thesis is lithium tetrafluoroborate (𝐿𝑖𝐵𝐹4) (see fig-

ure 2-1b). It is important to keep in mind that the selection of the solvent will

affect the ability of extracting the 𝐿𝑖+ from the mixture, as was found by Alexander

M. Smith and Susan Perkin.[21] In their paper, they test the extraction and layer-

ing structure of the mixture using 2 different solvents, 1-ethyl-3-methylimidazolium

bis[(trifluoromethane)sulfonyl]imide ([𝐶2𝐶1𝐼𝑚][𝑁𝑇𝑓2]) and 1-ethyl-3-methylimidazolium

bis(uorosulfonyl)-imide

([𝐶2𝐶1𝐼𝑚][𝑁(𝑆𝑂2𝐹 )2]) but with a single salt lithium bis[(triuoromethane)-sulfonyl]imide

𝐿𝑖𝑁𝑇𝑓2. It was found that one of the solvents,[𝐶2𝐶1𝐼𝑚][𝑁𝑇𝑓2], created a negative

cluster around the 𝐿𝑖+ ion preventing it from reaching the surface of the liquid. They

attributed this preference to a lower energy of formation for these clusters around

the lithium ion versus that of the positive ion of the solvent,[𝐶2𝐶1𝐼𝑚]+ . The results

were completely turned when using the other solvent, [𝐶2𝐶1𝐼𝑚][𝑁(𝑆𝑂2𝐹 )2]. No clus-
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tering around the 𝐿𝑖+ ion was observed, particularly at higher salt concentrations.

This paper concluded that the selection of the solvent was of upmost importance in

order to optimise the 𝐿𝑖+ emission. Furthermore, Hayamizu et al.[7]found that with

mixtures with 𝐸𝑀𝐼𝐵𝐹4 and 𝐿𝑖𝐵𝐹4 it is to be expected to see more complex ions

at higher concentration. They attribute this property to the reduction in attraction

between the 𝐸𝑀𝐼+ and the 𝐵𝐹−
4 leading to more free 𝐸𝑀𝐼+. Another important

conclusion to point out from this paper is that there is an increase in effective lithium

ion mobility as the temperature of the mixture is increased. The results found by

this thesis are somewhat different to those found by Hayamizu et al. [7].

(a) 𝐸𝑀𝐼𝐵𝐹4 neutral molecule. (b) 𝐿𝑖𝐵𝐹4 neutral molecule.

Figure 2-1: Example of the neutral molecules of the ionic liquid use as the solvent
and the solid salt of the mixtures referred to in this thesis.

Additionally, it is important to point out the role that the 𝐵𝐹4
− ion plays in

the selected ionic liquid. Its geometry, symmetry and molar mass, similarly to other

anions, have proven to have a strong influence on the viscosity of IL, and thus the

selected ion is highly beneficial to the goal of this thesis. Furthermore, hrydrophilic

anions, such as 𝐵𝐹4
−, cause a huge change in the liquid’s physical properties. A lot

of previous work done in the ionic liquid and their mixtures do not always mention

the drying procedures that were used to ensure the purity of the liquid. That is why

throughout this thesis both the salts and the IL are dried and maintained in dry

atmospheres.[8]

Previous simulation studies of Ionic Liquid/Lithium Salt point to their being a
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general decrease in ion conductivity of the mixture due to both an increase in viscosity

and the formation of clusters. Moreover, it was noted that high ionic conductivity does

not necessarily mean high 𝐿𝑖+ motion. When graphing the conductivity due to 𝐿𝑖+

versus the salt concentration, they realised that at a temperature of approximately

25∘𝐶, there was a maximum at ∼ 13𝑚𝑜𝑙%. This opens the question of whether there

is an optimal salt concentration[12].

2.3 Electrosprays

Electrospray propulsion is based on a multi-physics problem that consists of both

electrostatic theory and fluid dynamics. The motion of the system comes form the

emission of ions provided by an ionic liquid. The process of emission is achieved by

allowing the ionic liquid to flow through a conductive capillary tube which, if placed

in a strong enough electric field, produces what is known as a Taylor Cone.[23] The tip

of the cone serves as a singularity point from which the ions are emitted. In practice,

an electrospray propulsion system (figure 2-2) consists of thousands of these capillary

tubes by using highly porous materials to produce their emitters. The shape of the

emitter is very important since the emitter is used as the anode or the cathode of the

electrostatic field. The other anode is the extractor grid. The extractor grid, as the

name suggest is a metal plate that has holes in order to allow the ions that are being

extracted from the liquid to pass and therefor leave the propulsion system. Both

the spacing between these and their shapes, determine the strength and geometry of

the field, with the main limitation to the design being the arcing voltage at a given

atmosphere. Generally, the field that is applied is around the order of 106 𝑉/𝑚,

meanwhile at the tip, the electric field is approximately 109 𝑉/𝑚. The current state

of the art allows for the production of emitter chips that have several hundreds of

tips in a 1𝑐𝑚2 square.

The main advantage of electrospray thrusters is their promise of high efficiency.

There are two important applications for this type of thrusters: highly precise thrust

maneuvers and, given their compact size, as propulsion systems on cubesat missions.[4]
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Figure 2-2: Diagram of an electrospray thruster.

2.4 Fragmentation and Droplet effects

Having a purely ionic emission from the Taylor cone in practice is very challenging

and thus we occasionally get droplets. These droplets are a lot heavier than single

ions and their charge does not scale accordingly. This means that they will not be able

to reach great speeds and thus reduce the efficiency in terms of the specific impulse

of our system. Specific impulse is defined as:

𝐼𝑠𝑝 =
𝐹

�̇�𝑔
, (2.2)

where 𝐹 is the thrust of the propulsion system, �̇� is the mass flow of the propellant

and 𝑔 is the value of gravity. That is why, previous work done on ionic liquids has been

in identifying ionic liquids that are more likely to emit in a purely ionic regime. How-

ever, it is important to point out that even in the purely ionic-regime, we experience

something know as fragmentation. Fragmentation is when you get conglomerates of

positive or negative molecules, along with one or more neutral molecules, that even-

tually break into smaller ions such as a monomer and a neutral, for example. This

is different than droplets because, although they are of greater mass than a single

charged molecule at the beginning, they then break into comparable masses. Yet, the

droplets can also experience fragmentation and the effect could be stronger. This ef-

fect also causes a decrease in efficiency that is dependent on where this fragmentation
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occurs. Moreover, having to accelerate ions and clusters of different masses causes an

additional efficiency loss. This is known as the polydispersive effect. This efficiency

loss comes form needing to apply the same amount of energy to accelerate a mass that

will not provide the same amount of thrust to the system since it will not reach the

high velocity of the lighter ions. In other words, given the same potential difference,

if there are ions of different masses 𝑚𝑗 and charges 𝑞𝑗, their velocities would be:

𝑐𝑗 =

√︃
2𝑞𝑗𝑉

𝑚𝑗

(2.3)

Now, if �̇�𝑗 is the number of ions with mass 𝑚𝑗 per unit of time, then the total mass

flow is defined as:

�̇� =
∑︁
𝑗

�̇�𝑗𝑚𝑗. (2.4)

Likewise, the total current would be:

𝐼 =
∑︁
𝑗

�̇�𝑗𝑞𝑗. (2.5)

Since the thrust can be defined as:

𝐹 = �̇�𝑐 (2.6)

then by inserting equations 2.3 and 2.4, it can be rewritten as:

𝐹 =
∑︁
𝑗

�̇�𝑗𝑚𝑗𝑐𝑗 =
∑︁
𝑗

�̇�𝑗

√︁
2𝑞𝑗𝑉 𝑚𝑗. (2.7)

On the other hand, it is known that the efficiency of a propulsion system can be

defined as:

𝜂𝑝 =
P𝑇

P
(2.8)

where P𝑇 is the jet power and P is the input power. The jet power is defined as:

P𝑇 =
1

2
�̇�𝑐2 =

𝐹 2

2�̇�
(2.9)
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while, the input power is that of the applied potential difference, i.e.:

P = 𝑉 𝐼. (2.10)

By substituting equations 2.9 and 2.10 into equation 2.8, the following expression is

obtained:

𝜂𝑝 =
𝐹 2

2�̇�𝐼𝑉
. (2.11)

The experimental setup used in this thesis in order to characterize the emission beam

composition is what is known as a Time of Flight mass spectroscopy (ToF).See section

3 for description of the instrument. Given that the measurements taken by this ap-

paratus are continuously through time, the summations can be rewritten as integrals

of time. Starting by rewriting equations 2.7 and 2.4. If we define 𝐼 ′(𝑡) = 𝐼𝑡𝑜𝑡 − 𝐼𝑠. To

do so, one must first think back to the definition of mass flow rate:

�̇� =
∫︁ �̇�0

0
𝑑�̇� =

∫︁ 𝐼𝑡𝑜𝑡

0

𝑑𝐼 ′

𝑞
𝑚
(𝑡)

(2.12)

but since I’(t) decreases with time, it is most convinent to rewrite it as:

�̇� = −
∫︁ 0

𝐼𝑡𝑜𝑡

𝑑𝐼 ′

𝑞
𝑚
(𝑡)

(2.13)

Now, thinking back to the energy balance and the definition of a instantaneous specific

charge, it is known that:
𝑞

𝑚
(𝑡) =

1

2𝑉

(︂
𝐿

𝑡

)︂2

(2.14)

Substituting this to the previous equation, the mass flow rate is rewritten as:

�̇� = −
∫︁ 0

𝐼𝑡𝑜𝑡

2𝑉

𝐿2
𝑡2𝑑𝐼 ′ = −2𝑉

𝐿2

∫︁ 0

𝐼𝑡𝑜𝑡
𝑡2𝑑𝐼 ′ (2.15)

By integrating by parts:

�̇� = −2𝑉

𝐿2

[︂
𝐼 ′𝑡2

⃒⃒⃒∞
0
− 2

∫︁ ∞

0
𝑡𝐼 ′(𝑡)𝑑𝑡

]︂
(2.16)

26



leading to the final form as:

�̇� =
4𝑉

𝐿2

∫︁ ∞

0
𝐼 ′(𝑡)𝑡𝑑𝑡. (2.17)

Similarly for 2.7, it is know that

𝐹 =
∫︁ �̇�0

0
𝑐(𝑡)𝑑�̇� (2.18)

from 2.3

𝐹 =
∫︁ �̇�0

0
𝑐(𝑡)𝑑�̇� = −

∫︁ 0

𝐼𝑡𝑜𝑡

√︃
2
2

𝑚
(𝑡)𝑉

𝑑𝐼 ′

𝑞
𝑚
(𝑡)

(2.19)

By substituting the equation 2.14 and simplifying, one gets:

𝐹 = −2𝑉

𝐿

∫︁ 0

𝐼𝑡𝑜𝑡
𝑡𝑑𝐼 ′ (2.20)

Now by integrating by parts:

𝐹 = −2𝑉

𝐿

[︂
𝐼 ′𝑡
⃒⃒⃒∞
0
−
∫︁ ∞

0
𝐼 ′(𝑡)𝑑𝑡

]︂
(2.21)

Leading to the final expression of thrust to be:

𝐹 =
∫︁ ∞

0

2𝑉

𝐿
𝐼 ′(𝑡)𝑑𝑡. (2.22)

Now, by substituting equations 2.22 and 2.17 into the efficiency equation 2.11, the

result is:

𝜂𝑝 =

[︁∫︀∞
0

2𝑉
𝐿
𝐼 ′𝑡𝑑𝑡

]︁2
2𝐼𝑉

∫︀∞
0

4𝑉
𝐿2 𝐼 ′𝑡2𝑑𝑡

, (2.23)

which can be further simplified to:

𝜂𝑝 =
[
∫︀∞
0 𝐼 ′(𝑡)𝑑𝑡]2

2𝐼𝑡𝑜𝑡
∫︀∞
0 𝐼 ′(𝑡)𝑡𝑑𝑡

(2.24)

where 𝐼𝑡𝑜𝑡 is the total emitted current measured the the retarding potential analyzer

(RPA).[6]
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Chapter 3

Experimental Methods

This thesis consists on the study of several key properties of ionic liquids that have di-

rect correlation with their efficiency as propellants in electrospray thrusters. Physical

properties such as surface tension and conductivity are what facilitate the creation

of the meniscus and thus the ion emission. The mixtures that shall be discussed

are based on existing ionic liquids that have been previously used as propellants in

electrosprays, as well as salts that contain ions of interest.

3.1 Single Tip Manufacturing

For the purpose of this thesis, it was crucial to have sharp single emitter tips as our ion

source. This was due to the need to characterize the ionic liquids in a controlled and

repeatable setup. In previous work done by Ph.D. Catherine Miller, it was seen that

using full thrusters had too much variability.[16] These single emitters had several

constraints, not only on the size, shape and material, but also on the mount design.

The material selected for the tips was Carbon Xerogel, that is manufactured in-house.

This is a very uniformly-porous material that has been developed and tested for the

electrospray emitters in the past.[17] The main attractive quality for the research

presented, is that it is a simple material to machine and work with. The shape

restrictions placed on our tips were both experiment restrictions, but also for size

restrictions placed by collaborators, who will use similar sources for different set of
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experiments.

The most important restriction placed on the tip was the maximum radius of

curvature, which had to be 10 𝜇𝑚 with a cone angle of 30∘. This restriction on the

tip radius of curvature, comes from the strength of the electric field, and therefore

the voltage, necessary in order to start emitting ions from the source. In other words,

the sharper the tip, the lower the voltage that needs to be applied. Given that the

testing of these tips was to be done in a very delicate experimental setup, the start

up voltage had to be well below the arcing voltage of our spherical RPA. Moreover,

sharp tips also help localizing the liquid meniscus better to prevent off-axis emission.

On the other hand, to meet third-party requirements, the single emitter should

not be more than 9 𝑚𝑚 from the top of the base of the mount. Furthermore, the tips

and their mounts had to be compatible with the geometry of a specific setup. This

lead to designing the single emitter setup in 4 parts: the tips, the mount that hold the

tips in a centered and upright position, the ceramic material that would allow for the

heating of the liquid uniformly, which was a restriction placed by our experimental

interests and lastly, the base of the mount that connects everything to the vacuum

chamber.

The tips were filed down using a small lathe and 3 different types of sanding-paper.

For future works, it is suggested that in order to get a better tip, the final cut at the

tip be made using a laser.[14] On average, the tips were 8 mm tall to allow for some

height adjustments without decreasing the overall volume of the single-emitter (See

figure 3-1a).

The part shown in figure 3-1b was with which the tips were to be connected to

both the power supply and the heat source. A mount made out of stainless steel was

made in order to hold the tip in place. Stainless steel was selected for its conducting

properties and its vacuum readiness. The design of this mount was such that the way

the tip was held in place was through friction forces between the tip, the microfiber

paper and the holder itself (See figure 3-2a). The reasoning between the use of the

microfiber was to avoid having direct contact between the tip and the rest of the

mount. It has been previously identified that if there is direct contact between the
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(a) Diagram exemplifying the ideal tip geom-
etry of the Carbon Xerogel.

(b) Diagram of the connector piece given by
the sponsors.

Figure 3-1: First two out of the five components that composed the single emitter tip
setup designed for this thesis.

tip and the holder, the erosion effects on the tip after firing are more severe.[3] Since

the microfiber paper absorbs the ionic liquid, the liquid acts as the only connection

between the tip and the body and decreases the electron removal from the tip.

(a) Diagram of stainless steel holder which
held the tip in place while connecting it to
the pins and the rest of the mount.

(b) Diagram of PEEK mount used to attach
the rest of the setup to the vacuum chamber.

(c) Diagram of ceramic body used to warm up uniformly the ionic liquid.

Figure 3-2: Components to the single emitter tip setup.

The ceramic body was made with a highly thermally conducting ceramic, Boron

Nitride, that would facilitate an even warming of the liquids. Part of the liquid

characterization is to find the relationship between temperature and conductivity.
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Being able to warm up the liquids would allow us to add one more parameter to our

matrix of results. This was done by placing a heater against the ceramic, while having

a thermocouple on the opposite side to more accurately measure the temperature at

which the body was at. Additionally, it also served as an insulator to avoid electronic

connections between the tip and the vacuum chamber. The ceramic body had two

side holes to allow the pins to be connected to the high voltage source via a screw

(see figure3-2c).

Lastly, the base which held the rest to the mount onto the vacuum chamber was

made out of PEEK (see figure3-2b). This material was selected because it has a very

high melting temperature, which was necessary to hold our heater in place, at the

same time that it is also vacuum safe.

Figure 3-3: Picture of the complete single emitter tip setup mounted on the the
vacuum chamber with the necessary connections.

3.2 Surface Tension Experiments

The surface tension experiments consisted of two parts: the measurement of the

contact angle (𝜃) and the measurement of the height of the liquid column inside a

capillary tube (ℎ). These two values were necessary to extract the surface tension
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value (𝛾) given by the capillary action equation

𝛾 =
𝜌𝑔𝐷ℎ

4 cos 𝜃
(3.1)

where 𝜌 is the density of the liquid, 𝑔 the gravity’s acceleration and 𝐷 the diameter

of the capillary tube.

3.2.1 Setup

The measurement of the contact angle was done by placing a drop of ionic liquid on a

clean glass slide, same material as the capillary tube, and taking a side view picture.

This picture was then uploaded into the computer and using an image processing

software, ImageJ, the contact angle was extracted. (see figure 3-4). An additional

step was done in order to account for the parallax error. This was done by modifying

the image to remove the angle at which the picture was taken.

Figure 3-4: Example of a liquid drop on clean microscope slide.

The height of the column was measured in a similar way. The ionic liquid was

placed in a small beaker and then a capillary tube of known inner diameter 1𝑚𝑚, was

held steady. The side view picture was then analysed using the same image processor

as previously mentioned. (see figure 3-5)

Both the slides and the capillary tube were cleaned using an oxygen plasma to

remove possible organic contaminants from their surface.
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Figure 3-5: Example of a liquid column up a capillary tube.

3.3 Temperature vs. Conductivity

The temperature versus conductivity measurements were the backbone of this thesis.

The aim of these experiments was to determine the a salt to ionic liquid weight

percentage ratio, as well as the best temperature at which to fire the mixtures,that

matches with the desired properties. The need to understand the correlation between

the conductivity of these specific mixtures and their temperature, led to the extensive

investigation done in this thesis.

3.3.1 Setup

The experimental setup (see figure 3-6) consisted of a conductivity-meter to measure

both the conductivity and the temperature. The temperature control came from

a hotplate in which an aluminium cylinder that surrounded the glass vial with the

mixture, was placed. This cylinder served as a thermal conductor to help warm up the

mixture faster. Around this cylinder, a small drybox was placed. This drybox helped

remove the humidity of the environment by flowing nitrogen into the system. Most

of the salts and the ionic liquids that were used to make the mixtures were extremely

hydrophilic and if left out, a noticeable difference in conductivity measurements could
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Figure 3-6: Picture of the heating setup. On the left there is the heating plate, the
dry box connected to the nitrogen and the conductivity meter probe. On the right,
is the conductivity meter.

be seen.

3.4 Retarding Potential Analyzer Experiments

The Retarding Potential Analyzer (RPA) was one of the key instruments used to

characterize the emission beam. RPAs allow for the measuring of the energy distri-

bution of the ionic beam. This is done by applying a voltage, 𝑉𝑠𝑡, that "stops" the

incoming ions, of charge "q", with equal or less kinetic energy than that given by

equation 3.2, from reaching the current collector. This allows us to characterize the

current as a function of the voltage.

𝑞𝑉𝑠𝑡 = 𝐾𝑅𝑃𝐴 (3.2)

The ionic beam is composed of cluster of ions, normally found as dimer or trim-

mers, that may experience fragmentation in two main regions: the acceleration region

and the field-free region.The acceleration region is that between the tip and the ex-

tractor grid, while the field-free region is the rest of the ion’s trajectory once it has
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passed the extractor grid. In the field-free region, there is no external force adding

to the kinetic energy of the ions. Therefore, fragmentation of the clusters causes the

new kinetic energy of the broken ions to be calculated with the equation:

𝐾𝑏𝑖,𝐹𝐹𝑠𝑡

𝑞𝑉0

=
𝑚𝑏𝑖

𝑚𝑝𝑖

(3.3)

where q is the ion charge, 𝑉0 is the source potential, 𝑚𝑏𝑖 is the mass of the broken ion

and 𝑚𝑝𝑖is the mass of the parent ion. This causes the current versus voltage curve to

have multiple steps. (see figure 3-7)

However, when fragmentation occurs within the acceleration region, given that the

electric field is present, the broken ions can drastically change their kinetic energy.

Lighter ions, such as monomers, reach higher velocities, making it possible to neglect

their initial velocities and thus, be described with equation 3.4 :

𝐾𝑏𝑖,𝑠𝑡 = 𝑞𝑉0

(︃
𝑚𝑏𝑖

𝑚𝑝𝑖

+
𝑉𝑏𝑟

𝑉0

(︃
1− 𝑚𝑏𝑖

𝑚𝑝𝑖

)︃)︃
(3.4)

where 𝑉𝑏𝑟 is a function of the position at which the fragmentation occurred. This

spatial dependency is what causes the current vs. voltage curves to have a slope in

between fragmentation steps, (see figure 3-7b).[16]

(a) Monoenergetic beam (b) Fragmentation present in beam.

Figure 3-7: Idealized RPA curves.[16]
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3.4.1 Setup

The experiments in this thesis were done using a spherical RPA. The spherical RPA

was designed and built by a Ph.D student from SPL, Catherine Miller.[16] The idea

behind using a large spherical RPA is to capture most, if not all of the ionic beam

to make sure to detect the composition of the beam seeing as it might not have a

uniform profile, as is normally by small planar RPAs. This RPA is composed of four

grids. The first grid, or that closest to our ILIS, is grounded to make ensure a field-free

region between the extractor and the RPA. The second grid sets the retarding voltage

of the RPA which slows down the incoming ions. The third grid is always set at -30V

and serves as a electron repelling grid. This grid prevents secondary electrons from

leaving the collector plate and artificially changing the magnitude of the measured

currents. (see figure 3-8)

Figure 3-8: Picture of the spherical RPA setup designed by Catherine Miller. [16]
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3.5 Time of Flight Mass Spectrometry Experiments

Similarly to the RPA, the Time of Flight system used in this thesis was designed

by Catherine Miller.[16] The Time of Flight mass spectrometer (ToF), as the name

suggest allows for mass distribution measurements of an ion beam. This is done by

having a known length section, inside or as part of the vacuum chamber, known as

the "flight region". In order to calculate the speed at which the ions are moving, the

exact time of entry to this section is controlled by a shutter or deflector, and the final

time is recorded with the collector plate at the end that measures the current at a

given time. The flight time of a single ion can be calculated using:

𝑡𝑓 = 𝐿

√︃
𝑚𝑖

2𝑞𝑉0

(3.5)

where "L" is the length of the flight region. However, as was mentioned in the

RPA section, the fragmentation of the cluster of ions exists in 2 different regions and

in both cases, however the flight time of the ions that fragmented in the field-free

region does not change. Fragmentation in the acceleration region is seen in the ToF

measurements, in the slopes in between the steps. Taking the energy of the broken

ion in the acceleration region given by equation 3.4, the flight time of the broken ion

can be extracted as:

𝑡𝑏𝑖 =
𝐿√︂

2𝑞𝑉0

𝑚𝑝𝑖

(︁
1 + 𝑉𝑏𝑟

𝑉0

(︁
𝑚𝑝𝑖

𝑚𝑏𝑖

)︁)︁ (3.6)

The flight time of the parent ion, on the other hand, could be calculated using the

ratio:
𝑡𝑏𝑖
𝑡𝑝𝑖

= 1 +
𝑉𝑏𝑟

𝑉0

(︂
𝑚𝑝𝑖

𝑚𝑏𝑖

− 1
)︂

(3.7)

This is important because it allows for the distinguishing between single molecules

that where single from the beginning and those that broke down at a later stage. This

difference can be seen in figure 3-9b. The height of this slope indicates the number

of dimers that break down in the acceleration region. Meanwhile, in a monoenergetic

beam (figure 3-9a) the height of the steps indicates the number of dimers or monomers.
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On the other hand, in the field-free region the flight time of the broken ion is described

by:

𝑡𝑏𝑖 = 𝐿

√︃
𝑚𝑝𝑖

2𝑞𝑉0

(3.8)

This implies that it is not possible to distinguish between the dimers present in a

monoenergetic beam and dimers that broke in the field free region.

(a) Monoenergetic beam (b) Fragmentation present in beam.

Figure 3-9: Idealized ToF curves.[16]

3.5.1 Setup

As previously stated, the experiments in this thesis were done using the experimental

setup built by Ph.D Catherine Miller. The ToF system consisted of a deflection gate

and a channeltron electron multiplier with which acted as the detector. The deflection

gate allowed the control of the initial time of entry of the ions. Furthermore, we could

use it to pulse the beam at a known and controlled frequency in order to make several

measurements and average the results.[16]
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Figure 3-10: Picture of the ToF setup designed by Catherine Miller. [16]
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Chapter 4

Molecular Dynamics Simulations

In this thesis, molecular dynamics simulations (MDS) are explored in order to further

understand the ionic emission from a mixture and how it is different than that from

a pure ionic liquid. The use of MDS for mixtures is a relatively new approach to

predict their performance as ionic sources. The simulation code used, was written

by PhD candidate Thomas Coles. The simulations were run in a cluster with infini-

band network and AMD K10 processors, arranges in nodes with 8 or 12 cores.[4]The

visualization of the simulations was done using "Visual Molecular Dynamics".[9, 15]

4.1 Theory

In molecular dynamics, the forces experienced by a single charged molecule are

modeled as force fields and each atom is assigned a partial charge. As most of

the force fields used for ionic liquid simulations, the code is based on OPLS-AA,

originally designed for general molecules. The intra-molecular forces use Lennard-

Jones approximations to model the Coulomb and Van der Waals forces to main-

tain their structure. The simulations uses Large-Scale Atomic/Molecular Massively

Parallel Simulator (LAMMPS), an open source code distributed by Sandia National

Laboratories.[18, 10, 4]
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4.2 Selected Properties.

The MDS were done by creating a droplet of approximately 15 nm in diameter. This

size of droplet does not allow for the creation of a Taylor Cone and therefore, the

electric field that is applied to the simulation, has to be that which can be expected

for the IL to experience at the emitter tip. The first step to designing this droplet

was creating a grid with the number of desired ion pairs. This is then collapsed to

the droplet shape by a radial inward force, allowing for "excess ions" to be removed.

Then the temperature is set to 300K, room temperature, while removing the strong

potential field and allowing for the coalescence force to preserv the shape of the

droplet.[22]

Figure 4-1: Example of a 𝐸𝑀𝐼𝐵𝐹4 + 27𝑤𝑡%𝐿𝑖𝐵𝐹4 15nm droplet with 720 neutral
pairs.

The electric fields that the ions can expect to experience at the liquid/vacuum

interface, both in a thruster and the experiments described in this thesis are roughly

of the 106𝑉/𝑚 order of magnitude. This is the field that leads to the instability

that forms a sharp meniscus, i.e. the Taylor cone. However, a field strength of

approximately 0.1 𝑉/Å can be expected very close to the tip making this a good

bench mark for the electric field selected in the simulations. However, the geometry

of the electric field applied to the MDS, was not the same of that applied in the
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experiments. The MDS electric field was a uniform field similar to the one that can

be expected between two parallel infinite plates along the x-axis. Additionally, given

the symmetry and size of the droplet, it is possible to simultaneously observe what is

happening on both the positive and the negative mode. The conditions selected for

the simulations on these thesis were based on similar simulation work done by Ph.D

Tom Coles [4] and Benjamin D.Prince et al. [19]

As previously mentioned, this thesis’ main focus is on the mixtures of 𝐸𝑀𝐼𝐵𝐹4

and 𝐿𝑖𝐵𝐹4. Given time restrictions, only the pure ionic liquid and two mixtures, at

27𝑤𝑡% and 15% were simulated. The ToF experiments were taken at startup voltages

of 1.87 𝑘𝑉 for pure 𝐸𝑀𝐼𝐵𝐹4 and 1.89 𝑘𝑉 for the 27𝑤𝑡% mixture. Therefore, these

conditions were also simulated, along with another standardized voltage that allowed

for the comparison amongst three different concentrations. See table 5.7.

Mixture Simulated E Field (𝑉/Å) # of Pairs Sim. Time (ps)

𝐸𝑀𝐼𝐵𝐹4
7.00 240 10.00
2.00 240 10.00

𝐸𝑀𝐼𝐵4 + 27𝑤𝑡%𝐿𝑖𝐵𝐹4

7.00 240 10.00

2.00 240 20.00
720 9.937

Table 4.1: Matrix of the properties selected for the different simulations run.The
second column are the values of the electric field applied to the simulation. These
were all along the x-axis. The third column are the number of total neutral pairs that
make up the initial droplet. Lastly, the fourth column is the total real time that has
been simulated. All runs were done at a constant temperature of 300 K.
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Chapter 5

Results and Discussion

In this chapter, both experimental and simulation results are presented. Given the

time limitation, it was fortunate that there was data available for one concentration,

apart form the pure ionic liquid that was used as the solvent. It is important to note

that these results have laid the foundation in order to accomplish the original goals

of this thesis in future works. The biggest time sink came from the single tip emitter

production process and the tight tolerance set on the tip curvature radius.

5.1 Surface Tension Results

The results of these experiments are shown in figure 5-1. As was previously mentioned

int chapter 3, the data analysis was done using a image processing program called

"Image J". The error margins are the equivalent error obtained by counting the range

of pixels at which both the angle and the height could be in. This graph indicates

that as one increases the weight percentage of the salts, the surface tension starts to

decrease. The surface tension of a liquid has been found to have a correlation with

the emitted current following the equation in the case of pure ionic emission:

𝐼 =
32𝜋𝛾2𝐾

𝑓(𝐸, 𝜖)
(5.1)
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where 𝛾 is the surface tension, 𝐾 the conductivity.[5] Thus, the graph would initially

suggest that the goal should be to use lower concentration of salt since the current

appears to be highly sensitive to the surface tension. Yet, once the first 5𝑤𝑡% is

added to the mixture, the further increase in weight percentage, no longer has such

a drastic effect on the surface tension. Adding higher concentrations of salt causes it

to act as a surfactant.
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Figure 5-1: Surface Tension vs the salt weight percentage in the mixture at a constant
25∘𝐶.

The main limitation to these results was the quality of the images. Moreover, it

is important to keep in mind that the assumption that the glass of the slides and the

capillary tube were the same, was made.

5.2 Temperature vs. Conductivity Results

The results of these experiments can be found in figures 5-2 and 5-3. The error bars

indicate the precision of the conductivity meter. To see all the individual plots, refer

to appendixes A and B. It is important to note that higher concentrations of salt

were studied, but a mixture saturation point was identified right after 30 𝑤𝑡% making

them not useful for the goal application of this thesis. From the obtained results,
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there are several trends that stand out. Firstly, in figure 5-2, at all concentrations

we see that there is a proportionality between temperature and conductivity. This

means that the higher the temperature, the higher the conductivity. This points to

a desired operating/testing temperature that would be limited only by our heating

capabilities. Secondly, the strength of the effects temperature has on the conductivity

seem to decrease as the 𝑤𝑡% increases.
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Figure 5-2: Conductivity vs Temperature in C at constant 𝐿𝑖𝐵𝐹4𝑤𝑡%.

On the other hand, there is figure 5-3. In this graph, it is possible to see that

there is no simple relationship between the conductivity and the mixture concen-

tration. The first and most obvious observation is that the highest conductivity is

reached when there is no salt added to the ionic liquid, i.e. 0𝑤𝑡%. Secondly, there

seems to be a inversely proportional trend between the two properties, which leads

to the hypothesis, the higher the concentration, the lower the current. Nonetheless,

this is not true for the local maximum at 15𝑤𝑡%, making this the most interesting

concentrations for further testing.

In the midst of testing, a curious colour change occurred as a consequence of the

heating experiments. This led to a series of side experiments in hopes to determine

the reason for this colour change. Examples of the tracking of this colour change can

be found in appendix C. In summary, it is believed that this is a consequence of

the 𝐿𝑖+ ions reacting with the [𝐸𝑀𝐼]+ ions when heated. This theory comes from
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Figure 5-3: Conductivity vs 𝐿𝑖𝐵𝐹4𝑤𝑡% at constant Temperatures in C.

the fact that any concentration of salt that is greater than zero, i.e. is a mixture, is

heated past 30∘𝐶 there is a change in colour.The oure ionic liquid was heated but

no colour change was seen. The higher the salt concentration the stronger the colour

change. Moreover, the higher the temperature the mixture is heated to, the darker

the colour change. Lastly, it is important to note that the colour does not return to

normal after long observation periods. All these experiments were done in the small

drybox with nitrogen flowing through and warmed up to the same temperatures using

the same heating profile and technique. These experiments were even done without

the conductivity meter probe to ensure that this was not a reaction with the silver

plates used for the measurements. Nevertheless, more experimentation is require in

order to back up this hypothesis.

Another interesting trend that was studied was what other effects heating the

liquid multiple times had. This was inspired by the change in colour. It was important

to investigate whether this change in colour was the only lasting effect heat was having

on the mixture, or if it was in fact changing the conductive properties. This was done

by selecting a handful of the concentrations and taking measurements both ramping

up and down the temperatures as is shown in figure 5-4.

What is seen from these results, is the conductivity changes at the same temper-

ature depending on whether the temperature is being increased or decreased. Higher
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conductivities are reached on the warm up, than on the cool down. The cool down

does not seem to match the warm up initial and final conductivities, which because

more evident at higher 𝑤𝑡%. Furthermore, the path that are followed in the ramp up

and the ramp down are not the same. This might be a consequence of the speed at

which things were being warmed up or cooled down, thus, more extensive testing is

recommended.
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Figure 5-4: Comparison of heat-up and cool-down conductivity vs. temperature
curves for multiple mixtures.

When comparing multiple warm up runs, there is no clear pattern suggesting that

there is a change to how the conductivity responds to temperature after being to

expose to higher temperatures previously. For more detailed graphs see appendix C.

Moreover, ramp up and down experiments would be further necessary to settle the

effect temperature variations has over liquid properties as a function of time.

5.3 Time of Flight Results

In this section, the measurements used were produced by Ph.D Catherine Miller.

They were shared directly through personal communication to the author of this

thesis. However, all the analysis of results was done by the author of this thesis. It

is important to keep in mind that these ToF measurements were only done for the
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positive mode of the liquids.
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Figure 5-5: Normalized current vs mass, ToF graph produced by Catherine Miller,
for both the pure 𝐸𝑀𝐼𝐵𝐹4 ionic liquid (blue curve) and the mixture of this same
liquid with 27𝑤𝑡% of 𝐿𝑖𝐵𝐹4 salt (red curve).

When looking at the curves on figure 5-5, the first thing that one notices are

the multiple steps present in both curves. As was previously mentioned in chapter

2, the steps are a consequence of emission of ion-clusters of different masses. As

was expected from the results found in previous works, pure ionic emission was not

without efficiency loss. This can be seen at the very top of the pure ionic liquid curve,

where the step is rounded given the emissions of heavily solvated ion fragments. This

emission characteristic is not as present in the mixture emission. However, it is still

possible to see the monomer and dimer steps, which contribute more strongly to the

inefficiency. Furthermore, the two large steps on the pure 𝐸𝑀𝐼𝐵𝐹4 cure indicate

the emission of 𝐸𝑀𝐼+ monomers, which is the first step starting form the left, and

𝐸𝑀𝐼+(𝐸𝑀𝐼𝐵𝐹4) dimers. This is determined by the mass at which the step begins.

In a similar fashion, the 27𝑤𝑡%𝐿𝑖𝐵𝐹4 mixture curve shows four different steps.

Starting from the left, there are: 𝐿𝑖+(𝐿𝑖𝐵𝐹4) dimer, 𝐸𝑀𝐼+ monomer, 𝐿𝑖+(𝐿𝑖𝐵𝑓4)(𝐸𝑀𝐼𝐵𝐹4)

trimmer and lastly 𝐸𝑀𝐼+(𝐸𝑀𝐼𝐵𝐹4) dimer. From figure 5-5, one can determine there

were no 𝐿𝑖+ monomers. That aside, there is a significant decrease in the emission of

heavily solvated ion fragments.
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It is possible to determine the breakdown of the composition of the beam by the

measuring the heights of the curves as is done in tables 5.1 and 5.2.

Type of Ion Beam Composition %
𝐸𝑀𝐼+ 43.93

𝐸𝑀𝐼+(𝐸𝑀𝐼𝐵𝐹4) 56.07

Table 5.1: Beam composition breakdown for the pure 𝐸𝑀𝐼𝐵𝐹4 ionic liquid ToF. The
values were obtained by measuring the heights of the different steps of the pure ionic
liquid curve in figure 5-5

Type of Ion Beam %
𝐿𝑖+(𝐿𝑖𝐵𝐹4) 14.68

𝐸𝑀𝐼+ 70.87
𝐿𝑖+(𝐿𝑖𝐵𝐹4)(𝐸𝑀𝐼𝐵𝐹4) 2.57

𝐸𝑀𝐼+(𝐸𝑀𝐼𝐵𝐹4) 6.93

Table 5.2: Beam composition breakdown for the 𝐸𝑀𝐼𝐵𝐹4 ionic liquid mixed with
27𝑤𝑡% of 𝐿𝑖𝐵𝐹4 ToF measurements. The values were obtained by measuring the
heights of the different steps of the curve of the 27𝑤𝑡% of 𝐿𝑖𝐵𝐹4 mixture, figure 5-5

From these tables, we see that although there are more species of ions in the case

of the salt mixture, we do see that that the monomer 𝐸𝑀𝐼+ is a greater percentage

of the the beam than what is seen in the pure 𝐸𝑀𝐼𝐵𝐹4 curve.

Moreover, using equation 2.24 and applying it to figure 5-5, the following efficiency

values are obtained:

Ionic Liquid 𝜂𝑝
𝐸𝑀𝐼𝐵𝐹4 0.9268

𝐸𝑀𝐼𝐵𝐹4 + 27𝑤𝑡%𝐿𝑖𝐵𝐹4 0.9468

Table 5.3: Efficiency values for the pure ionic liquid 𝐸𝑀𝐼𝐵𝐹4 and the mixture of
this same liquid with 27𝑤𝑡% of 𝐿𝑖𝐵𝐹4 salt. These values were extracted from the
ToF graph(figure 5-5).

This tells us that there is a slight increase in efficiency of the liquid by the in-

clusion of the salt. Yet, it is important to compare our results with a two species

approximation to validate our results. To do so, one must first look back at equations

2.7 and 2.4 and by substituting them in 2.11, the efficiency for only 2 species, can be

calculated using:
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𝜂2𝑠 =

(︁
�̇�1

√
𝑚1𝑞1 + �̇�2

√
𝑚2𝑞2

)︁2(︂
˙𝑁1𝑞1 + �̇�2𝑞2

)︂ (︁
�̇�1𝑚1 + �̇�2𝑚2

)︁ (5.2)

which, if 𝐼1 = �̇�1𝑞1 and 𝐼2 = �̇�2𝑞2 are the currents produces by those species and

by defining 𝑓1 =
𝐼1
𝐼𝑇

and 𝑓2 =
𝐼2
𝐼𝑇

, it can be rewritten as the following:

𝜂2𝑠 =

(︁
𝑓1
√
𝑚1 + 𝑓2

√
𝑚2

)︁2
(𝑓1𝑚1 + 𝑓2𝑚2)

. (5.3)

For the two cases discussed on this thesis, the 2 species that were selected were

the ones that had the highest percentages and significantly different masses in table

5.1 for the pure 𝐸𝑀𝐼𝐵𝐹4 case and table 5.2 for the 27𝑤𝑡% mixture. The masses

that were very similar were combined into one. For each one of these species, their

beam percentage and mass are in table 5.4.

Mixture Charged Molecule Beam % Mass (g/mol)

𝐸𝑀𝐼𝐵𝐹4
𝐸𝑀𝐼+ 48.77 111.0

𝐸𝑀𝐼+(𝐸𝑀𝐼𝐵𝐹4) 51.23 308.8

𝐸𝑀𝐼𝐵4 + 27𝑤𝑡%𝐿𝑖𝐵𝐹4
𝐸𝑀𝐼+ + 𝐿𝑖+(𝐿𝑖𝐵𝐹4) 85.55 111.0
𝐸𝑀𝐼+(𝐸𝑀𝐼𝐵𝐹4)+ 14.45 308.8

𝐿𝑖+(𝐿𝑖𝐵𝐹4)(𝐸𝑀𝐼𝐵𝐹4)

Table 5.4: Selected 2 species, beam composition percentage and mass of ions for
the 𝐸𝑀𝐼𝐵𝐹4 ionic liquid and for the 27𝑤𝑡% 𝐿𝑖𝐵𝐹4 mixture, taken from the ToF
measurements (figure 5-5)

By substituting these values into the equation 5.3, the following values for the

approximate efficiency were obtained:

Ionic Liquid 𝜂2𝑠
𝐸𝑀𝐼𝐵𝐹4 0.9417

𝐸𝑀𝐼𝐵4 + 27𝑤𝑡%𝐿𝑖𝐵𝐹4 0.9561

Table 5.5: Efficiency values for the pure ionic liquid 𝐸𝑀𝐼𝐵𝐹4 and the mixture of
this same liquid with 27𝑤𝑡% of 𝐿𝑖𝐵𝐹4 salt. These values were extracted from the
ToF graph (figure 5-5) and using the 2 species approximation (see equation 5.3).

When comparing these values to those previously obtained in table 5.3, it is clear

that the two species approximation has higher values in both cases. Nonetheless,
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this is to be expected given that only having 2 types of species would decrease the

polidispersive effect. That is why, it is to be expected that the values in table 5.5 are

higher since they act as the upper limit. However, an important take away is that in

both cases, the efficiency of the mixture is higher than that of the pure ionic liquid.

Likewise, the specific impulse of a propulsion system can be calculated with:

𝐼𝑠𝑝 =
𝐹

�̇�𝑔
(5.4)

and, given equations 2.22 and 2.17, its final form is:

𝐼𝑠𝑝 =
𝐿

2𝑔

∫︀∞
0 𝐼 ′𝑑𝑡∫︀∞
0 𝐼 ′𝑡𝑑𝑡

. (5.5)

With this equation, we can calculate what the reduction of the 𝐼𝑠𝑝 is when adding

the solid salt and for the pure ionic liquid by defining it as:

𝑅𝐼𝑠𝑝 =
𝐼𝑠𝑝

𝐼𝑠𝑝𝑚𝑜𝑛𝑜𝑚𝑒𝑟

(5.6)

𝑅𝐼𝑆𝑃 Method 𝐸𝑀𝐼𝐵𝐹4 𝐸𝑀𝐼𝐵𝐹4 + 27𝑤𝑡%𝐿𝑖𝐵𝐹4

Integration 0.6160 0.8467
2 Species Approximation 0.7015 0.8719

Table 5.6: 𝐼𝑠𝑝 reduction calculated using both the 2 species approximation (see
equation 5.3) and the integration method (see equation 2.24).

This last value is very helpful for determining how the emission of other species is

affecting how much of the maximum specific impulse that would be possible to obtain

if we only have single ion emissions. Lastly, if we compare the specific impulse of both

liquids, by dividing the 𝑅𝐼𝑠𝑝 from table 5.6, we realise that there is an increase in

specific impulse of 27.25% by adding the salt.
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Mixture Simulated E Field (𝑉/Å) Current (nA) Beam Composition
Type of Ion %

𝐸𝑀𝐼𝐵𝐹4

2.00 Not available 𝐸𝑀𝐼+ 0
𝐸𝑀𝐼+(𝐸𝑀𝐼𝐵𝐹4) 100

7.00 94.27 𝐸𝑀𝐼+ 83
𝐸𝑀𝐼+(𝐸𝑀𝐼𝐵𝐹4) 17

𝐸𝑀𝐼𝐵𝐹4 + 27𝑤𝑡%𝐿𝑖𝐵𝐹4
2.00 40.40 𝐸𝑀𝐼+ 100
7.00 No Emission 𝐸𝑀𝐼+ 0

Table 5.7: Results obtained from different simulation.

5.4 Simulations

There are multiple results that can be extracted from the results table of the simula-

tions 5.7. From the pure ionic liquid, there was an increase in emitted current as the

electric filed applied increased. Likewise, the higher the applied field, the higher the

percentage of the beam that was composed of 𝐸𝑀𝐼+ ions. It was seen that the emit-

ted current was lower for the mixture than for the pure ionic liquid when applying the

same electric field since we did not see any emission in the simulated time. When ap-

plying a very high electric field to the droplet of the pure ionic liquid, it was possible

to get a breakdown beam composition of 83% 𝐸𝑀𝐼+ and 17% 𝐸𝑀𝐼+(𝐸𝑀𝐼𝐵𝐹4).

5.5 RPA Results

Unfortunately, there was only time to do but one RPA measurement for the pure

ionic liquid 𝐸𝑀𝐼𝐵𝐹4, figure 3-7. This measurement was taken using the tips and ex-

perimental setup described in section 3. In this graph, it is possible to see the current

drops given the fragmentation of the different species. From left to right, the first

tall drop is from dimers to monomers, the second step are trimers to dimers and last

we have a final drop of the monoenergetic ions. These steps were the fragmentation

of these ion clusters in the field free region. In between these steps, we have slopes

that represent the fragmentation of the dimers in the acceleration region and then

the second slope is the fragmentation of dimers, trimers and other big ion clusters

in the acceleration region. Given the heights of the steps, compared to those of the
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slopes, it can be determined that most fragmentation occurs in the field free region,

which means that the beam is not going to be as energetic given that most of the ions

that are being accelerated are heavier than a single ion and they will not lose their

"extra weight" in time to reach higher speeds. Nevertheless, this is not necessarily

bad given that if they did fragment, it would increase the polidispersity in the beam.

Figure 5-6: Normalized Current vs Normalized Voltage for pure 𝐸𝑀𝐼𝐵𝐹4 ionic
liquid.
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Chapter 6

Conclusion and Future Work

In this chapter, the conclusions that can be drawn from the results section shall be

discussed as well as what these results might imply about the use of these mixtures

as ionic sources for electrospray propulsion. It goes without saying that there are

always more questions to be answered and therefore future work and paths will also

be proposed throughout the chapter.

6.1 Conclusions

From the results described in chapter 4, there are multiple conclusions that can be

reached. Firstly, surface tension, in the range that was tested, experienced a sharp

drop when the salt was first added to the ionic liquid. However, it seemed to start

plateauing quickly at higher concentration of salt in the mixture. This leads to the

belief that the decrease on surface tension is not drastic enough to discard choosing

higher concentrations as viable options.

Secondly, in a purely qualitative manner, it is possible to conclude from observa-

tions done in this thesis that the viscosity of the mixture increases along with the

increase in concentration. From the literature review, we know this to be a negative

trait of the liquids since viscosity has an inverse relationship with the conductivity

of the liquid. This is something that was confirmed in the conductivity versus con-

centration graphs. While keeping the temperature constant, it was seen that for the
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most part, the higher the concentration, the lower the conductivity. Nevertheless,

that relationship proved to not be as simple since a local maximum was measured at

15𝑤𝑡%.

Thirdly, the trend found between the temperature and conductivity, at all concen-

trations of the mixture, point to the higher the temperature, the higher the conduc-

tivity will be. However, the higher the concentration of salt, the smaller the effect the

temperature will have on the increase of the conductivity of the mixture. Addition-

ally, there appears to be a "temperature limit" placed by the possibility of chemical

properties changing. Further research into this topic is recommended.

Lastly, the addition of the salt into the ionic liquid, at 27𝑤𝑡% led to an increase

in efficiency of 2.11%. This is mainly attributed to the large percentage of the emit-

ted beam being a single 𝐸𝑀𝐼+ ion. Furthermore there was an increase in specific

impulse of approximately 27% making the additions of the salt a very attractive way

of improving electrospray thruster specific impulse, especially given the simplicity of

adding salt to a readily available ionic liquid. Furthermore, it is important to point

out that 27𝑤𝑡% was not even the most promising candidate.

6.2 Experimental Future Work

Future experiments will be necessary to test out the theory of an optimal mixture con-

centration. Ideally, the full matrix of experiments would consists on not only firing all

the concentrations and gathering both RPA and TOF data, but also, other mixtures

would be investigated. Other suggested mixtures are 1-Butyl-3-Methylimidazolim

Iodide (BMI-I) as the solvent and Lithium Iodide (Li-I) as the salt. When experi-

menting with another mixture, it would be important to see if the change of colour,

indicative of possible chemical reactions, also occurs. also occurs. Yet, to get further

information on the colour change, analysis such as calorimetry or IR spectroscopy

would be recommended.

By doing this liquid next, it would help determine if the change in colour was in

fact a reaction the lithium molecules where having with the EMI molecules of our
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current mixture.

For future experimentation, it is also recommended that the tip process includes

the laser in the lab as part of the single emitter tip manufacturing. The tip manufac-

turing was by far the bottle neck of this thesis. The time it took to make a sufficiently

sharp tip left for a lot of improvement. The recommend path forward is to keep the

current process to shape the tip up to a tip radius of 50𝜇𝑚, which can be quickly

achieved in 2 hours, and then proceed to sharpen the tip to a radius of 10𝜇𝑚 using

the laser. It is believed that once the laser is re-calibrated and the pattern to sharpen

the tip is done, we could sharpen each individual tip in 5 minutes.[14]

6.3 Simulations Future Work

The simulations that would be a great next step to this thesis are molecular dynamic

simulations of the different mixtures. Ideally, we would be able to replicate the

results obtained experimentally and as a result, find the explanation of why we saw

those results. Furthermore, this would help speed up the process of selection of the

optimal mixture concentration, without having to run all the matrix of experiments.

Additionally, it would be interesting to extract the ion density distribution at the

layers closest to surface in order to further explain why certain clusters and monomers

are easier to extract than others. In other words, it would be possible to explain we

we do not see single 𝐿𝑖+ emission in our ToF measurements.
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Appendix A

Individual Conductivity vs. wt% at

constant Temperature Graphs
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Figure A-1: Conductivity vs. wt% at a constant temperature of 25∘𝐶
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Figure A-2: Conductivity vs. wt% at a constant temperature of 27∘𝐶
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Figure A-3: Conductivity vs. wt% at a constant temperature of 30∘𝐶
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Figure A-4: Conductivity vs. wt% at a constant temperature of 33∘𝐶
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Figure A-5: Conductivity vs. wt% at a constant temperature of 35∘𝐶
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Figure A-6: Conductivity vs. wt% at a constant temperature of 37∘𝐶
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Figure A-7: Conductivity vs. wt% at a constant temperature of 40∘𝐶
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Figure A-8: Conductivity vs. wt% at a constant temperature of 43∘𝐶
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Figure A-9: Conductivity vs. wt% at a constant temperature of 45∘𝐶
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Figure A-10: Conductivity vs. wt% at a constant temperature of 47∘𝐶
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Figure A-11: Conductivity vs. wt% at a constant temperature of 50∘𝐶
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Figure A-12: Conductivity vs. wt% at a constant temperature of 53∘𝐶
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Figure A-13: Conductivity vs. wt% at a constant temperature of 55∘𝐶
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Figure A-14: Conductivity vs. wt% at a constant temperature of 57∘𝐶
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Figure A-15: Conductivity vs. wt% at a constant temperature of 60∘𝐶
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Figure A-16: Conductivity vs. wt% at a constant temperature of 63∘𝐶
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Figure A-17: Conductivity vs. wt% at a constant temperature of 65∘𝐶
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Figure A-18: Conductivity vs. wt% at a constant temperature of 67∘𝐶
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Figure A-19: Conductivity vs. wt% at a constant temperature of 70∘𝐶
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Figure A-20: Conductivity vs. wt% at a constant temperature of 73∘𝐶
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Figure A-21: Conductivity vs. wt% at a constant temperature of 75∘𝐶
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Figure A-22: Conductivity vs. wt% at a constant temperature of 77∘𝐶
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Figure A-23: Conductivity vs. wt% at a constant temperature of 80∘𝐶
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Appendix B

Individual Conductivity vs.

Temperature at constant wt% Graphs
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Figure B-1: Conductivity vs. T at a constant mixture with no 𝐿𝑖𝐵𝐹4 salt
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Figure B-2: Conductivity vs. T at a constant mixture with 2.5𝑤𝑡% of 𝐿𝑖𝐵𝐹4 salt.
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Figure B-3: Conductivity vs. T at a constant mixture with 5𝑤𝑡% of 𝐿𝑖𝐵𝐹4 salt.
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Figure B-4: Conductivity vs. T at a constant mixture with 7.5𝑤𝑡% of 𝐿𝑖𝐵𝐹4 salt.
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Figure B-5: Conductivity vs. T at a constant mixture with 10𝑤𝑡% of 𝐿𝑖𝐵𝐹4 salt.
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Figure B-6: Conductivity vs. T at a constant mixture with 15𝑤𝑡% of 𝐿𝑖𝐵𝐹4 salt.
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Figure B-7: Conductivity vs. T at a constant mixture with 20𝑤𝑡% of 𝐿𝑖𝐵𝐹4 salt.
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Figure B-8: Conductivity vs. T at a constant mixture with 25𝑤𝑡% of 𝐿𝑖𝐵𝐹4 salt.
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Figure B-9: Conductivity vs. T at a constant mixture with 30𝑤𝑡% of 𝐿𝑖𝐵𝐹4 salt.
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Appendix C

Colour Changes Due To Temperature

Experiments

𝑤𝑡% of 𝐿𝑖𝐵𝐹4 Original Colour Run 1 Run 3

5

30

Table C.1: Colour change after heating mixtures.
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