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Abstract

The storage of electrical energy is of outmost importance in today’s society for a wide range of
applications. Batteries, that are most common for electrical energy storage today, struggle with
low power density and limited cycle lifetime. As an alternative to batteries, supercapacitors
have a high-power density and almost unlimited cycle lifetime. However, the lower energy
content of supercapacitors limits their use in different applications.

Two properties determine the energy content of supercapacitors: the capacity of the electrodes
and operating voltage of the device. Metal oxides have a high capacity compared to standard
carbon electrodes. In this thesis MnO>, VO> and TiO; are investigated together with novel
electrolytes. Previously these materials have been mostly studied in standard aqueous
electrolytes. Ionic liquids (ILs) is a class of novel solvents which can be more stable than
aqueous electrolytes and mitigate problems associated with organic electrolytes. Another
electrolyte concept receiving increasing interest is highly concentrated electrolytes (HCEs) in
which the high salt concentration makes the electrolyte electrochemically stable. The electrode-
electrolyte interaction is governed by the choice of electrolyte but also the morphology of the
electrode

In this work I present findings that could facilitate the development of next-generation hybrid
supercapacitors with improved energy density as a result of high-capacity electrodes and novel
electrolytes. By choosing appropriate electrolytes a higher capacity of the electrode could be
obtained together with an increased voltage window, increasing the energy density further. I
also present findings regarding the morphology and structure of the electrode. Examples of key
results include the role of protic ionic liquids in the charge storage in electrodes with transition
metal oxides, the possibility to increase the voltage window by using a highly-concentrated
electrolyte exploiting additional faradaic processes and the mitigation of the capacity fade in
Ti0: by the use of an ionic liquid electrolyte.

Keywords: Supercapacitors, lonic liquids, Hybrid supercapacitors, MnO,, Charge storage
mechanism, TiO2, VO,, Highly-concentrated electrolyte.
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1. Introduction

The storage of electrical energy is of outmost importance in today’s society, in applications
ranging from cell phones to large scale energy storage of intermittent electricity sources.
Batteries, that are most commonly used as electrical energy storage today, struggle with low
power density and limited cycle lifetime [1]. As an alternative to batteries, supercapacitors have
a high-power density and almost unlimited cycle lifetime. However, supercapacitors have much
lower energy density which limits their use in different applications where they otherwise
would have been suitable [2]. To improve the feasibility of supercapacitors in applications such
as the automotive industry, the energy density of 2 — 8 Wh/kg for current devices needs to be
increased to > 15 Wh/kg with a maintained power performance [2].

Two factors that directly affect the energy density of a supercapacitor is the capacity of the
electrodes and the operating voltage of the device [3]. Carbon, which is the most common
electrode material today has a low capacity. Metal oxides, such as MnO», RuO; or VO, have
higher capacities than carbon and are being studied extensively as a way to increase the capacity
of electrodes in supercapacitors [4—7]. The main factor limiting the voltage window of devices
is the electrochemical stability of the electrolyte. If polarized to sufficiently high or low
potentials the electrolyte will decompose which eventually kills the cell. The potential limits of
the electrolyte depend on the electrochemical stability, for example water, which is a very good
solvent for many applications, is limited to an upper potential of 1.23 V [8] before it is split into
oxygen gas and H3O".

Organic electrolytes consisting of a salt dissolved in an organic solvent are most commonly
used in commercial supercapacitors today, enabling voltage windows up to 2.8 V. Acetonitrile
is the preferred solvent due to the higher conductivity and ability to dissolve salts, however, it
has a relatively high toxicity and flammability. Electrolytes for future supercapacitor
applications should have high conductivity, electrochemical stability, non-flammability and
high temperature stability. Suggested next-generation electrolytes are novel organic solvent-
based electrolytes, ionic liquids and highly-concentrated electrolytes [9—11]. Of these concepts,
ionic liquids and highly-concentrated aqueous electrolytes have been considered promising for
next-generation supercapacitors with the potential to fulfill several of the criteria above.

To increase the energy density of supercapacitors, the application of high-capacity electrodes
and electrochemically stable electrolytes have previously mostly been investigated separately
[8,12]. In this thesis the two approaches are combined and the aim is to develop an
understanding of the charge storage mechanism in non-conventional electrolytes and how the
interaction between the electrolyte and the active electrode material affects properties such as
cycle lifetime and capacity. The research is focused around the interaction between faradaic
electrode materials and ionic liquid electrolytes and highly concentrated electrolytes.



Three common metal oxides (MnO>, VO and Ti0:) have been explored as active materials in
the electrodes with ionic liquids to investigate the charge storage mechanism. This was
investigated by using MnO> electrodes and selectively choose similar ionic liquids but with
very different hydrogen bond forming ability. Furthermore, the charge storage mechanism of
MnO> and TiO> with an IL containing Li-ions was investigated. For the highly concentrated
electrolyte, the question was if it could both increase the capacity of the electrode and increase
the potential window. In addition, how different morphologies of metal oxide electrodes affect
the charge storage mechanism and interaction with the novel electrolytes has also been
addressed. Increasing the knowledge around these fundamental issues can help to tailor future
hybrid electrodes to suite ionic liquids and highly concentrated electrolytes in order to exploit
their full potential to increase the energy density of the next-generation supercapacitors.



2. Supercapacitors

The first description of an energy storage device resembling a supercapacitor was presented by
H. 1. Becker in a patent from 1954 [13]. He presented an energy storage device based on
activated carbon electrodes that had a large capacitance compared to the capacitors of that time.
The concept was not immediately commercialized and the term ‘supercapacitor’ was instead
invented by NEC in 1978 as they commercialized supercapacitors for back-up memories in
computers [14].

In this thesis the supercapacitor family is separated in two categories, Electric Double Layer
Capacitors (EDLC) and hybrid supercapacitors (HSC). EDLCs are based on the first
supercapacitors invented in 1954, with a salt containing solvent as electrolyte and the charge is
stored as double layers at the surface of the electrode. HSCs are devices where a faradaic
material is added to the electrode, which will enable the charge not only to be stored as double
layers but also through electrochemical processes, resulting in a higher charge storage capacity.
The two categories are schematically visualized in Figure 1.
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Figure 1. Schematic cell setup of a) an EDLC and b) a hybrid HSC.

EDLC devices are the most common type of supercapacitors on the market today [15]. The
reason is the high-power density, more than 10 times that of Li-ion batteries and, a cycle lifetime
of more than 10° cycles. Thanks to these unique properties supercapacitors have found their
way into applications were high power is of interest rather than high energy. Examples of such
applications are flash chargers [16], opening the emergency doors of the Airbus A380
‘Dreamliner’ [17] and as a power source for avalanche airbags used in off-pist skiing [18].
There are also examples of supercapacitor applications which are crossing into traditional Li-
ion battery territory, e.g. energy storage for electrical bus prototypes [19]. However, despite



these emerging applications there is a need to increase the energy density of supercapacitors to
enable their use in applications demanding higher energy density and high power density [2].

A Ragone plot is often used to visualize the energy-power regions that different energy storage
devices operate in [20]. In a Ragone plot the energy and power densities are plotted in the same
figure, as shown in the example in Figure 2. where the typical energy/power regions of Li-ion
batteries, capacitors and supercapacitors are compared to the suggested region for next-
generation HSCs [3,21]. As examples of the state-of-the-art supercapacitors, data for three
commercial supercapacitors have been added (according to the datasheets available on the
home page of each manufacturer [22-24]). Approximate discharge times for the devices can be
obtained from the diagonal lines in the Ragone-plot, which for next-generation supercapacitors
should be in the range 36 s to 6 minutes. In this specific Ragone-plot the gravimetric energy
and power densities are compared. However, it is equally important to evaluate the volumetric
densities as well since for some applications the volume available is limited. The 102V 88F
module in Figure 2 has volumetric energy and power densities of 4.3 Wh/L and 11.6 kW/L.
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Figure 2. A Ragone plot indicating the approximate energy/power densities for a selection of
state-of-the-art electrical energy storage technologies as well as the desired performance for
next-generation supercapacitors and the performance of three commercial supercapacitor
modules.

The aim with my thesis work has been to investigate new combinations of materials and
electrolytes for HSCs to enable reaching the energy and power density region of next-
generation supercapacitors marked in Figure 2. The increased energy density compared to the
current supercapacitors is the biggest hurdle to overcome while keeping good power
performance. These two characteristics often put contradicting demands on material properties
and electrode design.



The energy content of a device depends on the charge stored in the electrodes and in which
potential window the device operates. The charge, is defined as the number of electrons inserted
or extracted from an electrode. For capacitors and EDLCs, the stored charge has historically
expressed as capacitance, C, which is defined as

c=2

where Q is the charge inserted in the electrode and V the potential in which the electrode is
cycled. For (1) to be applicable the charge increase should be constant for a certain potential
step, a capacitance of 1 F means that 1 As increases the voltage 1 V. This is characterized as
linear change in the potential profile at charge and discharge, compared to the non-linear
potential profile of a faradaic material, showed as an example in Figure 3.
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Figure 3. Comparison of the potential profiles during discharge of activated carbon with a
linear double layer charge storage and VO, with a non-linear faradaic charge storage.

These potential profiles in Figure 3 where acquired at a current density of 2 A/g, the capacitance
of the activated carbon is calculated as Ccarbon = 67 F/g while the battery type material will have
a capacity of Qvo2 = 46 mAh/g. The easiest way to compare these results is to convert F/g to
mAh/g by multiplying the capacitance with the potential window and dividing with 3.6, from
the conversion of As to mAh, resulting in a specific capacity of Qcawon = 22 mAh/g. This
conversion needs to be performed when comparing figures of merits of battery type and double
layer materials where the charge storage commonly is stated in mAh/g and G/g respectively.
Capacitance can only be used on materials with linear potential profiles, regardless if the charge
storage comes from double layer formation or electrochemical reactions. Some materials like
RuO: show potential profiles similar to that of double layer formation, but significantly larger.
This effect is often referred to as pseudocapacitance [7,25].

The amount of charge stored in a device is limited by the electrode with the lowest capacity.
This can be understood by viewing the electrodes as individual capacitors connected in a series.
When charged, the smallest capacitor will be charged first and prevent the bigger capacitor to



be fully charged, which will result in a device with a lower specific capacitance than if the
electrodes where properly balanced. The charge of a device can be described as

1 1 1
=ty @
Qdevice 2 1

where Q; and Q> is the capacity of the individual electrodes [26]. If the electrodes have equal
capacity, then, Q = Q; = Q2 and the capacity of the device is Quevice = 0.5*Q.

For EDLC devices, when using capacitance as the unit of measure, the energy content follows
E o« CV2 (3)

while for non-linear potential profiles, when using capacity as the unit of measure, it follows
E <« QV (4)

where V is the width of the voltage window in which the device operates. By increasing the

voltage window, it is possible to increase the energy content. This is most often achieved by

using electrolytes with wider potential windows, which will be further discussed below.

The power content of a supercapacitor device, can be expressed as

2

Vmax
P o T2 (5)

where ESR is the equivalent circuit resistance, in other words the total resistance of all parts in
the supercapacitor cell. Low resistance of the electrode materials is therefor critical to optimize
the power content. The reactions that occur at the electrodes and the transport of ions in the
electrolytes should be fast regardless of which setup is used and a larger potential window also
increases the power density.

2.1 Supercapacitor components

The two most important parts regarding the energy and power content of supercapacitors is the
electrolyte and electrode, that make up more than 50 % of the total cost of a device [2].
However, other components of the device also need to be taken into consideration. The
separator for example, that separates the negative and the positive electrode can be modified to
reduce the volume of cell and reduce the electrolyte needed which improves the energy and
power densities by reducing the resistance of the electrolyte. The current collectors, on which
the electrodes are deposited adds extra weight and cost, up to 58 % of the electrode cost comes
from the current collector [2]. Using self-standing electrodes would save weight and cost but
the conductivity needs to be exceptional not to reduce the power output.

2.2 Electrolytes

The electrolyte plays an important role in increasing the energy content of the device by
determining the voltage window. This applies to both HSCs and EDLC devices. The most
common electrolytes for EDLCs are salts dissolved in organic solvents, such as
tetracthylammonium tetrafluoroborate in acetonitrile or propylene carbonate. These



electrolytes have the benefits of relative high conductivity, low viscosity and low cost. They
can be cycled in a voltage window of 2.85 V. To further increase the electrochemical stability
window of the electrolyte, there are a couple of different approaches that can be used. One way
to increase the electrochemical stability of salt-in-solvent type electrolytes is to increase the salt
concentration [27], or use ionic liquid electrolytes potential windows of up to 4.5 V [28]. A
more in-depth discussion about electrolytes is found in the Electrolytes chapter.

2.3 Carbon electrode materials

The original concept of charge storage in activated carbon electrodes have remained and are
used in the devices indicated in Figure 2. Today it is known that the charge stored in activated
carbon electrodes are from the formation of double layers at the electrode surface as the
potential is changed. This is the main reason for the high-power performance of supercapacitors

[3].

The most important property of carbon materials for supercapacitor electrodes is the large
specific surface area since the charge stored is proportional to the available surface. The pore
distribution is important since it governs the access of ions to the surface of the carbon, too
small pore sizes compared to the ions in the electrolyte can limit the accessibility. The
conductivity is also important due to the high-power operation of supercapacitors.

By changing the process parameters in the synthesis of carbon materials, it is possible to tune
the pore-size distribution and conductivity. Carbon derived from biomass can have capacities
ranging from about 120 to 300 F/g [29]. The most common commercially available carbons
used in EDLC are derived from coconut husks and have a capacitance of around 100 F/g, a
surfaceof 2347 m?/g and an average pore size of 1.3 nm [2]. More recently discovered carbon
allotropes such as graphene and nanotubes have also been investigated as electrode materials
but no dramatic improvement in capacitance has so far been obtained [2]. When summarizing
the discussion above, it is challenging to imagine how to increase the capacitance of future
EDLC materials the 60 % needed for future applications [2] using only carbon materials.

2.4 Faradaic electrode materials

By combining traditional supercapacitor materials such as activated carbon, with materials that
interacts electrochemically with the electrolyte, it is possible to increase the energy density of
a device. Metal oxides such as RuO; was first suggested as an electrode material by Trasatti et
al in 1971 [30] and investigated in 1975 by B. E. Conway [31] as supercapacitor electrodes.
This laid, in many ways, the foundation for the faradaic electrodes being researched today for
supercapacitor applications.

The research and development of these faradaic electrode materials is primarily focused on the
specific capacity which is determined by the number of electrons that can be extracted or
inserted into the material. Current research span from affordable, yet high-performing
,conductive polymers, which can reach around 700 F/g [32], to metal oxides with varying
degree of rarity, ranging from MnO, [33] with 462 F/g to RuO; [34] which can deliver 1500
F/g. However, while many metal oxides, like RuO,, show excellent performance it is important
to realize that these materials can be prohibitively expensive and will never make into
commercial devices despite stellar performance [2].



In this project the faradaic materials were separated into two categories: Surface active redox
materials and insertion type materials, which have different properties regarding energy density,
power density and cyclability. The cyclability is very important but not visible in a Ragone-
plot. Insertion-type materials uses the bulk of the material which can lead to strain on the
material, and can shorten the cycle lifetime compared to the minimum of 10° cycles with EDLC
devices. In general cycle lifetime of insertion type materials are often rated as ‘good’ or
‘excellent’ even when loosing up to 40 % of the initial capacity within the first couple of
thousand cycles [35-37] . While this might be excellent for a battery, better cycle lifetime is
required to substitute EDLC devices in applications. However, there are materials, e.g.
Li4TisO12, that has proven a cycle lifetime of up to 10k with negligible capacity loss [38]. A
common method to mitigate the negative effects by ion-insertion is to nanosize the material,
e.g. demonstrated for LiMn»O4 [39] where decreasing the particle size from 70 to 40 nm leads
to a substantial improvement of the cycle lifetime. When it comes to surface active redox
materials, a better cycle lifetime than insertion type materials can in principle be expected.
However, similar issues as for insertion-type materials of cyclability can be found for various
surface active redox materials [40,41], but a larger fraction of the results published do exhibit
good cyclability over a couple of thousand cycles [42,43] or even over 10k-25k cycles [44—46].

To compare the energy and power densities of state-of-the-art insertion and surface-active
redox materials a selection of literature results of full cells based on these materials are plotted
in a Ragone-plot in Figure 4, note that the power and energy densities are normalized only to
the electrode mass. The two layered structures, MoS> and the MXene (Ti3C,Tx) perform best,
even compared to RuO> which is seen as one of the best materials for HSCs. Also, the difference
in performance to the more traditional LiNigsMn; 504 insertion material shows the benefit of
having an open structure in which ions can be easily inserted. In that sense the MXene and
MoS; are more similar to each other with both having open structures. What is more remarkable
is that the two cells with the surface-active redox materials, b) and c¢) both use aqueous
electrolytes resulting in narrow operating potential windows of 1.5 V and 1 V compared to 3.5
V of the MoS: cell. If the same capacity could be obtained for RuO, and MXenes in a non-
aqueous electrolyte, it would further boost the energy content of a full cell.
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Figure 4. Ragone-plot of four different cells with insertion materials: a) ‘MoS2-rGO//N-doped
3D Graphene’ [47], b) LiNigosMn;s04//AC [35] and surface-active redox materials: c)
symmetric TizCoTxrGO [48] and d) Ni(OH)-graphene//RuO»-graphene [49]

The investigation of charge storage mechanisms of faradaic materials in non-traditional
electrolytes has been the focus of this thesis. To optimize the capacity of the electrode materials
in different electrolytes it is important to understand the charge storage mechanism of the
material and how it is affected by different parameters. MnO- has been regarded as a promising
material due to the high theoretical capacity and cost efficiency and has been studied
extensively. TiO2 is a well research material for high-power battery anodes [50], and
supercapacitors [51]. There is however an issue with an initial capacity fade that is reported
extensively for various polymorphs of TiO, [52,53]. The capacity fade is attributed to the
formation of and entrapment of Li-ions in the structure of TiO; [54]. TiO; has an intrinsically
high electrical conductivity which is important for supercapacitors. At the same time doping of
TiO2-materials have been used as a way to further increase the conductivity for various
electrode applications [55], but systematic studies are missing.
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3. Charge storage mechanisms

In this chapter, the three dominating charge storage mechanisms in research and in commercial
devices are introduced and their advantages and drawbacks discussed. The three charge storage
mechanisms are: double layer formation, surface active redox reactions and insertion or battery
type materials. There is a fourth type of charge storage mechanism that is out of the scope of
this thesis but worth mentioning: Redox-active electrolytes. In this approach the active material
is dissolved in the electrolyte and can react when it is next to the electrode surface. It is a
promising approach and the charge storage mechanism is similar to that of faradaic electrodes,
but with the faradaic component in the electrode dissolved in the electrolyte.[56]

3.1 Double Layer Charge Storage

When electrons are extracted or inserted into an electrode in contact with an electrolyte
containing ions, a charged layer will be created inside the electrode. To compensate this, layers
of ions will form on the electrode surface in the electrolyte, screening the electrode surface. The
structure of the layers will depend on the electrolyte and charge of the electrode. If the electrode
surface is assumed to be flat and solid and in contact with a common electrolyte, a salt dissolved
in a solvent, three different models have been suggested, Figure 5.
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Figure 5. Three different models used to describe the double layer a) Helmholtz model, b)
Guoy-Chapman model and c) Stern model

The first attempt to model the electrode/electrolyte interface was made by Hermann von
Helmholtz [57] and his model is illustrated in Figure 1a. It is a simple model where the charge
at the surface is screened by a compact, rigid, layer of ions with the opposite charge at a certain
distance. However, this model is not able to describe experimental observations correctly since
no rigid charges exist and it also predicts a constant potential. To better explain the behavior of
charged surfaces in an electrolyte Guoy-Chapman suggested the existence of a thicker layer of
ions not rigidly adsorbed to the surface [58]. This layer, referred to as a diffuse layer, will screen
the surface but contains both positively and negatively charged ions. Even though it is a better
model than the Helmholtz model, since it for example considers that the capacitance will vary
with the potential, it tends to overestimate the ionic concentration close to a charged surface.
As a further modification the Stern model in Figure 5c suggests a combination of the Helmholtz
and Gouy-Chapman models, where both a compact inner layer and a more diffuse outer layer
screen the charges of the surface [58]. This is the most accurate model and it provides accurate
capacitances for flat surfaces.
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One issue with all three models is that they can only be used to explain the behavior in
traditional electrolytes but not in novel systems, such as ionic liquids [59]. In an ionic liquid
the structure of the double layer is suggested to form different structures depending on the
potential of the surface [60]. At lower potentials a monolayer of ions will form at the surface,
this layer overscreens the surface and is compensated by a second layer consisting of oppositely
charged ions. At higher potentials two layers are formed at the surface which dominates the
overscreening and a third layer of ions with opposite charge is formed to these [60,61]. A
schematic figure of these models can be seen in Figure 6. However, the structure of the double
layer in ILs depends on the properties of the ions. There are examples where double layer
structures without crowding has been reported [62]. There are also additional models for highly
concentrated aqueous electrolytes, that take into account the water distribution in double layers
which in these systems plays an important role for the electrochemical stability [63].

a) b)

Figure 6. Schematic of two models of double layers in ionic liquids at different potentials. a)
Overscreening model at lower potentials and b) crowding model at higher potentials.

Regardless of the electrolyte, double layer structures can be formed and modified rather quickly
compared to other electrochemical charge storage mechanisms [58,64]. This means that an
electrode relying on double layer charge storage can be charged and discharged very fast and
since no reactions are occurring between the electrode and electrolyte, almost infinite cycle
lifetime can be achieved. The quick formation of the double layer also has a negative
consequence that the double layer structures in the electrolyte is not stable over an extended
time and will self-discharge relatively fast. By using different mixtures of electrolytes, the
operating temperature of a single device relying on double layer formation can be very wide,
ranging from -50 to 80°C [65], in which other energy storage devices will not be able to operate.

The amount of charge that can be stored with the double layer mechanism is also relatively
low compared to other charge storage mechanisms [8]. The amount of charge stored directly
affects the energy content of the device and leads to a lower overall energy content. The
amount of charge, C, that can be stored in double layer structures can be calculated by
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C =22 (6)

where ¢ is the electrical permittivity of the electrolyte, d thickness of the double layer and A
the surface area of the electrode. Of these different properties, the surface area of the electrode
is easiest to control to increase the stored charge.

One important exception to consider for both Eq. 6, and the models in Figure 5, is that they
only explain the behavior of flat surfaces in electrolytes. Electrodes used in supercapacitors
today are porous with different pore-size distributions, which affects the ion transport and
charge storage inside the pores. How the pore-size and distribution affect the behavior and
charge storage is not completely understood today [66,67]. The pore-size seems to affect the
charge storage when it approaches the size of the molecules in the electrolyte. The pore size of
a material will also influence the specific surface area of a material, smaller pores results in a
larger surfacer area while larger pores will reduce the surface area for a given volume. This
means that when increasing the surface area beyond a certain point the, the access to the surface
is restricted for larger ions, and charge increase is limited. The general trend however is that
the total charge storage will increase with increasing surface area.

The most commonly used electrode material for double layer charge storage is activated carbon.
Activated carbon has several benefits, a high specific surface area, up to 4000 m?/g, low cost
and high electrical conductivity [29]. Some examples of specific energy and power densities
achieved with symmetric carbon-carbon configurations are 55 Wh/kg — 10 kW/kg using carbon
of a coconut precursor [68] and 35 Wh/kg — 3.5 kW/kg using a rice bran pre-cursor [69]. A
consequence of maximizing the surface area is that the total pore volume also increases which
leads to a lower density of the electrode. Thus, a high surface area carbon material can have
relatively high specific gravimetric capacity, but at the same time very low specific volumetric
capacity, resulting in a light but bulky device.

3.2 Surface active redox mechanism

This mechanism is confined, like the double layer, to the surface of the electrode material, but
for redox reactions to occur electrons need to be transferred between the electrode and the
electrolyte. In the electrochemical redox reaction referred to here, the reaction is triggered by a
change in the electronic structure of an atom when the potential of the electrode is changed.
Different metal oxides are normally used for this type of applications, for example RuO, and
MnO> were the two first materials investigated as redox active electrode materials in
supercapacitors [30,70]. However, there are also conducting polymers, such as PEDOT, that
possess the same properties [71].
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Figure 7. Schematic of a MnO;-nanoparticle on a carbon support during a) reduction and b)
oxidation.

To look into the surface-active redox mechanism in more detail, the charge storage process of
MnOQ,, in an Li" containing electrolyte will be used as example and is illustrated schematically
in Figure 7.When the potential of the MnO> electrode is lowered and electrons flow into the
electrode, the Mn-atom will absorb an electron, reducing its oxidation state from Mn** to Mn™
and at the same time it will form a so-called solid solution with the Li-ion in the electrolyte to
compensate for the change [31,72]. In Figure 7b the current is reversed, the potential is
increased and electrons are stripped from the electrode. This will reverse the oxidation from
Mn*3 to Mn™ and Li* will dissociate into the electrolyte at the same time a double layer will be
formed at the surface consisting of negatively charged ions. This redox reaction can be
summarized as [73]

(Mn(IV)Oz)surface + LijL + e <~ (Mn(III)OOLi)surface (7)

In aqueous electrolytes the charge storage mechanism has been explained by the interaction
between the MnO> surface and alkali metal cations combined with protons [73], even in alkaline
aqueous electrolytes [74]. This explains why the obtained charge storage is generally higher for
MnO:> in aqueous than organic electrolytes [8,75] where no protons are available. This is
contradicted to some extent by research on MnO; in ionic liquid electrolytes that has shown
that MnO, materials can interact directly with aprotic IL-cations [76] and anions [77]. More in
line with the charge storage mechanism in aqueous electrolytes, are results presented for protic
ILs where an excess of protons enables a larger faradaic charge storage similar to that in neutral
aqueous electrolytes [78]. However, the difference in interaction of protic ILs, where protons
are available but not in excess, and aprotic ILs have not been studied previously.

The charge stored in redox reactions is proportional to the number of electrons transferred
which depends on the actual electrochemical reaction and the number of active atoms in contact
with the electrolyte. The number of electrons taking part in the electrochemical reaction is equal
to the change in oxidation number. The number of available oxidation states depends both on
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the electronic structure of the material and the electrolyte composition. While MnO; only has
two available oxidation states in aqueous electrolytes, V205 has been found to have up to 3
oxidation states available [79]. However, when changing the oxidation state, the local structure
in the material also changes. These changes can lead to unwanted side-effects such as
irreversibly reduced redox activity and dissolution of active material which is the case for MnO»
when the potential is lowered too much [72].

Another important drawback of most metal oxides is that the electrical conductivity is low
compared to activated carbon, which is especially problematic for high-power charge storage.
To reduce the resistance in the electrodes, the layers or particles of active materials should be
kept very small and thin, within a couple of nanometers if possible. The reduction of particle
size has also the beneficial effect that the surface area increases and the number of active atoms
interacting with the electrolyte will increase. If the particles are sufficiently small most atoms
will be at the surface and the charge storage will compete with that of insertion materials
discussed further below. The electrical resistance of metal oxides can also be reduced by tuning
the electronic structure of the material, by doping the material with different atoms [80,81] or
by creating deficiencies in the structure which can potentially increase the conductivity [82].

Some examples of energy and power densities achieved for different hybrid electrode setups
using surface active redox materials is around 8 Wh/kg - 20 kW/kg for MnO»/CNF [83], 31
Wh/kg - 9.5 kW/kg for TiO2/AC [84] and 43.4 Wh/kg - 7.5 kW/kg for Nb,Os/AC [85].

3.3 Insertion type materials

Double layer and surface-active redox-reactions are both mechanisms that only utilize the
surface of the electrode for charge storage. This leads to a large fraction of the electrode being
unused. In insertion-type materials, or battery type materials, the charge storage is based on
insertion and extraction of ions into the bulk of the active material [86]. Compared to the
surface-active redox mechanism, the insertion/extraction charge storage mechanism is often
more complex. During insertion of ions the structure, as well as physical properties such as
electrical conductivity and density of the material, can change as the inserted ions become part
of the host structure. There might also be several different phases of the same material present
at the same time with different properties. Generally, the higher the capacity of a material, the
more complicated reactions and slower reaction kinetics come as a consequence. This can be
explained by the large number of ions that need to be inserted into the material to achieve a
high-capacity. For example, in silicon which has a theoretical capacity of 4200 mAh/g, the
structure undergoes a phase change from a crystalline to amorphous phase upon the insertion
of 3.75 Li-ions/Si atom[87], this leads to a large strain on the material due to the volume
expansion/contraction and as a consequence, fast capacity fade due to cracking of particles.
These types of materials are predominantly used in batteries due to their high capacity. A more
suitable insertion material for supercapacitors is TiO> which has a high Li-diffusion [88] and a
modest reversible Li-insertion limit of one 1 Li / TiOz [89]. Despite being more suitable for
supercapacitors there are several other undesirable processes that can occur in insertion
materials, some of which are schematically shown in Figure 8.
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Figure 8. Schematic of an insertion and extraction process indicating some common problems,
a) Expansion, b) Unwanted side-reactions or parasitic reactions, ¢) Breaking of the material and
d) ion entrapment in the material.

The limiting factor during charging and discharging of insertion type materials is normally the
ion diffusion in the electrode. This is opposite to the formation of double layers and surface-
active redox materials where the electron transport is the limiting factor. At high-power the
charge stored in insertion-type materials will be lower and the strain on the material will limit
the cycle lifetime [90]. However, there are a number of ways to mitigate these issues and
improve the high-power performance: By improving the ion diffusion in the material it is
possible to increase the number of ions inserted during high-power operation. This can be
achieved by for example nanosizing the particles of active material in the electrode. Nanosizing
the particles will also increase the fraction of charge stored at surface sites [91], and can also
reduce the effect of structural changes that occur in the material [92]. Embedding the particles
in a porous, conducting material is also important to enable the electrolyte to infiltrate the
electrode and access the nanoparticles in the electrode. Examples of specific power and energy
obtained from electrode setups that use insertion type materials are 15 Wh/kg at 2.5 kW/kg for
AC/Li4Ti5012 [93] and 40 Wh/kg and 10 kW/kg for a AC/Graphite electrode setup [94].

Another approach is to use materials where the bulk and surface is not differentiated. One such
type of material that has received considerable attention lately are so-called MXenes. MXenes
consist of layers, atomically thin sheets of atoms, and can be built up of a many different atomic
species [95]. Due to the fast insertion of ions in between the sheets and the subsequent fast
redox-reactions very promising results have been obtained [95]. For example, a capacitance of
335 F/g, corresponding to capacity of 87.5 mAh/g at 100 mV/s, has been obtained for a
composite electrode consisting of the MXene Ti3CoTx [96]. The redox reactions occur during
both reduction and oxidation which makes it possible to use it both as a negative and positive
electrode. What is even more remarkable is the ability to maintain 60 % of the capacitance at
the extremely high scan speed of up to 1 V/s. These properties combined with the high density
of the material has been demonstrated in a symmetric device with an energy density of 3.3
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Wh/kg at 24 kW/kg power density [48]. However, MXenes have mostly been used in strongly
acidic aqueous electrolytes and further studies are required to transition to more
electrochemically stable electrolytes which could improve the energy content even further.

3.4 Charge storage in practice

In the discussions about the different charge storage mechanism above it is easy to envision
that electrodes only can possess one of these charge storage mechanisms. However, by
modifying the materials, the charge storage can be more of a blend between two or more
mechanisms. For example, by introducing the layered Ni(OH),-Co(OH): structure, with easier
Li-insertion a higher contribution from faradaic reactions can be obtained compared to the
Co(OH), were a larger fraction will come from double layer formation [97]. As mentioned
previously, activated carbon electrodes rely almost only on double layer charge storage,
however, it is important to take into consideration that double layers contribute to the total
charge also in electrodes that rely on other charge storage mechanisms. The fraction from
double layer charge storage increases with faster charge/discharge times are of importance at
high-power conditions. This behavior is illustrated by Sugimoto et al for a RuO> material where
the double layer capacitance dominates completely at 100 mV/s [6]
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4. Electrolytes

If the electrodes are the muscles of a supercapacitor, then the electrolyte is the nervous system
that connects the part and makes it work. In the research on new electrode materials for
supercapacitors, a majority of the studies use aqueous electrolytes for the electrochemical
characterization and performance measurements [8]. Aqueous electrolytes can have pH-values
ranging between very acidic to strongly alkaline, depending on the choice of salt used. Aqueous
electrolytes have high ionic conductivity, e.g. up to 730 mS/cm for alkaline electrolytes and
800 mS/cm for acid electrolytes [98], which is more than one order of magnitude higher than
what can be achieved in non-aqueous electrolytes [99]. The high conductivity ensures that the
performance and behaviour of an electrode is not limited by slow kinetics of the electrolyte.
The use of aqueous electrolytes also makes it easier for researchers to compare electrode results
and behaviour since the use of aqueous electrolytes is almost standardized [8]. Aqueous
electrolytes are also easy to handle and require no additional lab-equipment for measurements.

There are, however, also several drawbacks related to aqueous electrolytes. The most
significant is the narrow electrochemical window, limited by hydrogen evolution at 0 V vs.
SHE and oxygen evolution at 1.23 V vs. SHE [8]. The pH of the electrolyte affects the width
of the stability window, with narrower stability windows for acidic and alkaline electrolytes
[100]. The small stability window limits the energy and power density of the full device, since
it is directly proportional to the voltage window, see Eq. 3 and 4. Another drawback of alkaline
and acidic electrolytes is their severe corrosivity which might make them unsuitable for some
applications.

When developing new materials for supercapacitor applications, the interaction with the
electrolyte is important to consider. If the development is done primarily with aqueous
electrolytes it is not certain that the new material has the optimal structure and characteristics
for more electrochemically stable electrolytes [101,102]. For example, carbon materials have a
certain pore size distribution and narrow pores and high surface area might be suitable for
aqueous electrolytes with small ions, while non-aqueous electrolytes might require larger pores
[103] and a lower surface area for high performance. This is only one example where the
difference between aqueous and non-aqueous electrolytes should be taken into consideration.

In a majority of EDLC devices on the market organic electrolytes are used [2]. This is due to
the larger potential window of organic solvents which increases the energy density of the device
while maintaining a reasonable high-power performance. The organic electrolytes are usually
based on acetonitrile or mixtures of organic solvents similar to electrolytes used in batteries
[2,86]. Besides the increased electrochemical stability, they are also quite cost-effective which
is important for the supercapacitor industry where an upper cost limit of 12 EUR/kg electrolyte
has been suggested for future devices [2]. The biggest drawback is probably the safety concern,
electrolytes based on organic solvents are normally very flammable compared to aqueous
electrolytes. Some examples of electrolytes are given in Table 1
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Table 1. Some examples of electrolytes used in research on supercapacitor materials and in
commercial devices.

Solvent Salt Potential window | Conductivity (mS/cm) | Ref.
Acetonitrile TEA BF4 2.8V 55(1 M) [26]
Propylene carbonate TEA BF4 29V 13 (1 M) [104]
ethylene carbonate LiTFSI 1.8V 11 (1 M) [105]
dimethyl carbonate (1:1)
Water KOH 0.73 V 730 (6 M) [3]
Water Na;S04 1V 120 2 M) [106]

Two new electrolyte concepts that have gained increased research interest during the last couple
of years, in an effort to mitigate some of the issues of aqueous and organic electrolytes, are
ionic liquids (ILs) and highly concentrated electrolytes (HCE). In the following two parts these
two concepts will be discussed more in depth and previous research using these electrolytes
will be presented.

The electrolytes described in this chapter as well as used in this thesis work are all liquids.
However, there are examples of different solid electrolytes for supercapacitor applications but
they are outside the scope of this thesis [107].

4.1 Highly-concentrated Electrolytes

In aqueous electrolytes the electrochemical stability is limited by the decomposition of water
at the electrodes. Water molecules in an aqueous electrolyte containing an alkali metal salt
interact and coordinate with the alkali metal cations [108]. By increasing the salt concentration,
a larger fraction of the water molecules will be coordinating the metal cations which leads to
an increase in the overall oxidative stability of the electrolyte and a preferential reduction of
the anion [10,109]. However, the common salts used in neutral aqueous electrolytes today, such
as NaxSOqs, have a solubility limit around 1.1 m [110] which is not enough. There are however
a range of so-called weakly-coordinating salts, with which it is possible to reach very high
concentrations.
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Figure 9. Schematic electrolyte structure with increasing salt concentration.
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The first major publication on an HCE electrolyte for battery applications was Suo et al, who
showed the expanded electrochemical stability window of a 21 m LiTFSI aqueous electrolyte
[111]. They show that by increasing the salt concentration a majority of the water molecules is
coordinated to the Li-ions. This leads to a situation where the TFSI anion is in contact with the
electrode during cycling, instead of the water molecules [27], and that a so-called solid
electrolyte interphase layer is formed in this potential window. Generally, for supercapacitors
this is detrimental since it would increase the charge-transfer resistance of the electrode. A
schematic illustration of the development of the coordination in an electrolyte as a function of
salt concentration is shown in Figure 9.

Another drawback is that the conductivity is drastically reduced at high concentrations. In a 21
m aqueous LiTFSI electrolyte it only reaches around 9 mS/cm [27]. The 21m LiTFSI electrolyte
has been used together with a MnO: electrode with a wider potential window as a result [112].
However, already at moderate concentrations (>5 m) [27] the electrolyte can be described as a
water-in-salt system where most of the water molecules are coordinating with cations as
discussed earlier. This was later expanded to other systems with other salts and solvents [113].
One example is by lowering the concentration of the highly-concentrated aqueous electrolyte
and replacing the LiTFSI with NaTFSI, 8 m NaTFSI in water has been tested as a middle road
with high conductivity and increased electrochemical stability window compared to other
aqueous electrolytes [ 10]. Highly concentrated aqueous electrolytes containing salts with other,
more common anions, have also been investigated such as 5 M NaClO4 [114] and saturated
LiNO; [115] but without the increase in stability window compared to the electrolytes
containing salts with the TFSI anion. This shows that the anions also need to have the ability to
block the electrode and be stable to electrochemical reduction and oxidation to increase the
electrochemical stability window.

Moving away from water based electrolytes, acetonitrile, which is very popular for
supercapacitor applications, has been shown to have a very wide electrochemical stability
window at 4.2 M LiTFSI concentration [116]. However, the conductivity of the electrolyte was
barely 1 mS/cm, so it was not so suitable for supercapacitor applications. An interesting hybrid
between highly concentrated aqueous and organic electrolytes is a so-called ‘acetonitrile/water
in salt’ electrolyte suggested by Dou et al [117]. In this concept water and acetonitrile are mixed
and the capacitance is enhanced compared to when using the 21 m LiTFSI electrolyte ina2 V
potential window for a symmetric carbon/carbon cell [117].

4.2 Tonic Liquid Electrolytes

Most salts are solids at room temperature, having melting temperatures of several hundred
degrees celsius. ILs are salts, i.e. consist only of ions, but are liquid at room temperature. The
ions in ILs are considerably bigger and more flexible compared to ions in conventional salts.
By increasing the size of the ions, the melting temperature generally drops due to the reduced
ion-ion interaction. Sterically hindered ions prevents the IL from crystallizing, asymmetries in
the ion structure and conformational flexibility further promotes a low melting temperature
[118,119]. The viscosity follows approximately the same trend as the melting temperature, but
when the side-chains of the ions become longer the contribution from the Van der Waals forces
increases the viscosity of the IL [118].

For energy storage applications important properties of electrolytes are high conductivity,
electrochemical stability, non-flammability, low viscosity. All of these properties can, to some
extent, be realized in ionic liquids, making ILs promising electrolytes and/or solvents for
electrochemical storage applications [120]. An additional property of ILs is the non-existing
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vapour pressure and high temperature stability which makes IL electrolytes suitable for high-
temperature applications [121]. The ions can be tailored almost infinitely [122] making it
possible to adapt a certain ILs to different applications.
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Figure 10. Example of how the structure of the ions affect the properties of BMIM CI (left),
BMIM TFSI (middle) and EMIM TFSI (right).

An example of how different structures affect the properties of ionic liquids is shown in Figure
10. The IL to the left in Figure 16 has a melting point of around 60 °C, this makes it unsuitable
for most electrolyte application at room temperature. By changing the chloride anion to the
bigger TFSI anion in step A the melting point is reduced to -5 °C, making it a liquid at room
temperature. However, this IL has a high viscosity and low conductivity, 61 cP and 4 mS/cm
[123] at 25 °C respectively. To further improve the physical properties, the cation is made
slightly smaller in step B) which reduces the viscosity to 35 cP and the conductivity is increased
to around 8 mS/cm [123]. However, the maximum ionic conductivity achieved for an IL at
room temperature is around 15 mS/cm [120], which is low compared to the aqueous and
acetonitrile based electrolytes, see Table 1. The viscosity is also higher, 18-62 mPas for the
most promising ILs compared to the viscosity of TEA BF4/ACN of 0.6 mPas [26].
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Figure 11. Examples of a) a protic IL EIM TFSI with the loosely bound proton marked and b)
an aprotic IL EMIM TFSI.
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ILs can generally be divided into two categories: protic and aprotic. The difference between
these categories is in the availability of protons in the ionic structure. This is linked to the ability
of the ion to form hydrogen bonds and even donate protons in chemical reactions [124]. A
comparison of a protic and aprotic IL is illustrated in Figure 17 where IL in Figure 17a has a
proton loosely bound to the nitrogen in the imidazolium ring compared to the protons in the
aprotic IL in Figure 17b that are strongly bonded to carbons. However, this change in structure
will also affect the electrochemical stability, as discussed previously. The hydrogen bound to
the nitrogen will be sensitive to reduction thus reducing the electrochemical stability window
of the IL from 4.1 V for the aprotic IL to 2.5 V for the protic IL [125].

The loose proton in the protic IL is formed through proton transfer from a strong acid to a strong
base during the synthesis [124]. However, there are also aprotic ionic liquids that potentially
have the ability to form hydrogen bonds, so called Bronsted-acid ILs. In the synthesis of these
ILs no proton is transferred, instead they have one or more functional group attached to either
the cation or the anion, that has a hydrogen-bond forming ability [124]. This is achieved by
having a proton attached to an electronegative atom, such as oxygen or sulfur, which gives it
the similar hydrogen bond forming ability as molecules such as water or ethanol. An example
of a Brensted-acid IL is shown in Figure 12 with the hydrogen-bond forming proton marked.

Figure 12. An example of the quite acid Brensted-acid SBIM TFSI.

Despite the low conductivity of ILs, there is an interest in the supercapacitor community to
exploit them for supercapacitor applications. Aprotic ILs are most commonly investigate due
to their low water-uptake and limited chemical interaction with the electrodes. Research on
EDLC devices using neat ILs as electrolytes have shown a high capacitance of graphene based
carbon materials, 270 F/g, by using 1-ethyl-3-methylimidazolium tetrafluoroborate as
electrolyte in a device with a 4 V operating voltage outperforming a cell with the same electrode
material but using a standard organic electrolyte in both power and energy density [126].
Another example is the use EMIM TFSI showing identical performance as a standard organic
electrolyte with activated carbon electrodes [127]. Some results from an extensive study [128]
on various ILs used in symmetric cells with carbon nanotube-based electrodes are presented in
Table 2. The results demonstrate the possibility of devices with increased energy density by
using neat ILs, but high-viscosity limits the power density.

Table 2. Summary of the potential window, energy and power density obtained for various
electrolytes with the same electrode

Electrolyte Voltage window Energy density Power density
V) (mWh/cm?) (W/m?)
ACN/TEA BF, 2.7 12 930
DEME BF4 4.7 41 155
PYR14 TFSI 4.3 39 375
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To mitigate the negative effects of high viscosity and low conductivity of ILs they can be mixed
with an appropriate solvent. Janes et al showed that by adding 1,2-dimethoxyethane to the
EMIMTFSI the conductivity increased with a factor 4 which resulted in the power density from
13 to 20 kW/kg of a symmetric titanium derived carbon cell at a constant energy density [129].
The high temperature stability of ionic liquids has shown that operation at up to 100 °C using
microporous carbons [130] as well as the feasibility of using the ionic liquid 1-Ethyl-3-
methylimidazolium acetate in the temperature range 21 — 100 °C with an improved capacitance
from at a scan speed of 500 mV/s and reduced resistance of the cell as an effect of the increased
temperature [131].

Examples of studies on IL based electrolytes together with insertion type electrodes have been
published. For example, a LiMnOj4 electrode in a 0.5 M LiTFSI/EMIMTEFSI electrolyte resulted
in relatively low power and energy density [132]. In this example, the IL is used as a solvent or
a double layer forming salt and the Li-ions interact with the electrode material enabling a
faradaic contribution to the total capacity.

There is also another approach that has been considered. Since materials such as MnO, and
RuO> have been shown to undergo redox-reactions with protons in aqueous electrolytes, this
could potentially also occur in certain ionic liquids. By using redox materials in protic and
Brensted-acidic ILs it could be possible to achieve a faradaic contribution from the redox-active
material while increasing the potential window of the device. ILs with protons loosely bound
to the ions will have a narrower electrochemical stability window of 2-2.5 V for imidazolium
based protic ILs [125] but up to 3.9 V for the Et3NHTFSI IL [133] which is close to the 4 V
reported for the frequently used aprotic EMIMTFSI IL. There have been some results reported
on protic ILs as electrolytes for various applications such as batteries [133] where it is used as
a solvent and in EDLC setups and showing good cycling stability and no faradaic interaction
with the carbon material [134]. Another study the pyrrolidinium nitrate ionic liquid was cycled
in a voltage window of 1.2 V in a two electrode setup. The results in this study showed
interaction with the carbon electrode [135]. In other studies on redox-active electrodes, a protic
IL has been shown to interact directly with RuO> material in a similar way like an aqueous
H>S0O4 electrolyte and no interaction from the aprotic IL [136]. In a third study a MnO»-thin
film electrode showed a similar behaviour which was associated to a proton exchange with the
material [78].

Finally, as mentioned previously there are almost unlimited choices when it comes to the design
of ILs. A tempting idea would be to make ILs consisting of ions that can undergo redox
reactions while in solution. There are a few studies worth mentioning in which the ILs
themselves contribute to the charge storage by undergoing redox-reactions. One example is
attaching a ferrocene group on the anion [137] in which the ferrocene responded to the potential
change with very high reversibility up to 1 V/s. Also other complex IL based electrolytes where
redox-active groups on both ions further have shown increased capacity of full cells with good
cycling stability [138].
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5. Experimental techniques

Several different methods have been used to characterize the materials and their
electrochemical behavior in different electrolytes in this thesis. The most important methods,
their strengths and drawbacks, are presented in this chapter.

5.1 Cell setup

Two different experimental setups are used for most electrochemical measurements: 3- and 2-
electrode cells. In electrochemical measurements three different components are generally
required:

e The working electrode (WE): The electrode investigated in the experiment.

e Reference electrode (RE): Consists normally of a well known redox couple to which
the potential is measured against and determines the position of the experimental
potential in the electrochemical landscape.

e Counter electrode (CE): The CE balances the WE, for every electron that is transferred
to, or from, the WE the opposite electron transfer process needs to take place at the CE.

In an electrochemical experiment the electrical potential will drive the electrochemical
reactions. Thus, to be able to understand the behavior of a system an accurate measurement of
the potential is required. However, the potential is not measured on an absolute scale, but is
always measured against a known redox couple. The purpose of the reference electrode is to
provide a well-known and controlled potential. This is often achieved by immersing a metal
substrate into a solution containing a suitable counter ion. For example, Ag/AgCl is a well
known redox couple and is achieved by immersing a silver wire into a saturated, aqueous, KCI
solution. The reference electrode, containing the solution and silver wire, is connected with the
electrolyte through an ion conducting membrane. By measuring the potential of the WE vs. the
reference makes it possible to compare specific measurements with other results in completely
different systems. The choice of reference is normally not a problem for aqueous electrolytes.
However, for non-aqueous electrolytes this can be more difficult. Their sensitivity to water
makes references such as Ag/AgCl reference unsuitable. The solvent in the RE should be the
same as the solvent in the electrolyte. For ionic liquids this is difficult to achieve since the ILs
might interact with the metallic substrate in the RE.

A common workaround for IL based electrolytes is to use a stable metal foil directly immersed
in the electrolyte of the actual experiment as a reference. However, since no suitable counter
ion is present in the electrolyte, it is not the potential of the redox reaction that determines the
potential of the reference but instead the stripping and plating of metal ions. This approach is
not ideal and is not as stable as traditional Res. In literature this type of RE is often referred to
as a pseudo or quasireference [139]. The pseudoreference will also have different potentials in
different electrolytes therefor it needs to be characterized against a well-known redox couple,
eg. Ferrocene/Ferrocenium, before starting the experiment in a particular electrolyte [139]. For
the measurements in ILs in this thesis silver-foil was chosen as pseudoreference.

The CE should have a higher surface area than the WE and be inert in the electrolyte to prevent
the electrical behavior of the WE to be limited or governed by the CE. The difference between
a 2- and a 3-electrode setup lies in how the RE and CE are controlled. They are also used for
slightly different purposes i.e.: The 3-electrode setup is used for characterizing individual
electrodes and 2-electrode setups are used for characterizing the behavior and performance of
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full cells. In a 3-electrode setup the RE and CE are measured separately, ie. the potential of the
WE, CE and RE are independent of each other. A schematic figure of a three-electrode setup is
shown in Figure 13.

I Working electrode

Il Counter electrode

B Reference electrode
[ | Electrolyte

[ | Separator

\ 1 2 4'/’
Figure 13. Schematic of a 3-electrode cell used in this thesis. In the actual setup a separator is
pressed between the WE and CE.

In a 2-electrode setup the CE and RE are combined into one electrode. Since the CE and RE is
the same electrode, the potential of the CE/RE electrode changes simultaneously as the WE.
This makes it impossible to know the exact potential of the WE and to compare the results of
individual measurements. An exception is if a well known redox couple with excess capacity
is used as CE/RE Common examples of such electrodes in battery research are alkali metal
foils, such as Li or Na, combined with the corresponding ions in the electrolyte. A schematic
figure of a two-electrode setup is shown in Figure 14.

I Working electrode L] Electrolyte
B Counter electrode [ ] Separator
[ Reference electrode

\ )

Figure 14. Schematic of a 2-electrode setup, integrating the CE and RE into one electrode.

5.1.2 Electrode preparation

To convert the active electrode material into an actual electrode requires some preparation. If
the active material is synthesized as a powder three additional components are necessary to
prepare the electrode: current collector, binder and a conductive additive. The conductive agent
is normally a carbon material and its purpose is to increase the conductivity of the electrode
when poorly conducting active materials are used. The binder is added to bind the components
together and ensure good adhesion to the current collector. The electrode is prepared by
dissolving the components in a suitable solvent and the slurry is coated onto a current collector,
usually a metal foil. This electrode preparation approach was used in Paper L, II, IV, V and
VL
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The choice and amount of conductive additive, binder, solvent and current collector is important
for the overall electrode performance. In the electrodes prepared in this work the amount of
active material was around 70-80 %, and the binder and conductive additive make up equal
parts of the remaining 20-30 %. As for the amount of solvent this varies between materials so
a trial and error approach with gradually increasing the amount of solvent until a desirable
viscosity of the slurry is obtained. Examples of negative impact the non-active material can
have is that a poor binder will reduce cycle lifetime and certain current collectors are not stable
in all electrolytes and potential windows.

For practical applications the mass loading of the electrode is important. Low mass loading
results in thin layers and high specific capacity, but the areal capacity and in extension the
energy and power density of the device, will be too low to be useful for real applications.
Electrodes in commercial supercapacitors generally have about 10 mg/cm? [140], this can be
compared to the mass loading of about 5 mg/cm? in Paper II. In the other papers the mass
loading was a bit lower, around 3 mg/cm?,

If the electrode can be synthesized into a self-standing structure this omits the need of a current
collector. This can be achieved by using for instance interconnecting matrixes of carbon
nanofibers that will be mechanically flexible and have a high electrical conductivity. This can
be beneficial from both a cost and performance perspective, self-standing electrodes were used
in Paper III. A comparison of a self-standing electrode and a traditional current collector
electrode with a Cu-foil demonstrated is shown in Figure 15.

Figure 15. a) A traditional electrode coated on a Cu-foil current collector and b) a self-
standing CNF electrode.

5.2 Cyclic voltammetry

In cyclic voltammetry (CV) the potential of the cell is changed at a constant rate between
defined potential limits, and the current is measured. Analyzing a cyclic voltammogram (CV)
gives important information on the charge storage mechanism and electrochemical behavior of
the material investigated. It can for example answer the scientific questions: Is any charge
stored in the material? Are there chemical reactions occurring? And if so, are they reversible?
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Figure 16. CVs of two different materials with different charge storage mechanisms: activated
carbon with double layer charge storage and TiO, with faradaic charge storage in an aprotic
ionic liquid electrolyte 0.5M LiTFSI/EMIM TFSI for TiO; and EMIM TFSI for the activated
carbon.

An example of two materials with different charge storage mechanisms is shown in Figure 16
The rectangular shape of the CV from activated carbon is generally interpreted as formation of
double layers is the major charge storage mechanism. Double layer formation is a continuous
process during the potential change resulting in a constant current as the double layer is formed
with the changed potential. The peaks in a CV means that at a certain potential a flow of
electrons to or from the electrode will be initiated from electrochemical reactions that start to
occur at that potential. This electron flow comes from either oxidation or reduction processes
of the active material in the electrode and/or electrolyte species [141,142]. These redox
reactions depend on the potential of the electrode, and the curve appears from the saturation
and depletion of ions interacting in the redox process in the layer closest to the electrode surface
or in the bulk if insertion processes are occurring [141]. Materials with clear peaks in the CV
is often referred to faradaic materials in supercapacitor research. One should note that if thin
layers of MnO; or RuO; are used in the electrode, the redox reaction at the surface of these
materials will still result in a rectangular CV, similar to the one of double layer formation, but
with a larger current response. This behavior is called pseudocapacitance [25].
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Figure 17. Comparison of the CVs acquired for a VO, electrode in a 6 M KOH electrolyte at
two different scan speeds, 10 and 100 mV/s.

The current of the peaks and double layer formation depends on the scan speed and increases
with increasing scan speed. The width of the individual peaks and peak separation is also
increased with increasing scan speed [142]. An example of how the CV of a faradaic material
changes with increasing scan speed is shown in Figure 17. The scan speed in a CV experiment
is chosen depending on what type of material and mechanism being investigated. Slow scan
speeds around 1-5 mV/s are suitable for initial measurements on completely new materials for
supercapacitors. If there are electrochemical reactions occurring, the peaks will be sharper and
easier to interpret at the slower scan speed. However, to measure and analyze the actual
behavior and performance of the system, measurements at higher scan speeds are also important
for supercapacitor materials. Careful investigation of the CVs reveals important information
about the different properties of the material. For example, if more peaks are visible this
indicates that more than one reaction is taking place. A small peak separation and sharp peaks
at faster scan speeds indicates a fast charge storage mechanism, which is important for
supercapacitor applications. As an example, to compare different charge storage processes in
systems with different kinetics and different electrolytes, different systems are compared at the
same scan speed in Figure 18. Figure 18a is a CV of a redox reaction of a molecule dissolved
in an ionic liquid with relatively low conductivity. The CVs in Figure 18b is from a faradaic
metal oxide in a very conducting electrolyte and the CV in Figure 18c is from a different
faradaic material in the same IL electrolyte as in Figure 18a. Based on the peak separation in
Figure 18, it is possible to say that of these processes the VO, electrode in the KOH electrolyte
is the shows the fastest kinetics. The ferrocene/ferrocenium couple is slower due to the low
conductivity of the electrolyte, in an aqueous electrolyte this separation is considerably smaller
[57]. The TiO; electrode in the ionic liquid has slower kinetics as a result of slow transport in
the electrolyte and since the charge storage mechanism is not limited to the surface.
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Figure 18. Comparison of the peak separation in three different systems at the same scan

speed: a) Ferrocene/Ferrocenium couple dissolved in EMIM TFSI b) VO electrode in a
highly conductive 6 M KOH electrolyte and ¢) a TiO; electrode in an 0.5M LiTFSI/EMIM
TFSI electrolyte.

Integrating the curve according to Eq. 8 will provide the amount of charge stored at a certain
scan speed, i.e. the specific capacity at that scan speed [143].

Specific capacity (mAh g=1) = 1/vW fIZZ ivav (8)

In this equation v is the scan speed in mV/s, W is the weight of the active material, Vi and V>
define the potential limits of reduction or oxidation current. Which area of the CV to integrate
depends on if the charge or discharge capacity is to be calculated and if the electrode material
is used as a positive or negative electrode. The different areas corresponding to charge and
discharge capacity is marked in Figure 19. These calculations can be used to evaluate and
compare materials to assess the capacity and feasibility for further studies. For more accurate
measurements of the capacity, galvanostatic cycling, similar to actual charge and discharge of
a cell, should be used.
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Figure 19. A positive and a negative electrode with respective areas corresponding to charge
and discharge capacity in a full cell.

The potential limits of the cycles need to be selected in order to avoid electrochemical
decomposition of the electrolyte. If the potential limits are set to wide, the electrolyte will be
irreversibly decomposed and to narrow limits might leave out electrochemical reactions. If a
new electrolyte is used in an experiment, the upper and lower limits of the electrolyte should
first be determined. The simplest method is to cycle the cell with a successively increasing
potential window until the current reaches a certain threshold value marking the onset of
decomposition. A common criterium is usually around 0.2 mA/cm? [144]. Another way to
determine the potential limits involve analyzing the efficiency and its derivative with increasing
potential windows [145]. The efficiency is calculated taking the second derivative of a so-called
S-value which is defined for the positive limit and inversely for the negative limit

Spos — QpOS _ 1 (9)
Qneg

Where Qpos 1s the charge capacity of the positive electrode and Qneg is the discharge capacity.
It is a measure on when side reactions are starting to take place on activated carbon electrodes
where the decomposition might be hidden by a double layer current, and it has been proven as
an useful method for symmetric supercapacitors [ 10]. Once the potential window of the system
is determined, the limits can be set to arbitrary values. But for practical applications the limits
should be set to where the electrode is assumed to operate in a full cell setup.

5.3 Galvanostatic cycling

During galvanostatic cycling, also commonly referred to as constant current cycling (CC), the
current in the experiment is kept constant while the voltage response is measured. This results
in a figure where the potential is plotted against the time. This way of cycling is similar to how
charge storage devices operate. In a potential profile the peaks found in a CV are converted into
plateaus whereas a linear slope corresponds to a horizontal line in the CV. Two examples of
potential profiles of the same materials as in Figure 16 can be seen in Figure 20.
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Figure 20. Potential profiles of two materials, TiO, with faradaic and activated carbon with
double layer charge storage in 0.5 M LiTFSI/EMIM TFSI.

Galvanostatic cycling is a useful tool to calculate and compare the capacity of individual
electrodes and the energy and power densities of full cells at different current densities. To
calculate the charge or discharge capacity of an electrode the current applied is multiplied with
the charge or discharge time of the cycle. From the potential profile it is also possible to assess
the electrochemical behavior of a material, or full cell, at different current densities. Such a
comparison is illustrated in Figure 21, where the same material is compared at three different
current densities. The evolution of the profile is quite typical to this type of measurements. The
potential drop at the start of the discharge increases, which follows Ohms law. The profile
gradually turns more linear as an effect of a larger contribution from double layer charge storage
with increasing current densities. Another important property that is easier to analyze in
galvanostatic cycling is the IR-drop, marked in Figure 21. The IR-drop is a measure on how
resistive the system is at different current densities.
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Figure 21. Potential profiles of a VO electrode in 8 m NaTFSI at three different current
densities, and the effect on the IR-drop.

Extended galvanostatic cycling is used to evaluate the lifetime of a cell or electrode. The most
traditional way of assessing the lifetime is to record the capacity and efficiency as a function of
cycle number. This can work for many applications, but in a recent proposed method the
potential is kept constant at the maximum or minimum limit for several hours, only doing
occasional cycles to measure the charge/discharge capacity [146]. By holding the potential at
the limit, it is possible to examine if any parasitic reactions occur that would only have been
seen after extremely extensive cycling.

If the energy density of a cell or capacity of an electrode is to be evaluated and it is important
to choose a specific current resulting in relevant cycle times for supercapacitor applications.
Measuring a high capacity or energy density is not so relevant if the cycle time is the same as
that of battery. Supercapacitors are high-power devices and the performance of a device or
electrode should be measured and evaluated at high-power conditions [147].

5.4 Electrical impedance spectroscopy

In electric impedance spectroscopy (EIS) an electric pulse with a sinusoidal shape, with the
amplitude of typically around 10 mV, used to perturb the electrode and the surrounding
electrolyte and the response of the system is recorded. The complex impedance of the system
can be represented as [148]

Z = 2= Zy(cos(p) + jsin(e)) (10)

; =

where Z is the impedance, E is the potential and I is the current recorded. Further details about
the mathematical theory behind this concept is outside the scope of this thesis but can be found
in [148]. The imaginary and real parts of the impedance in Eq. 10 represent different properties
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of the system. To analyze impedance spectra, so-called Nyquist plots [3,143] are commonly
used. In a Nyquist plot the real part is plotted on the x-axis and the imaginary part on the y-
axis. An example of a typical impedance response in a Nyquist plot from a composite
supercapacitor electrode is shown in Figure 22, the low frequency part is on the right side in
the figure and the high-frequency part is to the left. The semi-circle like profile in the high-
frequency part is connected with the charge transfer resistance of the electrode, a wider semi-
circle corresponds to a more resistive electrode [143].
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Figure 22a) Impedance spectrum of a cell consisting of a composite MnO2/CNF electrode
and EMIM TFSI ionic liquid electrolyte. Every point represents the response at a single
frequency. With higher frequencies to the left. b) The Randles circuit used to model simple
diffusion limited reactions at electrode surfaces.

To model the EIS response, electrical circuits are often used. For example, the spectrum in
Figure 9a) can approximately be fitted by the circuit in Figure 9b). Where R. corresponds to
the electrolyte resistance, Re: is the charge transfer resistance, Cpr is the interphase capacitance
and the Warburg resistance, but related to the diffusion of ions to or from the electrode. The
resulting curve from this very simple model is shown in Figure 9a [148]. However, this is a
very simple model for a complex system, to actually fit the spectra the constants of the Warburg
element and the other parts of the circuits are iterated and more components added to the circuit.
An interpretation of the spectrum is that at higher frequencies the charge-transfer resistance
dominates and then at a certain frequency the ion diffusion will dominate and the spectra will
form a straight line. Finding the right equivalent circuit can be difficult and a common problem
is that more complicated circuits can be re-arranged in a multitude of different circuits giving
exactly the same mode, so how do you know which one is right? [148] The science in fitting
spectra with circuits and the interpretation is beyond the scope of this thesis.

EIS can be used to measure any differences in the charge transfer mechanism of the electrode
during cycling. Changes in the electrode and the electrode/electrolyte interface will be observed
in the semi-circle in the high frequency part of the spectra, this also means that measurement
times can be kept relatively short since only the high frequency part is used which is important
for in situ measurements of supercapacitors. The type of changes that can be observed are for
example the formation of SEI-layers at the surface and changes in morphology at the surface
[149].
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6. Results

The charge storage mechanism of a supercapacitor depends on the properties of both electrolyte
and the electrode material. In Paper I this is clearly shown, where two aqueous electrolytes are
compared to an ionic liquid. The ionic liquid, with its wider electrochemical stability window,
enables a device with higher energy density even though the specific capacities of the electrodes
in the aqueous electrolytes are actually higher. However, if both the capacity and the width of
the operating voltage window could be improved this would even further increase the energy
content of the device.

Below the main results from the different studies on faradaic materials and new electrolytes are
presented. In the first part, the results from the investigation of faradaic materials and their
interaction with different ionic liquid-based electrolytes are compared and discussed. In the
second part, the application of a highly concentrated aqueous electrolyte in combination with a
faradaic electrode material is discussed. Finally, in the last part the influence of electrode
morphology and its impact on charge storage is investigated and discussed.

6.1 Charge storage mechanisms of faradaic materials with ionic liquid

electrolytes

The aim with the studies presented in Paper I1, Paper III and Paper IV was to investigate if
and how ionic liquids could enable a faradaic contribution from transition metal oxide-based
electrodes to the total capacity.

The choice of ionic liquids was motivated by the hypothesis that proton activity or alkali metal
cations could enable a faradaic contribution to the total capacity in analogy with proposed
mechanisms for aqueous electrolytes [73,74]. To investigate this a aprotic IL was compared to
a protic IL and two Brensted-acid ILs. The different ILs used in these studies are shown in

Figure 23.
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Figure 23. The structure of a) EIM TFSI (protic), b) EtOHIM TFSI (aprotic Brensted-acid), ¢)
EMIM HSOj (aprotic Brensted-acid) and d) EMIM TFSI (aprotic)

The results of the study on MnO, materials showed that the charge storage mechanism strongly
depended on the hydrogen-bond forming ability of the IL. In the protic IL a large contribution
to the charge storage was obtained from the MnO» material. In the aprotic ionic liquids no, or
very little, faradaic charge storage was obtained, regardless if hydrogen bonding functional
groups are attached or not. Even for the very acidic anion HSO4, which was by far the strongest
proton donor tested in this project, only a small faradaic contribution could be seen. The
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structure of the MnO; had little effect on the response, indicating predominantly surface based
reactions. Expanding the potential window to more negative potentials resulted in poor capacity
retention for the protic IL which is explained by MnO; dissolution or changes in the surface
structure.
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Figure 25. CVs at 1 and 20 mV/s of the e-MnO» and a.-MnO: electrodes in EMIMTFSI, 0.5M
LiTFSI/EMIMTFSI and EIMTFSI. Note that in the upper figures the potential limits are +/- 0.8
V while in the lower it is 0 — +1.1 V.

Figure 25 shows the CVs in the protic, aprotic and LiTFSI doped ILs. A faradaic behavior is
obtained with EIMTFSI indicating that the EIM cation interacts with the MnO, material. For
the neat EMIMTFSI the charge is stored as double layer formation. From ab-initio calculations
the interaction energy of the protic EIM cation and the MnO, surface was found to be much
higher than for the aprotic EMIM ion. And a clear bend in the EIM ion indicate a hydrogen-
bond like interaction with the surface, seen in Figure 26. There was also a lack of interaction,
both in the experimental and computational results, between the aprotic ILs with hydrogen
bonding functional groups attached to one of the ions, which shows that the interaction depends
on the strength and position of the available proton.

The experimentally obtained capacity of the a-MnO> in EIM TFSI is in good agreement with
a perpendicular ordering of the cations at the MnO; surface, which was found by calculating
the surface coverage and assuming 1 electron/cation. The higher specific current and specific
capacity obtained from the CVs in Figure 25 is explained by the lower MnO mass loading and
smaller MnO; particles in the e-MnO; electrode, further discussed below.
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Figure 26. The optimized structures of a) EIM and b) EMIM cations at an MnO; surface.

The results above are in good agreement with previous results for thin MnO; electrodes in protic
ILs [78]. It contradicts previous results claiming MnQO; interaction with neat aprotic ILs
[76,77]. Standing cations contradicts previous findings showing a parallel configuration of ions
[61]. The capacity fade observed when MnQO; is cycled at a lower potential is in line with
previous results in aqueous electrolytes where in situ measurements attributed it to MnO;
dissolution and irreversible phase changes to less active species [72].

In the 0.5 M LiTFSI/EMIMTEFSI electrolyte the faradaic contribution results in broader peaks
due to a difference in surface layer composition and ion diffusion in the electrolyte. Hence in
the 0.5M LiTFSI/EMIMTEFSI electrolyte only the Li-ion interacts with the MnO, and the slower
diffusion of Li-ions through surface layers of EMIM ions explains the broader peaks. The Li-
ion interaction with the surface was further investigated by comparing the MnO, material with
TiOx.
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Figure 28. CVs of a) TiO2, b) a-MnO; and ¢) e-MnO2/CNF at 10 mV/s in 0.5 M
LiTFSI/EMIM TFSI.

The peaks of the CVs in Figure 28 show the dominating insertion-type charge storage
mechanism in TiO; with clear peaks visible. The sharper peaks for TiO; is explained by a much
more facile insertion of Li-ions into the structure. Not only the Li-ions moves easier in the TiO>
material, the higher electrical conductivity of TiO, explains the more tilted CVs of the MnO>
materials compared to TiO2. Even for the MnO, composite material. The broadening of the
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peak of TiO; in an ionic liquid electrolyte could indicate that a screening effect of the EMIM
ions occurs in this system as well.

These results are in good agreement with previous results that has shown that Li-insertion only
occurs in e-MnQ: at significantly lower potentials [ 150], while Li-insertion occurs in a.-MnO-
the lithium diffusion coefficient is about two orders of magnitude lower [151] than in TiO; [89].
The shape of the TiO: is in good agreement with previous results using IL electrolytes [152].

6.2 Interaction of highly-concentrated -electrolytes and hybrid

electrodes

The aim with Paper VI was to investigate how the charge storage mechanism of a metal oxide
is affected by the transition from a strongly alkaline electrolyte to a HCE, and how the high
scan rate performance is compared to other systems using ILs and organic solvents as
electrolytes.

The HCE enabled an increased potential window, from 0.5 V in the alkaline electrolyte to 1.2
V in the HCE and as a result, the capacity of the VO, increased as well. In Figure 29 the CVs
of VO, alkaline 6 M KOH and neutral 8 m NaTFSI is compared at 10 and 100 mV/s. The broad
peak during oxidation and reduction is attributed to two redox-reactions occurring. In the KOH
electrolyte the narrower peak and reduced peak separation is attributed to the higher
conductivity of the electrolyte. The increased capacity can be explained by the suggested
reactions in Eq. 11.

V(IV)O; + aNa' + ae” <> Na,V(IV-a)O2 (11)

where the Na" is the cation in the electrolyte, the initial oxidation state of the vanadium atom is
assumed to be V** X is the number of electrons taking place in the reactions. The higher
capacity of VO in the 8 m NaTFSI electrolyte is explained by additional oxidation state
becoming available in the expanded potential window contributing with more electrons in Eq.
11.
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Figure 29. Comparing CVs of a VO; electrode in 8 m NaTFSI (top) at a) 10 mV/s and b) 100
mV/s and 6 M KOH at a) 10 mV/s and b) 100 mV/s.

The cycle lifetime was however not improved, the capacity decreased over just a couple of
hundred cycles. The poor capacity retention in Figure 30 compared to the KOH electrolyte
[153] can also be explained by the additional redox-reaction taking place when oxidized to 1.2
V, which causes dissolution or structural changes of the material surface in a similar way as ¢-
MnO: at lower potentials or due to electrolyte decomposition.
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Figure 30. The capacity retention of the VO, electrode cycled in 8 m NaTFSI.

The relative voltammetric capacity of the system was compared with that of TiO»/LP30 and
Ti02/0.5 M LiTFSI/EMIMTFSI systems despite the higher conductivity of the HCE, a lower
relative capacity was obtained, Figure 31. The relative voltammetric charge is higher in the
Ti02/LP30 system at all scan speed, despite having approximately the same conductivity as 0.5
M LiTFSI/EMIMTEFSI and considerably lower than the 8 m NaTFSI electrolyte. This behaviour
is explained by an easier Li-insertion in the LP30 electrolyte compared to the IL, where the
EMIM ions block the surface from the Li-ions together with a lower viscosity of the IL. At even
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faster scan speeds the double layer contribution dominates the charge storage at which point
the high electrical conductivity of the TiO; and slightly larger surface area is beneficial.
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Figure 31. Relative voltammetric discharge of VO; in 8§ m NaTFSI and TiO; in LP30 and 0.5
M LiTFSI/EMIMTESI at various scan speeds.

The results presented on the HCE/VO; system above are in good agreement with previous
results on VO2(B) materials, with no improvement in cycle stability and with a slightly lower
capacity [41] explained by the relatively low surface area of the VO, material, reducing the
contribution from surface-active redox reactions. The comparison between the relative
voltammetric charge show the importance of ensuring both a highly conducting electrode and
electrolyte.

6.3 The effect of material morphology and structure and the interaction

with organic solvent and ionic liquid electrolytes

In Paper I1, III, IV, V and VI the effect of the morphologies and structures of the electrodes
on the charge storage mechanism is also investigated. Showing the importance of nanoscaling
the particles to reduce unused volume and improve the capacity at high scan speeds.

In Figure 32 are SEM images of four different morphologies and three different materials.
Figure 32a shows the TiO» particles with the microbead morphology consisting of
nanocrystallites. It has an excellent cycle stability and provides high capacity even at a low
specific surface of 90 m?/g due to facile Li-insertion. Changing the VO, morphology from b to
c increases capacity significantly but only increases the surface area slightly, so the additional
capacity is explained by a slight change in the lattice parameter for the material in Figure 34c.
Figure 34d is of the MnO,»/CNF composite showing an individual carbon fiber coated with a
thin layer of MnO; with a hair-like texture.
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The improvement of changing from an electrode consisting of relatively large MnO, particles
to an electrode consisting of nanosized particles evenly distributed on a conductive substrate is
illustrated in Figure 33. The increased relative voltammetric charge is dramatically improved
in both electrolytes. However, using substrates with even higher surface area would be more
beneficial to further increase capacity of the electrode.
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Figure 33. The relative charge at different scan speeds for a-MnO; and e-MnO/CNF in EIM
TFSI and 0.5M LiTFSI/EMIM TFSI.

The change in atomic structure was discussed for VO; above, but was also considered for TiO».
Doping the TiO> microbeads improved the electronic conductivity of the material, without
affecting the nanocrystalline structure of the microbeads. The unique structure and morphology
of the TiO2 microbead induce an irreversible structure change of the surface in an ionic liquid
electrolyte. Seen in Figure 32.
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Figure 34. Comparison of the four first cycles of the different TiO, materials at 10 mV/s in
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The changes in shape of the CVs in the first cycle of the TiO, material doped with Nb is
attributed to the increased electrical conductivity. In the second to fourth cycle the shape of the
CVs changes, which is attributed to a lowered conductivity of electrode as a result of the
formation of new phases in the electrode. The structural change is unfortunately detrimental to
the high-power density. However, as seen in Figure 35, it has a positive effect on the cycle
lifetime, preventing the initial capacity fade seen when using the LP30 which is a common
feature of TiO in most other systems.
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Figure 35. Cycle lifetime of undoped TiO: cycled in 0.5 M LiTFSI/EMIM TFSI and LP30.
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7. Outlook

Considering the future research in this field, determining the oxidation number and change of
the MnQO; electrode in the protic IL would be of great interest to be able to compare the redox
reaction with conventional electrolytes. Further expansion of the research with more systems
of faradaic materials and other protic ILs, both negative and positive electrodes would be a
systematic study that could provide valuable understanding.

To design a full cell with IL induced redox reactions as the faradaic contribution would also be
interesting. It could also be tempting to try to design a cell with no metal parts, using self-
standing electrodes of conductive polymers and ionic liquid based electrolytes. High-
temperature operation for IL based systems is also interesting, especially with VO, due to its
low-temperature transition from insulator to metal at 80 °C which could enable a high
conductivity of the electrode and electrolyte. Regarding the TiO, material, investigating if the
stabilization process in the IL could be transferred to an organic electrolyte could be interesting.
Is it possible to avoid the initial capacity fade by first cycling the electrode in an ionic liquid
electrolyte?
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