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Abstract

Koriukina, T. 2023. Titanium-Based Negative Electrode Materials for Rechargeable
Batteries. In Search of the Redox Reactions. Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology 2257. 75 pp. Uppsala: Acta
Universitatis Upsaliensis. ISBN 978-91-513-1779-3.

Rechargeable batteries, particularly, lithium-ion batteries (LIBs) have proven to be stable and
reliable energy storage devices over the past few decades. The rapid demands regarding battery
applications and the pressure to move away from the fossil fuel era drive the search for new
materials for better rechargeable batteries for electric vehicles, renewable energy storage, and
portable electronics. In this context a deeper understanding of the electrochemical processes
governing the electrochemical behaviour of batteries is required. This thesis work investigates
the use of two titanium-based materials as negative electrode materials for lithium- and sodium-
ion batteries. The focus is on identifying the redox reactions responsible for the electrochemical
capacities observed for the materials. Having knowledge of the available redox reactions for
new materials used in batteries is crucial in predicting whether they can compete with existing
battery chemistries and be commercially viable.

One part of this thesis work examines the electrochemical behaviuor of a 2D titanium carbide,
Ti;C,T,, a member of the MXene family, in lithium- and sodium-ion batteries. The other part
explores an A-site cation deficient Lij 5Sro6T195sNbysO; (LO18STN) perovskite oxide, known
for its high lithium-ion conductivity, in LIBs. The electrodes were electrochemically evaluated
in pouch-cell batteries and analysed post hoc by means of X-ray photoelectron spectroscopy
and X-ray absorption spectroscopy.

The results indicate that only the surface Ti(I), Ti(II), Ti(IlI), and Ti(IV) titanium species
of the Ti;C,T, flakes participate in the redox reactions and give rise to the electrochemical
capacity. Furthermore, the restacking of individual flakes within the bulk of the Ti;C, 7, electrode
limits the electroactive surface of a freestanding Ti;C,T, electrode that is available for the redox
reactions. The reversible capacities of Ti;C, T, electrodes can be improved by long-term cycling
(an effect known as capacity activation) and heat treatment, as the surface titanium species
gradually oxidise to higher oxidation states, e.g., Ti(Ill) and Ti(IV), or transform to titanium
oxides Ti,Oy.

The results for LO18STN electrodes show that both titanium and niobium are redox active on
over-lithiation, that is, when more than one Li" was inserted per a vacant 4-site. The structural
reorganization during over-lithiation enabled access to diffusion paths for fast lithium-ion
diffusion even when a high concentration of lithium was inserted into the structure.

The findings of this thesis work thus indicate that a portion of the Ti;C,7, electrode is
electrochemically inactive when subjected to electrochemical cycling. This can be ascribed
to its structure and two-dimensional nature. As a result, Ti;C,T, cannot outperform existing
negative electrodes for lithium- or sodium-ion batteries. The results obtained for LO18STN
provide valuable information on the lithium-ion diffusion behaviours in 4-site cation deficient
perovskite oxides. In a broader sense, this thesis work emphasises the significance of employing
a multi-technique approach to obtain a good understanding of the underlying redox mechanisms
when analysing battery materials.
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1 knew well enough that one could fracture one's legs and arms and recover

afterward, but I did not know that you could fracture the brain in your head
and recover from that too.

Vincent van Gogh
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1. Introduction

1.1 Lithium- and sodium-ion rechargeable batteries

In modern society, the demand for renewable sources of energy is increasing
every year. This happens due to a variety of reasons, for example, in an attempt
to slow down climate change and achieve the goals of the Paris Agreement
(2016) [1], to decrease pollution of the environment associated with fossil fuel
extraction or usage [2, 3], due to geopolitical reasons [4], etc. The main factor
restricting humanity from switching to 100% renewable energy, besides the
cost, is that the production of renewable energy is intermittent [3, 5]. Most of
the time the peak of energy production does not match the peak of consumer
usage, for instance, solar panels are producing energy during the day (or sum-
mer) and the need for electricity is considerably higher during the evening (or
winter) when the sun is not shining. To be able to balance the grid, energy
storage devices could be part of the solution [5, 6].

Rechargeable batteries, especially, lithium-ion batteries (LIBs) have emerged
as very stable and reliable energy storage devices within the past couple of dec-
ades. We can find them in our smartphones, laptops, cordless vacuum cleaners,
electric bikes, scooters, and cars. LIBs have made us more mobile and they
succeeded in this by being quite high energy density energy storage devices.
The fact that the development of LIBs was awarded the Nobel prize in chem-
istry in 2019 only underlines the importance of this invention [7].

Of course, there are a lot of desirable qualities one wishes the perfect battery
to have. For example, a truly high energy density, a greener process of produc-
tion, an ability to recycle end-of-life batteries, short charging times, a low risk
of thermal runaway, a long cycle life, a low cost and ethical means of produc-
tion are some of the most important. Clearly, it is quite challenging to meet all
of these requirements within one system, hence sadly the perfect battery has
still not been invented [8, 9]. On the other hand, battery applications also vary,
influencing what kind of battery requirements will be the most essential. A car
battery, for example, should be light and compact which is synonymous with
a high volumetric energy density, while in the case of energy produced by a
solar panel or a wind turbine, which relies on stationary batteries, the battery’s
weight or volume will not be critical in the same way as the battery lifetime is
the overarching need. For these types of applications lower volumetric energy
storage devices could be used, an excellent example is sodium-ion batteries [5,
6].

To understand the driving force of battery research, it is important to under-
stand the way lithium- or sodium-ion batteries work. Their operational prin-
ciples are very similar. A typical LIB cell usually consists of two electrodes:
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the negative and the positive electrodes (or electrodes with lower and higher
lithium-ion insertion potentials), separated physically with a plastic separator
soaked in the electrolyte, Figure 1.1 [9, 10].
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Figure 1.1. Operational principle of a typical LIB cell on discharge (left) and charge
(right).

The electrolyte allows lithium ions to migrate and diffuse between the elec-
trodes, while the separator prevents electrical contact between them which
would otherwise result in short-circuiting of the cell. Typical “rocking chair”
battery electrode materials operate via an intercalation (or insertion) mechan-
ism, i.e., materials with a layered (or not) crystalline structure are used where
lithium ions can be inserted and deinserted without causing significant distor-
tions to the material’s structure. On discharge, electrons are produced at the
negative electrode (e.g., graphite composite electrode [10, 11]) during an oxid-
ation reaction and these then move through the external circuit to the positive
electrode (e.g., LiCoO2 composite electrode [8, 9, 11]) where a reduction oc-
curs. At the same time, lithium ions are deinserted from the negative electrode
and travel through the electrolyte (e.g., 1 M LiPFg in an ethyl carbonate and
diethyl carbonate (EC:DEC) 1:1 (v/v) solution) to get inserted into the posit-
ive electrode in order to maintain electroneutrality. On charge, the process is
reversed. The total amount of charge that can be stored in a cell is called the
capacity of the cell. The capacity of the cell is usually limited by the capacity
of one of its electrodes, most often the positive electrode. To be able to com-
pare different materials one often refers to a specific capacity: the capacity of
the material per unit of mass. A common unit of specific capacity is thus mAh
g [11],

If the electrochemical reaction is known, one can calculate the specific ca-
pacity of the material through Faraday’s law:

nkF

Q=361 (1.1
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where @ is the specific capacity (mAh g~!), n is the number of charge carriers,
F' is the Faraday’s constant (96485.33 C/mol) and M is the molar mass of
the host material. The energy density of a cell is the product of its specific
capacity (or volumetric capacity) and cell voltage. Thus, there are two ways
of increasing the energy density of a cell: by using electroactive materials with
high specific (or volumetric) capacities or by combining materials that yield
higher cell voltages.

Independent of the application, for a material to be a promising battery ma-
terial, several requirements have to be fulfilled. First and foremost, a battery
material has to undergo a reversible redox reaction involving the whole mass
of the material. Secondly, such a reaction should take place within a suitable
potential window (0 — 2.5 V for a material to be a negative electrode and 3.5
— 5 V for a material to be a positive electrode). Lastly, the material should
show better performance or be produced in a cheaper, greener, or more ethical
way to be able to outcompete already existing chemistries and be commercially
attractive.

1.1.1 Negative electrode materials

Historically lithium metal was used as the first negative electrode in rechargeable
lithium batteries [8, 11]. Lithium metal has undoubtedly the highest specific
capacity for lithium storage, 3860 mAh g—!, and the lowest standard potential,
0 V vs. Li™/Li [11]. The main issue of using lithium metal in a cell is coupled
to the lithium dendrite formation. The rough lithium metal surface leads to
preferential growth of the lithium during repeated deposition on cycling and
formation of needle-like structures, known as dendrites. Eventually, dend-
rites tend to reach the positive electrode causing short-circuiting of the battery,
which in turn could lead to thermal runaway. Being aware of this hazard, the
battery community moved to lithium metal-free batteries, LIBs.

In LIBs, scientists tend to distinguish between insertion, conversion, and al-
loying (negative) electrode materials based on the type of redox reaction hap-
pening on cycling [10].

Insertion materials

Insertion materials imply lithium ion insertion into their host structure without
causing much structure distortion [10, 11]. If we are talking about crystal-
line materials, the term topotactic transition is also used, meaning that upon
lithium-ion insertion the final structure is related to that of the original ma-
terial by one or more crystallographically equivalent, orientational relation-
ships [12]. The term intercalation materials is used when the structure of the
negative electrode is layered, while for other structures (for instance, spinel
structures) the term insertion materials is preferred. Disordered carbon ma-
terial was the first commercialised insertion-type negative electrode (by Sony,
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1991 [10, 11]). Graphite entered the market about five-six years later owing to
the finding of an electrolyte that prevented graphite’s exfoliation and allowed
lithium-ion intercalation into the structure and continues to be one of the most
common negative electrodes used commercially. The reason for this success
is its high specific (gravimetric) capacity, 372 mAh g~!, and relatively low
lithium-ion intercalation potential of ~0.2 V vs. Li*/Li for the

Co +Lit + e~ = CgLi (1.2)

redox reaction [13—15]. Other insertion-type negative electrode materials are,
for example, titanium dioxide, TiO», and lithium titanate, (LigTisO12, LTO).
Their insertion potentials are higher than that of graphite and their specific
capacities are lower in comparison with graphite. The insertion reaction for
T102 is

TiOs + 2 Lit + 2e~ = Li, TiOy (1.3)
(where 0 < x < 1). This insertion reaction takes place at ~1.8 V vs. Li*/Li,
and involves a partial reduction of titanium ions from Ti(IV) to Ti(IIl) which
yields a specific capacity of 168 mAh g~! if x = 0.5 is assumed [16—18]. For
LTO the insertion reaction is described as

LiyTi5Oq12 + 3 Lit + 3e~ = Li;TizOq9 (1.4)

i.e., reduction of three titanium ions from Ti(IV) to Ti(Ill) and yields 175 mAh
g_1 at ~1.55 V vs. Li"/Li [8, 11, 19]. The main advantage of TiOs and
LTO negative electrodes is safety: higher insertion potential means no risk
of lithium dendrite formation on cycling, while fast cycling usually promotes
dendrite formation on the surface of graphite.

Conversion materials

Conversion materials involve conversion from one structure to another upon
cycling, e.g., CupO +2e~ +2Li" =2Cu+LisO [20, 21]. Some other examples
of conversion materials are SnOs, CuO, FeoO3 [8, 21, 22]. The conversion
materials have relatively high theoretical capacities (from 500 to 1500 mAh
g~ 1) but suffer from a low degree of reversibility, low lithium-ion mobility,
and high volume expansion [20, 21].

Alloying materials

Alloying materials are those materials that form alloys with lithium, for ex-
ample, Si, Al and Sn [8, 23, 24]. During the alloying reaction, lithium ions
are reduced to lithium metal. One of the most attractive alloying materials is
silicon. Its theoretical capacity is 3600 mAh g~! and the alloying potential is
0.06 V vs. Li™/Li. However, silicon’s considerable volumetric expansion and
shrinkage on cycling can cause crack formation, loss of the contact with current
collector and continuous electrolyte degradation [8, 23, 24], which together
with diffusion-controlled lithium trapping result in considerable capacity loss
[25, 26] restricting commercial usage.
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1.2 MXenes

MXenes (pronounced “Maxines”) are a novel class of two-dimensional materi-
als which has obtained its name from the fact that they are produced from MAX
phases by etching away the 4-metal. MAX phases are layered, hexagonal
carbides and nitrides (space group P63/mmc) of the general formula: M, 14X,
where n=1-4, M is an early transition metal, 4 is an A-group (groups 13 and
14, e.g., Al or Si) element and X is either carbon and/or nitrogen [27]. MAX
phases exhibit a combination of properties of metallic and ceramic materials
and are known for their low density, low hardness, good machinability, high
chemical resistance, and thermal and electrical conductivity [27-29].

MXenes in turn are 2D transitional metal carbides or nitrides, with the gen-
eral formula M,, 11X, T, where n=1—4, and T is the termination group, com-
ing from the synthesis (-OH, =0, -F or -Cl). An example of an -OH terminated
TisCyo T, MXene is depicted in Figure 1.2C. MXenes were discovered in 2011
by a graduate research student, Michael Naguib, under the supervision of Prof
Michel Barsoum and Prof Yury Gogotsi, at Drexel University, Philadelphia,
PA, USA [30, 31]. The synthesis that Naguib et. al. used is MAX phase etch-
ing in a fluoride-containing acidic water solution with subsequent delamination
of accordion-shaped multilayered particles separated into 2D flakes via sonic-
ation, Figure 1.2. For the first reported MXene, TisCo T, TigAlCs (prepared
by ball-milling of TisAIC and TiC) and 50% concentrated HF solution was
used in the etching process [31].
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Figure 1.2. Schematic exfoliation process for TisAlC,. A: TigAlC, structure. B: Al
atoms replaced by OH after reaction with HF. C: Breakage of the hydrogen bonds and
separation of TizC2(OH)2 nanosheets. Adapted from [31].

Since there are 150 MAX phases reported to date [32], the discovery opened
a door into a world of a whole family of new and exciting 2D materials.

Due to their structure, MXenes can have a unique combination of proper-
ties, including high electrical conductivity and mechanical properties (due to
transition metal carbides/nitrides core); hydrophilicity (due to functionalised
surfaces), as well as a high negative zeta-potential, enabling stable colloidal
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solutions in water; efficient absorption of electromagnetic waves [33, 34] and
even antibacterial [35] and antiviral properties [36, 37]. MXenes have been
tested in various applications, including electrodes for lithium-ion [38—40],
sodium-ion [41-43], potassium-ion [44—46] and Mg-ion batteries [47, 48], sep-
arators for lithium- [49], zinc-ion [50] and magnesium sulphur [51] batteries,
current collectors for LIBs [52], supercapacitor electrodes [53—58], catalysts
for heterogeneous catalysis [59, 60], hydrogen evolution reaction [59, 61] and
other types of catalysis [59], as well as antennas for wireless communication
[62, 63].

With time some more advanced synthesis routes for MXenes were found.
Etching MAX phases in fluoride-containing water solution can be done not
only with HF of different concentrations [38, 64], but also with in situ formed
HF using a mixture of LiF and HCI [53, 64, 65] or with a mixture of HF and
HCI [66, 67]. The optimised method of MAX phase etching in LiF and HCI
solutions, referred to as MILD, facilitates single-flake manufacture and char-
acterisation [68]. Alternatively, Li et al. [69] showed that the aluminium layer
in TigAlC,T could be etched using a high-temperature hydrothermal approach
in a NaOH solution. Electrochemical etching of MAX phases into MXenes in
an ammonium chloride and tetramethylammonium hydroxide electrolyte was
first demonstrated by Yang et al. [70]. The etching of MAX phases can also
be water-free, Natu et al. [71] showed that it is possible to etch, and delamin-
ate, MXenes in organic polar solvents (e.g., propylene carbonate, acetonitrile,
dioxane. etc.) in the presence of ammonium dihydrogen fluoride, NH4HF.
Lastly, the possibility of etching MAX phases with Lewis acid molten salts,
such as ZnCly [72] or CuCls [73] was also demonstrated. As a result of such
a synthesis, MXenes uniformly terminated with C1~ can be obtained.

The synthesis route was found to affect the morphology of MXene powders,
for example, the most known accordion-like morphology is only observed
when TigAlC, is etched with concentrations of HF above 10% [42, 53, 64].
Some of the Ti3Cy T, powder morphologies can be found in Figure 1.3.

A decade after the discovery there are at least 30 MXenes synthesised. Some
examples are: TioCT,, TioNT,, VoCT, (n = 1); TizsCoTy, (Ti,V)oCT, (n =
2); NbyCsT,, MooTioC3T, (n = 3); (Mo,V)5C4T,. (n = 4) and Mo 33CT,,
(vacancy-containing i-MXene) [34, 74]. Despite this variety of MXenes that
has been synthesised, in practice more than 70% of all the research on MXenes
has been focused on the first discovered MXene, TizCo T, [34], the current
work included. Several studies claim that the material could be used as a neg-
ative electrode for lithium-, sodium- and other beyond lithium-ion batteries.
The specific capacity values that can be obtained for Ti3Cy7,, however, vary
a lot in the literature [39, 75-77]. At the beginning of these research studies it
was not certain if Ti3Co T, possesses an ability to be reduced or oxidised and
if so, to which extent. In other words, the storage mechanism for the material
in LIBs or beyond lithium-ion batteries was still a topic of discussion, and the
redox reaction responsible for the observed capacity was yet to be revealed.
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Figure 1.3. SEM images of (a) Ti3AlCy (MAX) powder showing the compact layered
structure and multilayered TisC2 T, powder synthesised with (b) 30 wt %, (c) 10 wt
%, and (d) 5 wt % HF. An accordion-like morphology was only observed for the 30
wt % HF etched powder (b). (e) Multilayered NH4-Ti3CsT',, powder synthesised with
ammonium hydrogen fluoride and (f) MILD-Ti3Co T, powder etched with 10 M LiF
in 9 M HCI, both showing the negligible opening of MXene lamellas, similar to what
was observed in 5F-TizC,T,.. Reprinted with permission from [64]. Copyright 2023
American Chemical Society.

1.3 A-site cation deficient perovskite oxides

The structural family of perovskites comprises compounds having crystal struc-
tures related to the mineral perovskite CaTiOs. This mineral was first dis-
covered by the German mineralogist Gustav Rose in 1839 and was named in
honour of the Russian mineralogist Lev Perovski (1792—-1856) [78, 79]. Per-
ovskite oxides are described by the general formula ABOs3, where large A-site
cations fill the cuboctahedral cavities created by the three-dimensional network
of corner linked BOg octahedra, Figure 1.4.

@ Assite @ B-site @ Oxygen

Figure 1.4. A: Cubic crystal structure of perovskite oxide showing the coordination
of the BOg octahedra. B: The vacant cuboctahedron 4015 (4-cage) formed from the
corner linked BOg octahedra. The surface of the cuboctahedron consists of six O4
square windows and eight O3 triangular faces of the regular BOg octahedra [80].
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Because of the large variety of 4 and B ions being compatible with the per-
ovskite structure, this family of materials is huge. One of the most interesting
features emerges when a vacancy on the 4-site is introduced. Such a structure
type is known as an 4-site cation deficient perovskite oxides. The exclusion of
A-site cations produces a vacant site large enough for small cation diffusion,
depicted in Figure 1.5. This property led to the works on lithium lanthanum ti-
tanates, Lig;Lay 3,011 /32, TiO3 (Where L is a vacancy) or LLTO, as solid-
state ionic conductors. In 1987 Belous et al. first reported the stability and
lithium-ion conduction behaviour of a perovskite-type LLTO [81] and in 1993
Inaguma et al. found that the bulk lithium-ion conductivity of LLTO could be
as high as 1072 S cm™! at room temperature [82].

Since then numerous works have been performed exploring the origins of
the high ionic conductivity and the possibility of using such deficient per-
ovskite oxides as solid ionic conductors. However, it was later found that
LLTO material has relatively lower ionic conductivity at grain boundaries (of
the order of 10~ S cm™!) and inserts lithium ions in contact with metallic lith-
ium [82-84]. The later discovery inspired works on using the material as an
insertion electrode material for LIBs instead. Chen and Amine [85] were the
first to demonstrate that it was possible to host significantly more than 1 Li* per
available 4-site cavity when LLTO was lithiated to 0 V vs. Li*/Li. Specific-
ally, Lag 55Lig.35TiO3 was able to reversibly insert 0.48 Li™ per formula unit
which corresponds to an average Lit A-site occupancy of 1.84. The concept
of inserting more than one Li™ per available 4-site during lithiation in a LIB
cell is going to be referred to as “over-lithiation” in this work. The concept
can potentially explain the capacities that were previously observed for some
of the A4-site cation deficient perovskite oxides. For instance, it was recently
reported that Li; 5La; s WOg [86] shows a reversible capacity of ~125 mAh
g~!, and that computational modelling predicts that up to 4 Li* can occupy a
single A-site of Liz gLa; 5 WOg during over-lithiation. A reversible capacity of
~225 mAh g1 was also reported for Lag 5Lig 5TiO3 at 1C rate for over 3000
cycles. While a portion of the capacity was suggested to arise from the intrinsic
pseudocapacitance of the material, it demonstrates that a high concentration of
lithium can be reversibly inserted into the structure [87].

The first attempts to explain the lithium-ion conductivity were based on the
site percolation model. The idea is that lithium ions are hopping from one va-
cant 4-site directly into an adjacent vacant 4-site. In a cubic arrangement of
vacant sites, significant diffusion only occurs if there are > 0.34 vacant 4-sites,
see Figure 1.54. According to this model, on average at least 2/6 O4 windows
in a cuboctahedron connect to another cuboctahedron that is vacant or contains
a mobile cation, ensuring a continuous pathway. Furthermore, lithium-ion dif-
fusion, in this case, is found to be reduced by the size of oxygen windows
acting as bottlenecks between vacant sites [88, 89] and the strength of the Li-
O bonding [90, 91].
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The site-percolation model, however, appeared to be insufficient for de-
scribing lithium-ion mobility in perovskites adopting orthorhombic and rhom-
bohedral symmetry, where lithium-ions are located in the centres of O4 win-
dows between the cuboctahedral 4-site cavities. The bond percolation model
was suggested instead [80, 92-94]. According to this model, the Li™ diffusion
pathways lie between the face centres of two adjacent O4 windows. Therefore,
for one Li™ within the O4 window, there are eight nearby sites in two adjacent
A-site cavities into which it can move, four of these paths are shown in Figure
1.5B. It was also found that highly charged La3* affects the lithium-ion diffu-
sion paths: if Oy sites are adjacent to La%*, then lithium-ion diffusion through
them is hindered [95]. This is why incorporating a cation with a lower charge
should potentially improve the conduction properties of deficient perovskite
oxides at higher lithium content. To this end, the Lig,Sri_,_,Ti;_2;Nbo,O3
(LSTN) family of compounds was investigated as an alternative, where La3*
ions are substituted with Sr>*. Moreover, since Sr?* has a larger ionic radius
than La®t (1.44 A vs. 1.06 A, respectively [90]), it creates larger A site cavit-
ies and presumably improves the conductivity [96]. Previous studies have also
shown that Sr’*-based deficient perovskite oxides tend to adopt cubic struc-
tures with a random distribution of entities occupying the A4-site which leads
to the formation of three-dimensional diffusion pathways [97, 98].

Figure 1.5. A: Site percolation mechanism involving lithium ions diffusion pathways
between two cuboctahedra and B: Bond percolation mechanism involving lithium ions
diffusion pathways between two cuboctahedra. In the latter case, all jump paths of
the first lithium-ion are shown, and then only one possible conduction path is drawn
thereafter. The oxygen atoms are not shown for clarity. Red arrows show fast lithium
hopping paths and the purple arrows indicate relatively slower hopping paths.
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2. Scope of the thesis

The scope of this thesis is to close the knowledge gap about the Ti3Co 7', en-
ergy storage mechanism, explain the redox reactions possible for the Ti3Ca T,
in lithium- and sodium-ion batteries and evaluate if it is scientifically interest-
ing to use this material as a negative electrode in these systems. Paper I is
dedicated to revealing the redox reactions that are taking place upon TizCa T,
cycling in a LIB cell and that are responsible for the observed reversible and
irreversible capacities. In Paper II the phenomenon of electrochemical capa-
city activation upon TizCy T, cycling in sodium-ion (and partly in a LIB) cells
is discussed, and the electrochemical performance of TizCo 7', is compared to
that of TiO which is relatively well-studied. Paper III aims to improve the
electrochemical performance of TigsCo T, in LIB cells based on the knowledge
gained from Paper I and Paper I1.

Part of this thesis (Paper 1V) is dedicated to studying the redox activity and
structure transformations in another Ti-based battery material, the A-site cation
deficient perovskite oxides oxide Lig.18Srg 66 Tig 5sNbg 503 (Li018STN), dur-
ing over-lithiation. A-site cation deficient perovskite oxides are known for
their high solid-state ion conductivity. However, the location of lithium ions
in the structure, the lithium-ion diffusion mechanism, and the source of the
observed reversible capacity are not yet fully understood when it comes to
electrochemical cycling. Paper IV aims to understand the structural origins
of the lithium-ion mobility behaviour in Li018STN during over-lithiation, i.e.,
when more than one lithium ion per A-site is inserted. In addition, the source of
the observed reversible capacity, the diffusion paths available for lithium-ions
upon cycling and how they are altered on over-lithiation are investigated.
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3. Methods

3.1 Synthesis and electrode preparation
3.1.1 Ti3CoT, MXene

For this thesis work all the TisCo T, MXenes were obtained in a form of col-
loidal suspensions in deionised water that was synthesised by Dr Joseph Halim
at Linkoping University. In Papers I and II the suspensions came from a
TigCo T, -LiF synthesis, while in Paper I1I the electrochemical performances
of TigCo T, MXene coming from two different syntheses, TigCoT,.-LiF and
TizCo T, -HF, were compared. The syntheses differ with respect to the etching
agent used to etch the Al layers in the Ti3AlCy MAX phase (the Ti3AlCy syn-
thesis is described in [99]). One utilises an HCI1 + LiF mixture, while the other
uses an HC1 + HF mixture. Both of the procedures are described below as well
as in Figure 3.1.

Ti3Cs T ,-LiF synthesis: to convert the TigAICs to TisCy T, flakes, 0.5 g
of Ti3AlC, powder was added to a premixed 10 ml aqueous solution of 12 M
HCI (Fisher, technical grade) and 2.3 M LiF (Alfa Aesar, 98+%) in a Teflon
bottle. Prior to adding the Ti3AlC, powder to the HCI + LiF solution, this
solution was placed in an ice bath. After adding the Ti3 AlCy powder, the whole
mixture was kept in the ice bath for 30 minutes. This was done to avoid the
initial overheating that can result from the exothermic nature of the aluminium
etching reaction. The Teflon bottle was then placed on a magnetic stirrer hot
plate in an oil bath and held at 35 °C for 24 hours. After the completion of
the reaction, the mixture was washed three times with 40 ml of 1 M HCI to
remove excess LiF, followed by three washings with 40 ml of 1 M LiCl (Alfa
Aesar, 98+%). The mixture was subsequently repeatedly washed with 40 ml of
distilled water until a dark black supernatant containing delaminated TizCy 7,
flakes was observed. The resulting suspension was then centrifuged for 20
minutes at 2000 rpm to produce the Ti3C, T, colloidal aqueous solution with
a concentration of ~3.3 mg/mL. Further details regarding the synthesis can be
found in the article published by Ghidiu et al. [53].

Ti3Co T,-HF synthesis: 1 g of TisAlC, powder was added to a mixture
of 12 mL HCI (Fisher, 36.5%, Technical grade), 6 mL H5O, and 2 mL HF
(VWR Chemicals, 48%, AnalaR NORMAPUR® analytical reagent, Sweden),
the concentration of HCI was 7.1 M and the concentration of HF 2.7 M, and
the mixture was left stirring for 24 hours at 35 °C. Afterwards, the mixture
was washed with deionised water through several cycles each of 40 mL, each
time the mixture was centrifuged at 6000 rpm for 1 min followed by decanting
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Figure 3.1. A schematic description of the Ti3CyT,-LiF (left) and Ti3C, T, -HF syn-
thesis routes (right). The blue rectangles indicate the etching steps, the green rectangles
indicate washings, the pink rectangles indicate the delamination steps, and the golden

rectangle indicates the vacuum filtration step.
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of the supernatant, the washing was done till the pH reached ~6. After wash-
ing, the final mixture was vacuum filtered to obtain the multilayered powder
and 1 g was then added to a 5.7 M LiCl solution (6 g of LiCl (Alfa Aesar,
98+%) dissolved in 25 mL of deionised water) and stirred for 24 hours at room
temperature. For delamination, the mixture was washed with deionised water
through several cycles each of 40 mL of water, the washing was stopped once
a black supernatant was observed after centrifugation at 6000 rpm for 1 min.
After that 40 mL of water was added to the sediment and was shaken for 5 min
using the Vortex shaker (Sigma-Aldrich, CLS6776, Corning® LSE™) at 1700
rpm followed by centrifugation for 1 hour at 2500 rpm to obtain a supernatant
of a colloidal suspension of single to few layers of Ti3C27,. The concentration
of the obtained suspension was ~2 mg/mL.

The Ti3Co T, suspensions were then sealed under argon in glass vials with
a rubber septum and sent to Uppsala University. Since the Ti3Co T, suspen-
sions are prone to oxidation, the manufacturing of the TigsCs T, freestanding
films was done within a week after puncturing a vial’s septum with a syringe
needle. After that, the vial was covered with a piece of parafilm to minimise
the Ti3Cy T, suspension exposure to air. About five millilitres of the suspen-
sion was vacuum filtrated through a 3501 Coated PP (polypropylene) Celgard
membrane and left to dry in air to obtain a circular 45 mm in diameter and 5-
7 um thick TisCo T, MXene freestanding film. Freestanding electrodes were
manufactured by punching the obtained films into circular electrodes with a
diameter of either 7 mm and a mass loading of about 1.3 mg cm~2 or a dia-
meter of 10 mm with a mass loading of about 1.7 mg cm~2. The choice of the
freestanding design for the electrodes was dictated by the idea of excluding
the contributions from binders or conductive additives to the electrochemical
cycling behaviours. In order to slow down the Ti3C2 T, oxidation of the elec-
trodes due to their contact with water and air, the electrodes were transferred
into the glove box shortly after their manufacturing. Prior to the cell assembly,
the electrodes were dried at 120 °C for 16 hours in a vacuum oven located in
a glove box, if not stated otherwise.

3.1.2 TiO; nanotubes and nanoparticles

Amorphous ~4.2 um long TiO3 nanotubes were manufactured through anod-
isation of a piece of titanium metal foil (0.125 mm thick, 99.6+% purity, Ad-
vent) of dimensions 1.5 cm x 1.5 cm in a two-electrode system as previously
described [100-102]. The system comprised a platinum cathode, a titanium
anode, an electrolyte consisting of 1 M NHyF solution in 90 vol.% ethylene
glycol (99.5% purity, <0.1 wt.% of HoO) and 10 vol.% deionised water, as
well as a DC power source (SM7020-D, Delta Elektronika). The anodisation
of the titanium foil included two steps: 4-hour anodisation at 60 V and 30
min anodisation at 60 V. The obtained nanotube layer after the first anodisa-
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tion step was removed by sonication in deionised water in order to expose the
underlying textured titanium substrate. This textured substrate underwent the
second anodisation step resulting in a morphologically more ordered structure.
After the anodisation, the amorphous TiO2 nanotube samples were rinsed in
deionised water and dried in a flow of nitrogen.

Crystalline anatase TiO2 nanotubes were prepared by annealing the amorph-
ous TiOs nanotube samples. The annealing took place in air at 350 °C for 5
hours employing a heating rate of 6 °C min~! starting at room temperature.
After the annealing, the samples were left to cool down inside the furnace.

The obtained TiO2 nanotube samples were then used as electrodes in sodium-
ion cells. The TiO2 nanotubes were standing on the titanium substrate. These
electrodes were thus binder-free and were placed directly on an Al current col-
lector.

TiO4 nanoparticle composite electrodes were manufactured via doctor blade
slurry casting on copper foil. The slurry contained 80 wt.% of 5 = 1 nm
sized crystalline anatase TiO2 nanoparticles manufactured using a rapid hy-
drothermal route [103], 10 wt.% carboxymethyl cellulose binder (CMC-Na,
d.s. 0.78, PA2000, Dow chemicals) and 10 wt.% carbon black (C-Nergy Su-
per C65, Imerys Graphites & Carbon) dissolved in deionised water.

Before cell assembly, all the TiO5 electrodes were dried at 120 °C for 5
hours in a vacuum oven located in a glove box.

3.1.3 A-site cation deficient perovskite oxide Li018STN

Polycrystalline samples of Li018STN were prepared by heating stoichiometric
quantities of LisCO3 (Merck, 99%), SrCO3 (Aldrich, 99.9+%), TiO5 (Aithaca,
99.995%) and NbsOs (Aithaca, 99.998 %) to 950 °C for 15 hours. The pre-
pared pellets were heated at 1190 °C for 48 hours and then quenched in air.
Electrodes for electrochemical cycling and X-ray photoelectron spectroscopy
analysis were prepared by mixing LO18STN, carbon black (Super C65, Imerys)
and polyvinylidene fluoride (PVDF, Kynar PVDF HSV 900) in a 80:10:10
weight ratio with ~1 mL of N-methyl-2-pyrroli-done (NMP, >99.5%, GPR
RECTAPUR) in a mixer mill to form a slurry. The slurry was then cast with
a doctor blade casting machine onto a 20 pum thick copper foil with a 100 pm
notch bar. In order to evaporate the NMP the cast electrode was kept at 70
°C for 2 hours and then at room temperature overnight. Electrodes of 13 mm
diameter where then punched from the resulting coating. The active material
mass loading of obtained electrodes varied between 5.5 and 6 mg cm™2. Prior
to the assembly, the composite electrodes were dried at 120 °C for 15 hours in
a vacuum oven located in a glovebox.
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3.2 Cell assembly and testing

The cells were assembled in argon-filled gloveboxes with oxygen and water
contents < 1 ppm. The pouch cell two-electrode design was employed: the
working electrode was separated from an 11 mm circular lithium or sodium
metal foil combined reference and counter electrode with a circular 17 mm
Celgard 2325 separator soaked in a 1 M LiPFg in 1:1 (v/v) EC:DEC solution
or two of these separators soaked in a 1 molal sodium bis(fluorosulfonyl)imide
(NaFSI) in a tetraethylene glycol dimethyl ether (TEG-DME) solution. When
assembling a lithium half-cell, copper current collectors were used, while in
the case of using sodium as a counter and reference electrode — aluminium
current collectors were utilised. The cells were assembled mostly using pouch
cell design, but in some cases, coin cells were used instead. Electrochemical
cycling was performed on an Arbin BT-2043 Battery Test System and an MPG-
2 battery tester.

Constant current (CC) cycling is electrochemical cycling that implies ap-
plying a constant current in order to charge and discharge a cell at a certain
rate. The rate of cycling is usually expressed as the C-rate, where C is the cur-
rent required to charge or discharge the full capacity of a cell within one hour.
If the capacity of the material is unknown, a fixed value of charge/discharge
current per unit of mass or unit of area is used instead. The technique is used
for finding out the specific capacity and/or rate capability of an electrode ma-
terial, as well as the coulombic efficiency during cycling. In the case of the
negative electrode materials, the coulombic efficiency is defined as a ratio of
the delithiation (oxidation) capacity to the lithiation (reduction) capacity for
a chosen cycle. In this thesis, CC cycling is used to evaluate the reversible
and irreversible specific capacities together with the coulombic efficiencies of
TigCo T /L1, TigCyT,/Na and Li018STN/Li cells during cycling.

Cyclic voltammetry (CV) is a technique that employs a discrete (staircase)
sweep of the DC potential. One typically scans the potential window of in-
terest with a certain scan rate to be able to track any redox reaction happening
within this window. If a device is showing capacitive behaviour the response
appears as a rectangle in the cyclic voltammogram. If there are reversible ox-
idation and reduction taking place, the cyclic voltammogram shows a pair (or
multiple pairs) of reduction and oxidation peak(s). CV was used to reveal and
identify the redox reactions taking place in TisCoT,/Li, TigCoT,/Na, TiOo/Na
and Li018STN/Li cells.

Intermittent current interruption (ICI) is a technique that is considered to be
a fast alternative to the galvanostatic intermittent titration technique (GITT).
ICI is usually coupled with CC, meaning that during the usual constant current
cycling, a short pause in the applied current is introduced at regular intervals
[104]. By analysing the potential change (A F) during the current interruption,
an internal resistance (R), representing the sum of the electronic, ionic, and
charge-transfer resistances, and a diffusion resistance coefficient (k), can be
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obtained from the relationship:
AE = —IR— Ikt (3.1)

where ¢ is the time since the current was switched off. The diffusion resist-
ance coefficient k is proportional to the coefficient of a Warburg element (o)
used in electrochemical impedance spectroscopy [105] and can be used to de-
duce the diffusion coefficient of lithium ions, D; ", in an insertion electrode
material according to a previously reported method [106]:

dEoc \ 2
4 [V " dt;
Driv =~ | = 2
L =2\ s 1k (3.2)

where V' is the molar volume, S is the electrochemically active surface area,

dEoc
dty

time where the current is applied, which in the ICI method is approximated

by the IR-drop corrected pseudo-OCP slope [106]. In some cases when the
electrochemically active surface area of the sample is unknown a lithium-ion
mobility (mz; T = Dr;t S? V=2) could be used instead. From equation 3.2
we get the expression for the lithium-ion mobility:

is the derivative of open-circuit potential (OCP) with respect to the

dEoc \ *
dty

Ik

(3.3)

Mmri+ = —

The ICI technique was used in Paper IV to track the internal resistance of
the LiO18STN/Li cell on CC cycling and observe the change in lithium-ion
mobility within the Li018STN electrode during over-lithiation.

Electrochemical impedance spectroscopy (EILS) is a technique that is super-
imposing an oscillating electric potential of a small amplitude on a DC po-
tential while the alternating current is measured. Impedance is thus the ratio
between the alternating voltage and the alternating current. The data is usually
presented in the form of a Nyquist plot, where the imaginary part of the imped-
ance (Z”) is plotted versus the real part of the impedance (Z’). Fitting EIS data
to a meaningful equivalent circuit could be quite challenging since a good fit
does not necessarily mean that chosen equivalent circuit has a physical mean-
ing. EIS was used in Paper II to evaluate when charge transfer or diffusion
was controlling the redox reaction seen for TisCa T, in TigCy7T,/Na cell and
if the structure of freestanding Ti3C27, MXene electrode was changed dur-
ing cycling using two different cut-off potentials. EIS was also used in Paper
IV to evaluate the ionic conductivity of a pristine Li0O18STN (pressed into a
pellet and sintered) at room temperature. A two-electrode Swagelok cell with
stainless steel blocking electrodes was used for this purpose.
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3.3 Spectroscopic techniques

The depths of analysis of the spectroscopic techniques used in this thesis are
schematically presented in comparison with the thickness of a sodiated or lith-
iated Ti3Cy T, electrode in Figure 3.2. Such evaluations are rough estimations
based on the mean free path of the electrons with specific kinetic energies
[107-110].

X-ray photoelectron spectroscopy (XPS) is a technique used for surface ana-
lysis, typically the depth of probing is several nanometers. It is a photon-in
— electron out technique, meaning that an X-ray source is used to produce
photons which upon interaction with a sample are knocking out electrons from
the atom’s orbit. Electrons are then collected with an analyser and, by meas-
uring the kinetic energy of these, one can extract their binding energy through
the photoelectric effect equation:

Eg=hv—Eg—¢ (3.4)

where Ep is the binding energy and E is the kinetic energy of the re-
gistered photoelectron, hv is the incoming photon energy and ¢ is the work
function of the instrument.

XAS in
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s

® Na7/Li*
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e
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sodiated/lithiated Ti;C,T, electrode

Figure 3.2. The depths of analysis of the used spectroscopic techniques in comparison
with the thickness of a sodiated or lithiated Ti3C, T, freestanding electrode.
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Based on binding energy, information about the elemental composition of
the sample and the oxidation states of specific elements can be obtained. In
this thesis, XPS was used to evaluate the oxidation state of titanium in TigCy T
and of both titanium and niobium in LSTN as well as to get information about
species present on the surfaces of pristine, heat-treated, sodium-deposited or
cycled TizCqoT, electrodes. The XPS data was analysed with the CasaXPS
software [111]. The binding energy calibration of the spectra was performed
by referencing all the spectra to the Cls peak originating from the Ti-C peak
located at 282.0 eV (Papers L, II and III), or to the C1s hydrocarbon peak at
284.8 eV (Paper 1V). The ratio of the Ti-C peak area within the Ti2p region to
the Ti-C peak area within the C1s region for TisCo 7, was found to be relatively
constant in Paper I and, was therefore, fixed to be constant in Papers I1 and
III. The ratio between the areas of the 2p 1/2 Ti(IV) and 2p 1/2 Ti(IIl) peaks
as well as between the areas of the 3d 5/2 Nb(V) and 3d 5/2 Nb(IV) peaks was
used to evaluate the ratio between the Ti(IV) and Ti(III) species and between
the Nb(V) and Nb(IV) species in Lig 18+.S10.66 Ti0.5Nbg 503 electrodes, re-
spectively.

The in-house XPS data included in Papers I and IV was collected with a
PHI-5500 instrument using Al-Ka radiation (1486.6 eV) and an electron emis-
sion angle of 45°, pass energy of 23.5 ¢V, a step size of 0.1 eV, and time per
step of 100 mS. For the XPS data included in Papers I1 and I11, a Kratos AXIS
Supra™ X-ray photoelectron spectrometer was used. A take-off angle of 90°
with respect to the sample surface, pass energy of 20 eV, step size 0.1 eV was
used for these XPS measurements. The beam-size was 700 x 300 pm. In Pa-
per II a floating sample with charge neutralization was used, while in Paper
III a sample was grounded during the measurements.

In Paper I1I in situ heating XPS measurements were also performed. The
heating (and cooling) of the films was performed directly in the analyser cham-
ber where the XPS measurements took place. The pressure in the analyser
chamber was < 6.7 x 10~ mbar prior to heating and stayed below 6.7 x 10~7
mbar during the measurements. The sample holder with the TisCo7,, film
screwed on was heated to a desired temperature and kept there for 5 minutes
prior to measurement. The temperatures used in the in situ XPS heating ex-
periments varied from room temperature to 775 °C.

Hard X-ray photoelectron spectroscopy (HAXPES) is a rather similar tech-
nique with the only difference being that it utilises higher photon energies in
comparison with XPS and thus the probing depth is larger than that of XPS.
The radiation sources used for HAXPES are typically silver or gallium anodes
or synchrotrons. By combining data collected with XPS and HAXPES for the
same sample one can obtain non-destructive elemental depth profiles. In this
thesis, HAXPES was used to study the underlying surfaces of cycled or sodium
deposited TizCo T, electrodes. The in-house HAXPES data in Paper II was
collected with a Kratos AXIS Supra™ X-ray photoelectron spectrometer using
Ag-L,, radiation (2984.2 eV), a take-off angle of 90°, pass energy of 40 eV,

28



and a step size of 0.1 eV while the HAXPES data in Paper I was collected at
the 109 beamline at the Diamond Light Source, Harwell, Oxfordshire, UK. In
this case, a photon energy of 2.35 keV, pass energy of 70 eV, and a step size
of 0.1 eV were used.

X-ray absorption spectroscopy (XAS) is yet another powerful spectroscopy
technique that is allowing the identification of the electronic structure and the
oxidation state of elements of interest. The technique is based on photon en-
ergy tuning when exciting the core-level electrons and probing the absorption
edge of a specific element in the sample. Depending on the set-up, it could be
either surface- or bulk-sensitive. In Paper I bulk sensitive XAS measurements
on pristine and cycled Ti3Cy T, electrodes in the transmission mode were per-
formed at the BALDER beamline, MAX IV Laboratory, Lund, Sweden, while
surface-sensitive XAS measurements with a total electron yield (TEY) detector
were performed at the 109 beamline, Diamond Light Source, Harwell, Oxford-
shire, UK. In Paper II the XAS data was collected for pristine and cycled
TigCo T, electrodes with a TEY (sample drain current was used) and a partial
fluorescent yield (PFY; Sirius 70 mm? active area SDD (Rayspec)) detectors
at the FlexPES beamline at MAX IV Laboratory, Lund, Sweden. Since the
TEY detector is more surface-sensitive than the PFY detector, one can ob-
tain information about the oxidation state of titanium closer to the surface and
deeper into the bulk of the TisCs T, electrodes. The X-ray Absorption Near
Edge Structure (XANES) spectra were processed with the ATHENA software
package [112], and EO was found as the first peak of the first derivative of u(E).
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4. Results and discussion

4.1 Ti3CoT, MXene in lithium- and sodium-ion
batteries

Attempts to produce new two-dimensional materials with unique properties led
to the discovery of MXenes in 2011. At a very early stage of MXene research
theoretical and experimental studies on the use of Ti3Co T, in LIBs were car-
ried out. Already in the first paper on Ti3Cy7 ', computational calculations
were run to predict the theoretical capacity of the material, indicating a capa-
city of 320 mAh g~! for the lithium-ion intercalation into the space that used
to be occupied by aluminium in the MAX phase via the reaction [31]:

TisCy 4+ 2Li" + 2~ = Ti3CsLis 4.1)

This specific capacity is comparable with the one for graphite and therefore
potentially interesting. Tang et al. have reported similar results based on the
density functional theory [113] for lithium adsorption on a bare TizCs sheet
(320 mAh g—') as well as calculated the specific capacity for functionalised
TigCso T, sheets. In the case of lithium adsorption on the terminated TizCa T,
MXene sheet, the capacity was 130 mAh g—! for the F-terminated Ti3CoF5 and
67 mAh g—! for the OH-terminated Ti3C2(OH),. The standard potentials for
the lithiation reaction of the TizCsq, TizCoF2 and Ti3Co(OH)o were estimated
to be 0.62 V, 0.56 V and 0.14 V vs. Li"/Li, respectively. These values are
comparable with the intercalation potential of ~0.2 V vs. Li*/Li for graphite,
and make it reasonable to assume that, similarly to graphite, the carbon in
Ti3Co T, should undergo reduction at these potentials. Since it was shown that
synthesised Ti3Co T, flakes are always terminated [114, 115], the practically
observed capacities should be lower than 320 mAh g~! and stem from the
reaction

TisCoT), + 2LiT + 2e~ = Ti3CaT,Lis 4.2)

The first practical evaluation of the Ti3Cy T, specific capacity, where 7 was
a mixture of -OH, -F and =O terminations, showed, however, an even higher
reversible capacity on cycling, 410 mAh g~! at 1C for over 100 cycles [39].
In an attempt to explain this discrepancy between the theoretically and prac-
tically obtained values, new computational calculations were published, where
the higher experimental capacities were interpreted by assuming that already
lithiated Ti3C20O9Liy adsorbed an extra layer of lithium [116]. The reasoning
behind this explanation, however, seems implausible, as will be shown below.
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Nevertheless, this explanation arose due to the fact that the experimental XAS
results showed only a minor change in the oxidation state change of titanium
in Ti3Cy T, upon cycling which was not able to explain the observed capacity
on the first cycle.

The redox reaction, Equation 4.2, raised questions regarding the origin of
the capacity seen for Ti3Cy T, electrodes cycling in LIBs, as it was not spe-
cified which element underwent the reduction, titanium and/or carbon. Other
issues such as the significantly different capacities reported for Ti3Co 7, elec-
trodes [76, 77] in LIBs, and the origin of the large irreversible capacity, often
seen on the first cycles [39], were neither properly explained. Moreover, it
was also suggested that TisCy 7', electrodes can yield high capacities in Na-
ion batteries (SIBs), with a predicted capacity of 300 mAh g—! for Ti3C20,
[117] and practically achieved capacity of 100 mAh g=! at20 mA g~* [118] or
50 mA g~ [119] and even 160 mAh g~' at 20 mA g~ ! if a water-free TisCo T,
synthesis is used [71]. Lastly, an increase of the TizCo T, electrodes capacity
upon cycling in LIBs (“activation”) was reported in the literature [75, 120],
and the origin of this phenomenon remains a subject of debate.

4.1.1 Origin of the capacity

The suggested redox reaction for the Ti3Co T, electrode, Equation 4.2, was fur-
ther discussed in Paper 1. It was investigated if this reaction really takes place
upon the cycling of TisCo T, electrodes in LIBs and which element, titanium
or carbon, undergoes the reduction on lithiation.

To be able to specify the redox reaction, it is important to first identify the
oxidation states of both titanium and carbon in the Ti3Cy T, flake.

An analysis of the chemical reactions taking place during the synthesis of
TizCo T, for example, the reaction
TizCs +2 HoO =TigCy(OH), +Hs [31], shows that this reaction can be divided
into the following reduction and oxidation reactions:
2 HO+2 e~ =2 OH™ + Hj (reduction),
TigCq + 2 OH™ = TizgCo(OH)2 + 2 ¢~ (oxidation).

The relevant standard reduction potentials for titanium and carbon are

Ti*T +2e” =Ti, E° = 1.4V vs.Li" /Li 4.3)

COy+4H" +4e” =C+2H,0, E® =32V vs. Li"/Li (4.4)

respectively. As it can be seen from the standard reduction potentials, titanium
is more easily oxidised than carbon, therefore the above-mentioned oxidation
reaction should mainly involve the titanium and then predominantly the ti-
tanium that is present on the surfaces of the TisCo T, flakes. In Figure 4.1C,
two different titanium species in a Ti3Co T, flake are shown: Ti2 in the surface
T.-Ti-C layer and Til in the core Ti-C layer of the flake.
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According to the above-mentioned TisC2OHs oxidation reaction during the
synthesis, two Ti2 should be oxidised to Ti(I) each, while Til should have an
oxidation state of 0. Here it should be noted that carbon is a poor oxidising
agent and hence unable to oxidise titanium. Moreover the Ti-C peak attrib-
uted to the core Ti-C layer of the TizCsoT ', flake remained pronounced and
unchanged for the electrodes analysed post hoc with XPS, that is why it was
concluded that Til species were electroinactive. The average titanium oxid-
ation state in the TisCo T, flake should then be quite low, +0.67. Reversible

cycling of 0.67 e~ per formula unit would result in a capacity of ~84 mAh g~!,
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Figure 4.1. A: The lithiation (reduction) and delithiation (oxidation) capacities as
well as the coulombic efficiency as a function of the cycle number for a freestand-
ing TisCs T, electrode for constant current cycling with a current density of 10 mA
g~ ! from 0.01 to 3 V vs. LiT/Li. B: cyclic voltammograms recorded for an analogous
electrode at a scan rate of 0.1 mV s~!. C: Schematic illustrations depicting a freestand-
ing TigC2(OH), electrode (top left), a magnification of the TisCy T, flakes within the
bulk of the electrode (bottom) as well as the structure of an individual i3C, T, MXene
flake (top right). Til denotes the titanium in the Ti-C layer, whereas Ti2 denotes the
titanium in a 7',.-Ti-C layer.
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according to Equation 1.1 and using the averaged molar mass of a TizCa T,
flake, 215 g mol~'. If the flakes are exposed to air or water, the oxidation of
titanium to TiOg should spontaneously occur [121, 122]. The oxidation of ti-
tanium metal to TiOo, where titanium has the oxidation state of (IV), involves
the sequential loss of four electrons, meaning that the oxidation should involve
Ti(I), Ti(II), and Ti(IIl) oxidation states as intermediate species. This means
that the titanium in the Ti2 s can be present in the oxidation states of Ti(I, 11, I,
IV) depending on the experimental conditions. These titanium species should
be able to take part in the redox reactions and contribute to the lithiation and
delithiation capacities.

Which redox reactions are possible for Ti2(I, II, III, IV) species? As was
mentioned above, the standard potential for the Ti(II)/Ti(0) redox reaction is
1.4 V vs. Li*/Li, meaning that at potentials below this value, titanium should
exist in the elemental state, and the lithiation (reduction) of Ti(l, II, III, IV)
species should take place at potentials above 1.4 V vs. Li™/Li. If TiOy is
present on the surface, its lithiation should take place at a potential of about
1.8 V vs. Li*/Li, according to Equation 1.3 (typically with the reduction peak
at ~1.6 V and the oxidation peak at ~2 V vs. Li*/Li), while a conversion
reaction

TiOs +4LiT +4e~ = Ti + 2Lix0 (4.5)
could be expected at about 0.6 V vs. Li*/Li. Carbon can theoretically be
reduced to LisCo, and such a reaction would look like

2C +2LiT 4+ 2e” = LiyCy (4.6)

and appear in the vicinity of 0.3 V vs. Li*/Li.

Which of the redox reactions, corresponding to Equation 4.3, Equation 4.5,
or Equation 4.6, are taking place upon TizCs T, electrode cycling in a LIB and
hence contribute to the capacity? The very first observation when looking at
the CC cycling data was that the capacity of a freestanding TizCoT); electrode
was ~67 mAh g~! when cycled at 10 mA g~! for 30 cycles, Figure 4.14,
which is considerably lower than the predicted 320 mAh g~! and previously
observed 410 mAh g~!. Moreover, this performance is considered to be poor
in comparison with the commercially used graphite with the specific capacity
of 372 mAh g~!. According to the cyclic voltammograms, the observed ca-
pacity for Ti3Cy T, electrode originated from the broad lithiation (reduction)
peak at 1.6 V and the broad delithiation (oxidation) peak at about 2.2 V vs.
LiT/Li, Figure 4.1B. These redox reactions can therefore be attributed to the
Ti2(1), Ti2(II), Ti2(III), and Ti2(IV) species in the T',-Ti-C surface layer of the
TigCo T, flakes in the Ti3Cy T, electrode. No redox peaks were observed at
~0.3 V Li™/Li, and, similarly, neither reduction nor oxidation took place at
~0.6 V Lit/Li, which indicated that no reduction of carbon nor a TiOy con-
version reaction took place on the cycling.

Do the redox reactions of Ti2(I-IV) species involve the majority of the flakes
within the bulk of the Ti3Cy T, electrode? The ex-situ Ti K-edge XAS in the
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transmission data for the cycled TisC, T, electrodes revealed no considerable
change in the oxidation state of titanium in the bulk of the electrode on the first
cycle (no considerable shift of the Ti K-edge on cycling), Figure 4.24.
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Figure 4.2. A: Ti K-edge XAS spectra obtained for a pristine Ti3Co T, electrode, an
electrode rested at OCP (blue), an electrode lithiated to 0.3 V vs. Li*/Li on the first
cycle (red), an electrode delithiated to 2.75 V vs. Li*/Li on the 81%¢ cycle (orange)
and an electrode exposed to water and air for 24 hours at room temperature (pink).
The spectra for a titanium foil (purple) and TiO- anatase (green) have been included
for comparison. B: XPS Ti2p spectra for a pristine Ti3C, T, electrode, an electrode
rested at OCP, an electrode lithiated (reduced) to 0.3 V vs. LiT/Li on the first cycle
as well as an electrode delithiated (oxidised) to 2.3 V vs. Li*/Li on the first cycle,
respectively.

The XPS data, revealed a slight change in the distribution of titanium ox-
idation states (II, III, IV) on the surface of the Ti3Co T, electrode on the first
lithiation (relative decrease) and delithiation (relative increase), Figure 4.2B.
It should be mentioned that the Ti(I) oxidation state is considered to be un-
stable and is difficult to trace with XPS, moreover, the peak at 458.3 eV was
assigned to TiOo, but generally, it can also represent TiO(OH),, Ti(OH)4 or
similar Ti(IV) species, while the peak at 459.8 eV was assigned to TiOs_,F,,
but it can also represent TiO2_,Cl,, TiCly, TiF4 or similar halogenated Ti(IV)
species. Therefore, it was concluded that only the surface of the TigsCo T, elec-
trode was redox active while there were difficulties associated with the oxida-
tion/reduction of each individual flake within the bulk of the TigCy T, electrode
due to the restacking of the flakes. This is, however, bad news for Ti3Co T,
as a battery material, since electroinactive flakes are nothing else but a dead
weight in an electrode and a battery.
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Analogous redox reactions are expected to take place upon TisCo T, elec-
trode cycling in SIBs, with a difference that the redox reactions should be found
at lower potentials and that the gravimetric capacities are expected to be lower
in comparison with the Ti3Co 7', electrode in LIBs. The standard reduction po-
tential for the Ti(0)/Ti(Il) redox couple, Equation 4.3, should translate to 1.1 V
vs. Nat/Na. As it was shown in Paper 11, similar to the TizCsT,/Li cell, the
cyclic voltammograms for the TigCoT;/Na cell featured broad reduction and
oxidation peaks, but at 1.3 and 2 V vs. Na™/Na, respectively, see Figure 4.3B.
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Figure 4.3. A: The sodiation (reduction) and desodiation (oxidation) capacities as
well as the coulombic efficiency as a function of the cycle number for a freestanding
Ti3C, T, electrode for constant current cycling with a current density of 10 mA g~*
from 0.01 to 3 V vs. Nat/Na. B: Cyclic voltammograms recorded for an analogous
electrode at a scan rate of 0.1 mV s~ 1.

Similarly to the lithium-case, these peaks were ascribed to the reduction
and oxidation of Ti(I), Ti(Il), Ti(IIT), and Ti(IV) titanium species in the T,.-Ti-
C surface layer of the TisCo T, flakes. As expected, the CC cycling for the
TigCs T, electrode in the SIB yielded lower capacities in comparison to the
cycling in the LIB, only ~5 mAh g~ after 30 cycles, Figure 4.34.

Therefore, the energy storage mechanism in Ti3Cy T, electrode was pre-
dominantly Faradic, i.e., based on redox reactions.

4.1.2 Capacity variation and irreversible capacity

As was mentioned in the introduction, the capacities reported for chemically
similar Ti3Co T, electrodes varied significantly in the literature. In addition,
irreversible capacities on the initial cycles were often observed for TisCo T,
electrodes but rarely properly addressed. Hence, it was crucial to find a suitable
explanation for both of these observations and a part of Paper I was dedicated
to achieving this.
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As shown previously, Ti3Co T, undergoes oxidation to TiO5 when exposed
to air or water [75, 123]:

2 Ti3C20Hs + 505 = 6 TiOy + 2H,0 + 4C 4.7)

The reaction is spontaneous and the oxidation of TisCo T’ is usually preven-
ted by minimising its exposure to air and oxygen. Titanium dioxide is the final
product of the oxidation and the existence of the intermediate species with ox-
idation states Ti(I), Ti(Il), and Ti(III) are also expected, as was already pointed
out above. Depending on the conditions employed during the synthesis and
post-synthesis treatment (e.g., if the synthesis and/or delamination of TisCo T’
powder was done in water, if delamination was done under argon or in air,
if electrodes were dried after manufacture or not, etc.) the average oxidation
state of titanium in TigCs T, and subsequently the capacity of TigsCso T, elec-
trodes should be higher or lower. Since the Ti2(I-IV) species on the surface
of TigCo T, electrode were found to be redox active, their concentration will
directly affect the capacity of TizCo T, electrode in lithium- and sodium-ion
cells.

To demonstrate the Ti3Co T, electrochemical performance dependence on
the degree of surface oxidation in a LIB, a suspension oxidation experiment
was performed. A vial of freshly prepared TisCo T, suspension in water was
exposed to air for 28 days. On the 7", 14" and 28" day of the experiment,
5 mL of the suspension was taken from the vial with a syringe and vacuum
filtrated to obtain a freestanding film electrode. These electrodes were then
subjected to CV cycling and XPS, Figure 4.4.

All of the cycling voltammograms when cycled between 0.8 and 3.0 V vs.
Li*/Li in Figure 4.44 featured a lithiation peak at about 1.7 V and a delithi-
ation peak at about 2.2 V vs. Li™/Li, similar to what was seen for a Ti3Co T,
electrode cycled to 0.01 V vs. Li*/Li. The lower cut-off potential of 0.8 in-
stead of 0.01 V vs. Li*/Li was chosen to avoid a possible TiO conversion
reaction, Equation 4.5. The reduction and oxidation peak currents increased
with the number of days the TisCy T, suspension was left exposed to air, from
about 20 pA/cm? before the oxidation to about 80 pA/cm? on the 28" day of
oxidation, respectively. This indicates that the oxidation of TizCy T, flakes in
air and water improved the capacity observed for the electrodes prepared from
these flakes.

This capacity increase is better seen in the lithiation and delithiation ca-
pacities extracted from the CV, Figure 4.4B. For the pristine (0 days) elec-
trode and the electrode prepared from the TisCoT ', exposed to water and air
for seven days, the capacities were about 21 and 50 mAh g—! after 25 cycles,
respectively. The lithiation capacities for the 14-day and 28-day electrodes
were higher and equalled 68 mAhg~! and 74 mAh g~ !, respectively. When
comparing the obtained capacities with that of about 168 mAh g~! for the lith-
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iation of anatase, TiOq to Lig 5TiO5 [18, 124], it is clear that only a fraction of
the MXene flakes underwent titanium oxidation to higher oxidation states.
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Figure 4.4. A: Cyclic voltammograms recorded at a scan rate of 0.1 mV s~! from
0.8 to 3 V vs. Li*/Li for a pristine freestanding Ti3C, T, film electrode (0 days) and
electrodes made from a suspension of Ti3Cs T, in deionised water exposed to air in an
open vial for 7, 14 and 28 days, respectively. B: Lithiation and delithiation capacities
extracted from the cyclic voltammograms as a function of the cycle number for the
above-mentioned electrodes. C: XPS Ti2p spectra for analogous electrodes.

The XPS data for analogous electrodes support this hypothesis and reveal a
relative increase in the TiO9 peak at 458.3 eV and TiOy_, F, peak at 459.8 eV
on the surface of TizCo T, electrodes during the oxidation experiment (Figure
4.4C).
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It is reasonable to conclude that the TisCo T, flakes were partially converted
to TiO2 (and TiOo_,F,) within 28 days of exposure to air and water. Such
oxidation significantly increased the lithiation and delithiation capacities of
the TigCo T, electrodes. The average oxidation degree of a pristine TisCa T,
electrode was relatively low, based on the XPS data in Figure 4.4C the relative
concentration of Ti(IV) and Ti(III) species for the pristine electrode was 0.59
and for the electrode after 28 days of oxidation the corresponding value was
0.65. Therefore the pristine Ti3Co T, electrode showed a quite low capacity
upon cycling.

A considerable irreversible capacity loss was observed for TisCo T, elec-
trodes on the initial cycles in lithium- and sodium-cells, Figure 4.1 and Figure
4.3, respectively. In the literature this phenomenon is quite often ascribed to
solid electrolyte interphase (SEI) formation [75, 117] or, more recently, even
to TizCo T, irreversible structural changes due to solvent co-intercalation upon
the lithiation [120]. In contrast, in Paper I it was shown that a capacity loss due
to SEI formation was indeed present in the first lithiation/delithiation cycle(s),
however, it could explain only about 30% of the observed capacity loss on the
first three cycles. The reduction of water and the inability to fully regenerate
the oxidised titanium and carbon species on the delithiation step, could explain
the remaining 70%.

From previous reports it is known that water could be adsorbed on the sur-
faces and become confined between MXene flakes [73, 116, 125]. For titanium
dioxide electrodes it is known that reduction of adsorbed water can give rise to
large irreversible capacities: HoO/OH species adsorbed on TiO2 surfaces can
become reduced to yield Ho and Li»O [17]. Since TizCo T, flakes can be -OH
and =0 terminated, it is reasonable to assume that a similar phenomenon can
be observed for TisCy T, electrodes.

To test the hypothesis that the reduction of water gave rise to a major con-
tribution to the observed irreversible capacity, an experiment comparing CV
and CC cycling of a Ti3sCo T, electrode dried at an elevated temperature (i.e.,
300 °C) and of a non-dried Ti3Cy T, electrode was performed.

A comparison of the cyclic voltammograms in Figures 4.5B and C clearly
shows a larger irreversible capacity on the first cycle for the non-dried elec-
trode. It can also be seen that only a relatively small part of the irreversible
capacity stemmed from the SEI formation, i.e., reduction below 1 V vs. Li*/Li.
The latter suggests that the reduction of the water adsorbed on the surface of
Ti3Cy T, electrode and confined in between the Ti3Cy T, flakes was the main
reason of the observed irreversible capacity.

The data extracted from the CC cycling are in good agreement with the
cyclic voltammograms. Figure 4.54 shows a considerable decrease in the ir-
reversible lithiation capacity for the Ti3Co T, electrode dried at 300 °C on the
first cycle, 16 mAh g—! compared to 50 mAh g—! for an electrode dried at 120
°C, Figure 4.14.
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Figure 4.5. A: Lithiation and delithiation capacities and coulombic efficiency as a
function of the cycle number for the CC cycling at 10 mA g ! for a freestanding
TizgCs T, electrode dried for 16 hours at 300 °C under vacuum. Cyclic voltammo-
grams recorded at a scan rate of 0.1 mV s~! from 0.3 to 3 V vs. Li*/Li for B: a
freestanding Ti3Cy T, electrode dried for 16 hours at 300 °C under vacuum and C: a
non-dried freestanding TizCs T, electrode.

It was therefore concluded that the major contribution to the irreversible
capacity observed for the Ti3Co T, electrodes in LIBs should come from the
reaction:

For the pristine Ti3sCo T, electrode used in Figure 4.14, with the mass of
1.31 mg, 70% of the irreversible capacity observed on the first three cycles
can be explained by the reduction of 19 ug of water. That corresponds to a
water concentration as low as 1.4 wt.% in the electrode.

For the TizCoT;/Na cell, the analogous reaction should be

HyO 4+ 2Na®™ +2¢~ = Hy + Nap0O, E° = 0.7V vs.Nat/Na  (4.9)

However, it is difficult to distinguish the water reduction peak at about 0.7 V
vs. Na™/Na on the cyclic voltammograms since it overlapped with the cascade
of the Ti2 species reduction reactions, Figure 4.3B. Moreover, the capacity
loss observed on the first cycle of the CC cycling was only 5 mAh g for the
TizCy T electrode in the SIB, which is about ten times smaller in comparison
with the 50 mAh g ! seen in the LIB, in Figure 4.1B. Possibly larger sodium
ions cannot diffuse as easily as smaller lithium ions within the TizCy T, elec-
trode structure and react with the water trapped between the Ti3Cy T, flakes.
Alternatively, it was more difficult to fully regenerate the oxidised titanium
species on the desodiation step, compared to the delithiation step.

4.1.3 Capacity activation on cycling

The understanding of the redox reactions taking place on Ti3Cy T, electrode
cycling in LIBs and SIBs was further developed and applied to explain the ca-
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Figure 4.6. A: The sodiation (reduction) and desodiation (oxidation) capacities as
well as the coulombic efficiency as a function of the cycle number for a freestanding
TigCo T, electrode extracted from constant current cycling with a current density of 10
mA g~ ! between 0.01 and 3 V vs. Nat/Na (the long-term cycling of the cell presented
in Figure 4.1A). B: The lithiation (reduction) and delithiation (oxidation) capacities as
well as the coulombic efficiency as a function of the cycle number for a freestanding
Ti3C, T, electrode for constant current cycling with a current density of 10 mA g~*
between 0.01 and 3 V vs. Li*/Li, (the long-term cycling of the cell presented in Figure
4.3A).

pacity activation phenomenon seen during long-term cycling, i.e., when cyc-
ling for more than 200 cycles, in Paper I1.

It is logical to assume that the observed capacity increase during cycling
was either caused by the oxidation of the redox active species to higher ox-
idation states and/or the increase of the number of active species due to the
electrode structure opening up on cycling, i.e., that species that were not ini-
tially in the contact with electrolyte became accessible for the electrolyte after
several cycles and, hence, started to be redox active.

The data extracted from the CC cycling between 0.01 and 3 V vs. Na*/Na
for over 200 cycles in a SIB cell, clearly show that the sodiation and desodiation
capacities of the TigsCo T, electrode increased with the cycle number from 4
mAh g~! on the first cycle to 55 mAh g~! on the 220" cycle, Figure 4.6A.
Moreover, a similar behaviour was found for a Ti3Cy7,/Li cell, where the
delithiation capacity increased from 55 mAh g~! on the first cycle to 110 mAh
g~ ! on the 220*" cycle, Figure 4.6B.

Since the capacity increase was relatively similar in both cases, of the order
of 50 mAh g~! in both a LIB and a SIB cell, it was suggested that the activation
effects had the same origin. Owing to the fact that the electrodes were manu-
factured in the same way, it was anticipated that the amount of water trapped
between the Ti3Co T, sheets was the same, and this water enabled a progressive
titanium species oxidation in TigCs T, electrodes to higher oxidation states.

Alternative explanations for the activation were also suggested, for instance,
underpotential sodium deposition on the surface of the TisCso T, electrode and
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its chemical reaction with sodium. Nevertheless, sodium deposition experi-
ments resulted in stabilisation of the capacity at low levels (5 mAh g=! from
the first and up to 200" cycle). An increase of the lower cut-off potential on
CC cycling to 0.8 or 1.1 V vs. Na™/Na still resulted in capacity activation of
the Ti3Ca T, electrodes, although less pronounced (the capacity increased from
3 mAh g~! on the first cycle to 12 mAh g~! on the 220" cycle in both cases).
It was therefore excluded that sodium deposition was causing the activation of
the material.

Ex situ XAS results for Ti3Cy T, electrodes cycled vs. sodium metal con-
firmed that oxidation of titanium species to higher oxidation states took place
in the Ti3Co T, electrodes on long-term cycling, Figure 4.7.
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Figure 4.7. A: Ti L-edge XAS spectra collected with the TEY and PFY detectors
(left and right, respectively) for TisCo T, electrodes on the 5t and 221°¢ sodiation
and desodiation steps, as well as for a Ti3Cs T, electrode stored in a glovebox for 6
months, Ti metal and TiOs (rutile) crystal.

On the 221%" sodiation step, the surface of the Ti3Cy T, electrode looked
similar to the surface of TiO, rutile crystal, based on the similarity of the spec-
tra collected with the TEY detector (the depth of analysis with the TEY detector
was up to ~5 nm), see Figure 4.7, left. The bulk of the Ti3C, T, electrode on
the 2215 sodiation step looked less oxidised, based on the fact that its spec-
trum collected with the PFY detector (the depth of analysis with the PFY de-
tector is up to ~100 nm) showed some features of the rutile spectrum, i.e., a
peak at 458 eV, but mostly resembled the spectrum for a non-cycled TizCa 7',
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electrode stored in a glovebox, Figure 4.7, right. Therefore, it was concluded
that titanium in the TisCo T, electrode underwent oxidation to higher oxidation
states, which caused the capacity to increase upon long-term cycling.

From comparing the spectra recorded for the Ti3Co T, electrode on the 5"
sodiation and desodiation step with the PFY detector, one can conclude that the
bulk of TigCy T, electrode remained electroinactive, while almost identical Ti
L-edge spectra were collected with the TEY detector. These observations agree
with the low capacity seen on the fifth cycle, about S mAh g1, Figure 4.6A.

A comparison of the cyclic voltammograms obtained for a TizCo T, elec-
trode on the 200" cycle, Figure 4.8D, with the cyclic voltammograms recor-
ded for amorphous and crystalline anatase TiO2 nanotube electrodes as well as
for a crystalline anatase TiOy nanoparticle composite electrode, Figure 4.84,
C and B, respectively, shows that the TigsCy T, redox peaks cannot be ascribed
to sodiation and desodiation of TiOy.
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Figure 4.8. Cyclic voltammograms recorded at a scan rate of 0.1 mV s~! from 0.01
to 3 V vs. Na™/Na for A: an amorphous TiO5 nanotube electrode, B: a crystalline
anatase TiO nanoparticle composite electrode, C: a crystalline anatase TiO, nanotube
electrode, and for D: a TisCy T, electrode.
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Indeed, crystalline anatase TiO» electrodes showed relatively sharp reduc-
tion and oxidation peaks at about 0.6 and 0.8 V vs. Na™/Na, while similar but
relatively broader peaks were seen for amorphous TiO3 nanotube electrodes.
In contrast, the TisCo T, electrode showed broad reduction and peaks at about
1.3 and 1.7 V on the initial cycles which were shifted to about 1.0 and 1.4 V
vs. Nat/Na on the 200*" cycle. Therefore it is not likely that the TizCo T,
electrode was oxidised to titanium (IV) dioxide during the long-term cycling.
Nevertheless, the formation of the TiO9 on the surface of the TisCy T electrode
is not mandatory for capacity activation, as the formation of any redox-active
Ti2 species would yield an increased capacity.

To obtain information on which oxidised titanium species were formed dur-
ing the cycling, pristine and cycled TigCy T, electrodes were analysed with
XPS, Figure 4.9.

The deconvolution of Ti2p spectra for the electrodes cycled between 0.01
and 3 V vs. Na™/Na and stopped on the first cycle as well as for the pristine and
rested at OCP electrodes, showed an average titanium oxidation state of about
+2.4, Figure 4.9B. As the cycling continued, the concentrations of the titanium
surface species, i.e., C-TiT2-T,, containing Ti(II), C-Ti*3-T, containing Ti(III),
TiO9 and TiOs_,F, (both containing Ti(IV)) started to change more drastic-
ally. On the 5th sodiation/desodiation cycle TiOg and TiOo_,F, the relative
peak area of the Ti(IIl) peak increased while the Ti(Il) peak area decreased on
the TigCo T, electrode desodiation in comparison with its sodiation. However,
the relative peak area of the Ti(IV) peaks remained approximately the same as
well as the oxidation state of titanium, about +2.7.

On the 225" desodiation step most of the titanium surface species (~75%)
reached the oxidation state of Ti(IV), while on the 225" sodiation step these
species were partially reduced to Ti(Ill) and Ti(Il), Figure 4.9B. The span in
the titanium oxidation state on the 225" cycle was hence from +2.9 to +3.5.
A similar behaviour was seen when a Ti3Co T, electrode was cycled vs. lith-
ium metal, the XPS results for the TizCa T, electrode on the 2837¢ delithiation
(oxidation) step showed a relatively high peak area for Ti(IV) surface species
and an average titanium oxidation state of about +3.4.

When the lower cut-off potential was limited to 0.8 V vs. Na™/Na on so-
diation (reduction) the oxidation state span available for Ti was more limited:
from +2.5 on sodiation (reduction) to +2.7 on desodiation (oxidation), Fig-
ure 4.9B. This observation agrees with the lower capacities obtained for the
Ti3Cy T, electrode when cycled between 0.8 and 3 V vs. Na'/Na. Likewise
this fact was reflected in the cyclic voltammograms, where the reduction at
0.8 V vs Na*/Na was more incomplete in compared to when scanning down
to 0.01 V vs. Na™/Na, Figure 4.10B. The diffusion tail seen for the reduction
peak observed at about 1 V when scanning to 0.01 V in Figure 4.8D, was cut
off when scanning to 0.8 V vs. Na*/Na.

Electrochemical impedance spectroscopy coupled with CV was then used
to explore if an expansion of the TigsCo T, electrode structure took place during
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the cycling since an improved lithium-ion accessibility to active sites as a result
of cycling was discussed previously [75, 120].
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Figure 4.9. A: Ti2p region of pristine, rested at OCP and cycled for 1 and 5 cycles
between 0.01 and 3 V vs. Nat/Na TizCo T, electrodes (left) as well as TizCo T, elec-
trodes cycled for 225 cycles between 0.01 and 3 V and 0.8 and 3 V vs. Na™/Na poten-
tial windows (right) and stopped at indicated potentials. For comparison, data for the
lithium half-cell cycled for 283 cycles between 0.01 and 3 V vs. Li*/Li and stopped
at 3 V are also provided (see the bottom right spectrum showing a similar trend for the
LIB). B: a diagram showing the relative peak concentration of the Ti-C, Ti(1l), Ti(III),
and Ti(IV) species as well as the average oxidation state of titanium for each of the
analysed electrodes derived from the XPS data.
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Figure 4.10. A: Electrochemical impedance spectra for a Ti3C,7,/Na cell recorded at
the OCV (2.49 V vs. Na™/Na) before cycling (black) and at 2.49 V vs. Na*/Na after
150 (red) and 170 cycles (orange) when cycled between 0.01 and 3 V vs. Na®/Na.
Impedance spectra were also collected for a TizCo T, /cell cycled between 0.8 and 3
V: at the OCV (2.49 V vs. Na™/Na) before cycling (blue) and at 2.49 V vs. Na*/Na
after 150 (green) and 225 cycles (purple). B: Cyclic voltammograms for a TisCo T,
electrode collected at a scan rate of 0.1 mV s~! between 0.8 and 3 V vs. Na*/Na.

Electrochemical impedance spectra for all of the investigated cells showed
semi-circles which implies the presence of a redox reaction rather than charge
storage via a double-layer charging. The results for the TisCo7T,/Na cell res-
ted at the open-circuit voltage, OCV, and cells cycled for 150 and 225 cycles
between 0.8 and 3 V vs. Na'/Na were quite similar to each other, Figure
4.104. For the cell cycled between 0.01 and 3 V vs. Na™/Na for 150 or 170
cycles the size of the semi-circle was increased in comparison with the one
for the non-cycled cell. This observation indicates that in the case of cycling
between 0.01 and 3 V vs. NaT/Na, the redox reaction reached the diffusion
control regime at relatively lower frequencies, meaning that in this case diffu-
sion of sodium ions was faster in comparison with cycling between 0.8 and 3
V vs. Na®/Na. It can be assumed as that the reduction during the long-term
cycling to the 0.01 V cut-off potential required more sodium ions for charge
neutralisation of the titanium species present in higher oxidation states. This
in turn resulted in the structural expansion of the Ti3Cy 7, electrode which
made sodium ions diffusion easier. However, since XAS results, Figure 4.6B,
showed that the bulk of TisCs T, electrode mostly remained electroinactive
and as the capacity of TisCo T, electrode remained comparatively low on the
220%" cycle, 55 mAh g1, the degree of such expansion should still have been
relatively low.

Therefore, it is concluded that there was both oxidation of the Ti2 redox-
active species to higher oxidation states and that this caused the electrode struc-
ture to open up to some extent. This resulted in the involvement of more Ti2
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redox-reactive species during the long-term cycling which can explain the ob-
served capacity activation.

4.1.4 Effect of heat treatment on the capacity

Since it was shown in Paper I that it was difficult to eliminate water adsorbed
on the surface of the TisCa T, electrode and trapped between the flakes even
after drying at 300 °C for 16 hours, it was interesting to study if the use of
higher temperatures could result in more complete water elimination. In situ
XPS heating was therefore used in Paper I1I to track the TisCo 7', electrodes’
surface changes upon heating up to 775 °C. The capacity activation due to the
oxidation of the titanium surface species discussed in Paper II was also further
investigated in Paper II1.

The results of the two different syntheses routes used for TigsCo T, in Pa-
per III were first studied and compared. The synthesis routes as well as the
produced TizCo T, MXenes are referred to as Ti3Co7',-LiF and TizCoT,-HF
in the text and the syntheses procedures are described in Section 3.1. It is
evident from the outlined procedures that the syntheses were rather intricate,
nevertheless, it was speculated that most of the F~ and C1~ termination groups
were introduced into the TizCy T, during the etching step, while the washings
with water and the fact that both of the procedures were done in air inevitably
introduced OH~ and O?~ terminations. The molar ratio between the parent
MAX phase TizAIC; and the etching reagents TizAlCo:HCIL:LiF was 1:47:9
for the TigCo T ,.-LiF film while TizAlCo:HCI:HF was 1:14:5 for the TigCy T -
HF film. Since the concentration ratio CI~/F~ was almost twice as high in
the first case, 5.2 compared to 2.8, one could expect that the Ti3CoT,-LiF
MXene would have a higher content of the C1~ terminations compared to the
Ti3CoT-HF sample. It was hypothesised that this fact could influence the
electrochemical behaviour exhibited by the produced samples.

However, the XPS data in Figure 4.11 show that both samples in their initial
states, i.e., after the film preparation but prior to any heat treatment, exhibited
very similar F~ (evaluated from the C-Ti-F peak areas) and Cl~ (evaluated
from the survey spectra) termination contents.

A slight difference was seen for the oxygen termination contents with the
O~ terminations concentration (evaluated from the C-Ti-O(ii) peak areas) be-
ing relatively higher for the Ti3Cy7,-LiF sample and the OH™ terminations
concentration (evaluated from the C-Ti-OH peak areas) being relatively higher
for the TigCo T,.-HF sample. The surface oxides concentration (evaluated from
the O?~ peak area) was also higher for the TisCy T ,-LiF sample. The average
titanium oxidation state of the Ti3CoT',.-LiF sample was slightly higher for the
TigCo T, -HF sample, +2.5 and +2.3, respectively (evaluated from the Ti2p re-
gions). Therefore, it was concluded that the Ti3CoT',-LiF sample in its initial
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Figure 4.11. The Fls, Ti2p, Ols and Cls regions for the Ti3Cy7T,.-LiF and Ti3Cy T -
HF films in their initial states. The Fls, Ols and Cls spectra were normalised by the
highest raw data point in the corresponding Ti2p spectra. The number at the bottom
indicates the magnification that was used for the spectra representation.

state was on average slightly more oxidised in comparison with the TisCo 7 ;-
HF sample.

The electrochemical data obtained in LIB cells, however, looked very dif-
ferent for the samples. The cyclic voltammograms for the Ti3Co7,-LiF elec-
trode showed relatively larger oxidation and reduction currents compared to
those for the Ti3CoT',.-HF electrode and also showed capacity activation, Fig-
ure 4.124.
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Figure 4.12. Cyclic voltammograms recorded at the rate of 0.1 mV s~ between 0.01
and 3 V vs. Li*/Li for a Ti3CyT,-LiF(A) and a Ti3CyT,-HF(B) electrode in their
states.

On the contrary, the cyclic voltammograms recorded for the TizCoT',.-HF
electrode showed signs of a double layer charging as well as incomplete ox-
idation, as the reduction charge (area below 0 pA/cm?) was much larger than
the corresponding oxidation charge (area above 0 pnA/cm?), Figure 4.12B.
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The different electrochemical behaviours of the TizCy T, films, which had
similar average titanium oxidation states on the surface can therefore be ex-
plained by different degrees of sample oxidation in the bulk. One can, how-
ever, not exclude different degrees of Ti3Cy 7', sheet restacking during the syn-
thesis procedures.

How were the surfaces of the initial Ti3CsT,.-LiF and TigCsT,-HF films
altered during the heat treatment? The evolution of the F1s, Ols, Ti2p and Cls
XPS spectra during heating from room temperature to 775 °C for the TizCo T, -
LiF and TizCso T ,-HF films can be seen in Figure 4.13.

Analysis of the spectra showed that both of the films featured a decrease in
the C-Ti-F/TiO2_,F, peak in the F1s region (a similar defluorination process
has also been reported before [115]), a decrease in the Cl2p peak (seen from
the survey spectra) an evolution of species in the O1s region, subtle changes in
the Ti2p region and no considerable changes in the Cls region (except for a de-
crease in the peaks that were attributed to adventitious species such as O-C=0,
C=0, C-OH, C-O-C and C-C, C-H). The changes in the Ols and Ti2p spec-
tra can be best tracked from their fittings in Figures 4.14 A and B for selected
temperatures.

For both the Ti3CoT',-LiF and Ti3Co T ,-HF films no significant change in
the average titanium oxidation state was noticed. For the Ti3CoT',,-LiF sample,
the increase was from +2.46 to +2.51 and the value remained the same after
cooling to RT in the analyser chamber. For the TizCoT,,-HF sample, the in-
crease was from +2.32 to +2.40 and the value decreased to the original value
after cooling to RT in the analyser chamber.

The Ols spectra show a progressive decrease in the C-Ti-O(i) (oxygen
bridging two Ti sites) relative peak area and an increase in the relative area
of the C-Ti-O(ii) (oxygen double bonded to Ti) peak as well as in that of the
0%~ peak which was less prominent in the Ti3Cyo7T,-HF case. This can be
interpreted as the surface oxides 0%~ species were formed during the heating.
It can be speculated that these are Ti, O, phases, containing mainly Ti(II) and
Ti(IIT) oxidation states.

The surface changes during the heating were hence ascribed to the i) in-
crease in the surface oxides concentration and the O%~ termination groups,
ii) decrease in the concentration of the OH™ and the oxygen bridging two Ti
sites termination groups, iii) partial elimination of the F~ and Cl~ termination
groups.

The in situ XPS heat treatment experiment was repeated but this time the
procedure also included an air exposure step for 5 minutes after the heating.
The air exposure step was added to promote the surface termination group sub-
stitution yielding O%~ terminations, since O-terminated MXenes are believed
to show better electrochemical capacities [65, 116, 126, 127]. The in situ XPS
heat treatment data for the RT films before and after heating and exposure to
air are shown in Figure 4.14 C and D.
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Figure 4.14. The Ti2p and Ols regions for the TizCo7',-LiF(A) and the TizCoT -
HF(B) films recorded at room temperature (RT), after heating to 500, 700 and 775 °C
as well as after the cooling down. The Ti2p and Ols regions for analogous Ti3sCy 7T, -
LiF(C) and the Ti3sCo T, -HF(D) films which were left in a glovebox for 6 months and
underwent heat treatment to 700 °C followed by an air exposure step.

The major changes that were seen after the experiment with an air expos-
ure step compared to the heating experiment without one included a relatively
higher amount of OH™ and C-Ti-O(i), bridging oxygen, terminations as well
as less of the 0%~ surface oxide species and C-Ti-O(ii), double bonded oxygen
terminations, seen for both of the TigCoT';-LiF and TizCoT,-HF samples. It
was therefore concluded, that other post-heating procedures should be used to
more efficiently substitute the termination groups of Ti3Cy T, to predominantly
0o*~.

The average titanium oxidation state of the TizCo 7T',,-HF film increased from
+2.31 to +2.36, as well as that there was a relatively higher increase in the
surface oxides concentration, see Figure 4.14D. A similar analysis for the
TigCoT,-LiF film (Figure 4.14C) showed that the average titanium oxidation
state had remained the same before and after the heat treatment and air ex-
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posure, +2.6, which is comparatively higher than that for the heated and air
exposed TisCoT,-HF sample, but also higher than that for the similar film
used in the heating experiment mentioned above.

How did these surface changes affect cycling? As predicted, the heat treat-
ment and air exposure improved the capacity of the films, as can be directly
evidenced from Figure 4.15.
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Figure 4.15. The lithiation and delithiation capacities as well as the coulombic ef-
ficiency as a function of the cycle number for the freestanding TisCo7T',-LiF(A) and
TigCo T ,-HF(B) electrodes that underwent in situ XPS heating to 700 °C coupled with
subsequent air exposure and CC cycling with a current density of 10 mA g™ from 0.01
to 3 V vs. Lit/Li.

The Ti3CoT,-LiF capacity was increased from the previously seen ~40
mAh g~! for the electrode in its initial state to ~80 mAh g—! after 160 cycles,
while the coulombic efficiency after the heat treatment stayed at 102-103%
during the cycling, as one can see in Figure 4.15A. The capacity for the TigCoT',.-
HF electrode was stabilised at ~40 mAh g~ after 200 cycles while the initial
capacity was ~5 mAh g~!, Figure 4.15B. One can also observe that coulombic
efficiency values of 110% were seen during the cycling. This means that the
oxidation capacity was higher than the reduction capacity and the activation
of the material was ongoing for both Ti3CoT,-LiF and Ti3CyT,-HF after the
heating. Therefore, heat treatment can be considered as a post-synthesis treat-
ment resulting in an improvement of the electrochemical cycling of Ti3CyT ',
electrode which, however, does not suppress the capacity activation seen dur-
ing the cycling.

The XPS data for the samples that were measured before the heating fol-
lowed by an air exposure step show that the surfaces of the TizsCo 7 ,-LiF and
TizCo T x-HF samples were altered to some extent upon storage in a glovebox
for 6 months compared to the samples in their initial states (freshly prepared).
The most pronounced difference is the increase of TiOo_,F/Cl, peak in the
Ti2p region, compare Figure 4.14 A and C. This raises a question about the
influence of TigCoT',, sample storage in an initial state on capacity activation.
The cyclic voltammograms recorded for the Ti3CoT',-LiF and TizCoT,-HF
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electrodes that were stored in their initial states in a glovebox for 10 months

both showed capacity activation, Figure 4.16. Owing to the fact that the samples
were left non-dried in the oxygen-poor environment, it is assumed that the wa-

ter trapped in the electrodes enabled titanium species oxidation in the TisCa T,

electrodes which resulted in pronounced capacity activation. The CC data also

indicated an increase in the capacity on cycling which was rather similar for

both samples, from ~30 mAh g~! on the second cycle to ~55 and ~60 mAh

g_1 on the 95" cycle, for the TisCo T -HF and Ti3Co T,.-LiF samples, respect-

ively.

A 60— T T T T T T B 20— T T T T T T
a0 .
&g (;E\ 10+ 4
G 200 1 G
< <
=2 =2
— Or 1 — Or b
c c
(9} [0}
= =
3 -201 1st cycle 3 1st cycle
6] ——3rd cycle ©) 3rd cycle
—— 5th cycle -0 1 ——5th cycle |
40} ——10th cycle] —— 10th cycle
———15th cycle: ———15th cycle
—20th cycle- ——— 20th cycle
_sol_t . . . L T %ty Py L L L | =T 25thoydle
00 05 10 15 20 25 30 00 05 10 15 20 25 30
Potential (V vs Li*/Li) Potential (V vs Li*/Li)

Figure 4.16. Cyclic voltammograms recorded at the rate of 0.1 mV s~ between 0.01
and 3 V vs. Lit/Li for a Ti3CyT,-LiF(A) and for a Ti3C,T,.-HF(B) electrodes which
were left in a glovebox for 10 months in their non-dried states.

Therefore, the higher capacities seen after the heating were attributed to the
higher concentrations of the Ti, O, species for both samples. As the difference
in the average titanium oxidation state within several nanometers depth (the
depth of XPS analysis) for the TizCoT',-LiF and TizCoT,-HF samples after
heating and air exposure was small, it is reasonable to assume that the elec-
trodes differed with respect to their structure and the average titanium oxidation
state in the bulk. This could be explained by different degrees of the oxida-
tion and restacking of the flakes for Ti3CyT,-LiF and TigCoT',-HF films, not
only before, but also after heating. It is concluded that the Ti3Cy7,-HF elec-
trode was relatively less oxidised and had a more compact structure than the
TigCo T, -LiF electrode. When samples were left in a glovebox for 10 months
both of them underwent further oxidation and showed capacity activation dur-
ing cycling. This finding suggests that that the Ti3C, T, was already activated
before the heat treatment and in the absence of the heat treatment more cycles
were needed to get the TisCo T, sample activated.
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4.2 A-site cation deficient perovskite oxide Li018STN
as a negative electrode in lithium-ion batteries

As was already mentioned in the introduction, over-lithiation of the perovskite
oxide Li018STN is defined as the insertion of more than one lithium ion per
available 4-site. Before proceeding with the main findings of Paper 1V, it is
practical to clarify how many vacant 4-sites there are in the structure, what is
the lithium occupancy within the vacancy and what are the oxidation states of
ions in the as-synthesised LO18STN.

Since in Li018STN the 4-site is occupied by 0.66 Sr>t per formula unit,
then the number of vacancies, or [, is: 1 - 0.66 = 0.34. However, 0.18 mol of
Li™ is already incorporated into the structure to maintain the electroneutrality,
therefore the number of the remaining vacant A4-sites is 1 - 0.66 - 0.18 = 0.26
per formula unit. The lithium occupancy of the 4-site vacancy in the pristine
LO18STN is then: % = (.53, meaning that only half of 4-site vacancies are
occupied by Li™.

The electroneutrality of the compound is established only if titanium has an
oxidation state of +4 and niobium has an oxidation state of +5: 0.18 x (+1) +
0.66 x (+2)+0.5 x (+4)+ 0.5 X (+5)+3 x (-2)=0.18+1.32+2+2.5-6=
0.

4.2.1 Redox activity of LO18STN in LIBs

The reduction of titanium and/or niobium to lower oxidation states than IV
and V, respectively, is then expected on electrochemical cycling, resulting in
the insertion of more than 0.18 mol of Li™ into the Li018STN structure, or x
of Li* in Lig.1844Sr0.66 Tio.sNbg 503.

Cyclic voltammograms recorded for a LO18STN/Li cell from 0.25 to 2.5
V vs. Lit/Li, Figure 4.174, reveals two pairs of redox peaks at 1.6-1.8 V
and 1.2-1.4 V vs. Li*/Li. This indicates that at least two redox reactions are
responsible for the electrochemical cycling of LO18STN.

Among the redox reactions responsible for the electrochemical capacity of
LO18STN in the selected potential window (0.25 — 3 V vs. Li*/Li), the most
probable should include the redox couples Nb(V)/Nb(IV), Nb(IV)/Nb(III) and
Ti(IV)/Ti(I1ll). Based on the literature data, the redox peak couple observed
at 1.6-1.8 V vs. Li™/Li can be ascribed to the Nb(V)/Nb(IV) redox couple,
similar to what was reported for Nb2Oj5 [128-130] and Ln; ;3NbO3, where Ln
= La, Nd [131]. While the redox peaks at 1.2-1.4 V vs. Li™/Li can stem from
the Ti(IV)/Ti(III) redox couple, based on the reports for LLTO [132—-134]. The
Nb(IV)/Nb(III) reduction and oxidation peaks should appear at about 1.3 V vs.
Li™/Li [128], however such a redox reaction was not detected with XPS.

XPS on LOI8STN electrodes cycled to various lithiation and delithiation
states on the first cycle was employed to investigate the redox active species
in LO18STN, Figure 4.184. The data indicate that both niobium and titanium
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Figure 4.17. A: Cyclic voltammograms recorded at a scan rate of 0.5 mV s~! from
0.25 to 2.5 V vs. Li*/Li for a pristine LO18STN electrode. B: Lithiation (reduction)
and delithiation (oxidation) capacities extracted from the CC cycling at 0.1 mA cm—2
from 0.25 to 3 V vs. Li*/Li as a function of the cycle number for a similar electrode.

were redox active on cycling, partial reduction from Nb(V) to Nb(IV) and from
Ti(IV) to Ti(III) on lithiation and reversible oxidation back to Nb(V) and Ti(IV)
on delithiation was detected. Hence, it is concluded that the energy storage
mechanism was Faradic. Based on the XPS analysis, however, it was not pos-
sible to distinguish which of the redox reactions takes place first, see Figure
4.18B.

Analysis of the CC cycling between 0.25 and 3 V vs. Li*/Li showed stable
cycling with lithiation (reduction) and delithiation (oxidation) capacities of
about 63 mAh g~! and a coulombic efficiency close to 100% on the fifth
and subsequent cycles, corresponding to the reversible redox reactions coupled
with insertion/deinsertion of 0.42 Li™ per formula unit (x), Figure 4.17B. The
lithium occupancy of the A-site vacancy in the Lig 1840.42510.66 Tig.5Nbg.503
is then: m =1.76.

From a structural point of view, it is assumed that up to two lithium ions can
occupy each A-site cavity, or 0.5 Li* (x) per formula unit. If this is the case,
the reduction of titanium and niobium would result in capacity of 75.5 mAh
g~ 1. Therefore, 84% of the maximum capacity was reached on cycling to 0.25
V vs. Lit/Li.

The initial capacity loss observed on the first four cycles was about 20 mAh
g~!. Calculations, done in a similar way as was described in Paper I, show that
the formation of a 20 nm thick SEI layer on the surface of a 13 mm in diameter
LO18STN electrode would require a charge of about 7 mAh g—'. Therefore,
as in the TigCo T'; electrode case, only 35% of the observed capacity loss cycle
could be attributed to the SEI formation. Similarly, even in the case of the
LO18STN electrode, the source of the remaining 65% of irreversible capacity
could be the reduction of water adsorbed on the surface of the LO18STN elec-
trode. A water content as low as 31 ug per electrode, or 0.42 wt.% (calculated
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Figure 4.18. A: Nb3d and Ti2p spectra of the LO18STN electrodes extracted from the
cells on lithiation (grey) and delithiation (yellow) within the first cycle as well as from
the cell that was rested at the OCV (about 2.7 V vs. Li*/Li). Evolution as a function
of the state of charge. B: CC cycling curve for a LOI8STN/Li cell cycled on the first
cycle at 0.1 mA cm~2 between 0.5 and 3 V vs. Lit/Li showing the potentials at which
the cells were stopped and the electrodes were extracted for an XPS analysis.

for the active mass of LO18STN in the electrode used for the ICI cycling, 7.296
mg) would be sufficient to explain this.

4.2.2 Lithium-ion diffusion inside the LSTN structure on
lithiation and over-lithiation

Paper IV also explores the crystallographic positions of Li* in the pristine and
over-lithiated LSTN material and suggests possible diffusion paths for Li ions
on lithiation and over-lithiation.

Neutron diffraction data for the as-synthesised LO18STN sample measured
at 6 K revealed two positions for Li™ in the structure. The positions are Lil: 6f
(0.5, 0.5, 0.15) lying offset from the oxygen window (a four oxygen coordin-
ated site), reported previously [135], and Li2: 8g (0.29 0.29 0.29), near the
Ti/NbOg octahedral face and coordinated by three oxygen atoms. Atroom tem-
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perature, Li™ is predominantly found on the 6f site with fast hopping between
the 6f positions via the 8g site. These conclusions are supported by NMR
measurements and AIMD simulations.
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Figure 4.19. Fourier difference maps before (A) and after including lithium in the
LOI8STN model on the Lil(6f, B) and Li2(8g, C) positions, respectively. An intensity
cut-off of 0.12 was used in every case to remove low-intensity noise. A picture of the
structure of an A-site is provided for reference.

A previous operando neutron diffraction data analysis for an LSTN sample
lithiated to 1 V [136] show that the O4 window centre, or the 3¢ (0.5, 0.5, 0) site,
becomes more accessible and energetically favourable for Li™ in the lithiated
state. A study employing X-ray diffraction revealed the existence of two cubic
perovskite phases on lithiation, one more lithiated than the other [135]. This
phase segregation was explained by electrostatic repulsion between neighbour-
ing lithium ions on insertion of more than one Li™ per vacant site which led
to the increased bulk resistance. ICI measurements on CC cycling were there-
fore performed to explore the possibility of phase segregation due to the loss
of lithium-ion mobility.

The ICI results presented in Figure 4.20 show that the lithium-ion mobility
(mp;+) on the second lithiation decreases by roughly half an order of mag-
nitude when ~0.25 Li™ per formula unit is inserted (average A4-site occupancy
of 1.26 Li™"), reaching a minimum at 0.34-0.36 Li* per formula unit (average
A-site occupancy of ~1.56 Li). This decrease in lithium-ion mobility on lith-
iation step becomes less noticeable after extensive cycling and is not detected
during the delithiation processes. In contrast, at the beginning of delithiation
step the lithium-ion mobility is an order of magnitude higher. This observation
supports the hypothesis that resistance to diffusion increases during insertion
beyond 1 Li™ per vacant site due to electrostatic repulsion and facilitates the
delithiation which is reflected in the high mobility of lithium ions at the begin-
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Figure 4.20. The potential (E), internal resistance (R), and lithium-ion mobility (mz;+)
plotted against inserted Li™ content (x) in Lig. 1842 Sr0.66 Tio.sNbg.503 for the cycles
2, 20, 40 and 70 (indicated on top of the figure with numerals) measured during the
CC cycling coupled with ICI of LO18STN/Li cell in 1 M LiPFg in 1:1 vol EC:DEC.

ning of the delithiation step. The most unexpected feature of the ICI results
is the restoration of lithium-ion mobility on lithiation step at ~0.4 Li* per
formula unit (average A-site occupancy of 1.71 Li). Such unusual behaviour
could be explained by the subtle LSTN structure adjustments to the high lith-
ium concentration. On insertion of more than one Li™ per vacant 4-site the
LSTN structure rearranges to maximise the distance between mobile lithium
ions and minimise the electrostatic repulsion within the 4-site cavity. When
minimising electrostatic repulsion is no longer possible, the lithium-ion mo-
bility subsequently drops, i.e., at an occupancy of ~1.56 Li. However, at the
average A-site occupancy of 1.71 Li on reduction it is suggested that the Oy
window expands due to Ti/Nb-O bond length increase and lithium is forced
into the O4 window (0.5 0.5 0) site. This shift of Li™ position modifies the
diffusion behaviour from site percolation (Figure 1.54) to bond percolation
(Figure 1.5B).

The 0.18 mol of Li" that were never extracted from Li018STN were as-
sumed to become pinned in the O4 window over time to maintain the bond
percolation diffusion at the end of the delithiation step. This reasoning could
explain the fact that lithium-ion mobility loss on lithiation was no longer ob-
served as well as the internal resistance of the cell considerably decreased at
the end of the lithiation step after 70 cycles.
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5. Conclusions and outlook

This thesis work focuses on the study of freestanding 5-7 pm thick TizCy T,
MXene films and polycrystalline 4-site deficient Liy 18Srg.66 Tig.5Nbg.503
(LO18STN) perovskite oxide composite electrodes as negative electrodes for
lithium- and sodium-ion batteries.

The results for Ti3Co T, electrodes demonstrate that the charge storage mech-
anism is based on redox reactions involving the Ti(I), Ti(I), Ti(IIl), and Ti(IV)
species in the surface Tx-Ti-C layer of the Ti3CoT,. The Ti-C layer of the
TigCo T, is, however, electrochemically inactive. Furthermore, the restack-
ing of the individual flakes within the bulk of the TizCo T, electrode decreases
the electroactive surface area of the freestanding TizCo T, electrode available
for the redox reactions.

The variation in the capacities reported for the material in the literature is in
this work explained by the various degrees of titanium oxidation obtained dur-
ing the electrode manufacture and pretreatment procedures. The initial cycles
fora TizCs T, electrode in a LIB reveal the presence of a significant irreversible
capacity, which predominantly is due to the reduction of the water adsorbed
on the surface of the Ti3Cy T, electrode and confined between TisCo T, flakes
in the freestanding electrode.

The capacity activation seen for Ti3Co T electrodes during cycling in LIBs
and SIBs is attributed to the gradual oxidation of the surface titanium species
to higher oxidation states. It is anticipated that the water confined between
the Ti3Co T, flakes can facilitate this oxidation. Furthermore, according to
the results presented here, it is possible to increase the capacities of TisCo T,
electrodes further by oxidation of the titanium surface species using heat treat-
ment. The synthesis routes affect the degrees of oxidation and restacking of the
individual flakes in TizCs T electrodes and hence their reversible capacities.

Based on these findings, it is concluded that Ti3C27, MXene cannot be
considered as promising negative electrode material for lithium- and sodium-
ion systems due to its limited redox activity, which typically does not involve
the entire bulk of the freestanding electrodes. This limitation comes directly
from the structure of the Ti3Cy T, flake and the 2D nature of the material. The
assembly of 2D flakes into a 3D structure is inevitable for the realisation of
real-world applications, including battery electrodes. In such cases, the prop-
erties of single flakes may, however, not be seen for a multilayered structure. A
comparison of the TizCo T, electrochemical behavior with that of TiO5 shows
that higher capacities can be obtained with TiO5 electrodes.
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This thesis work also examines the electrochemical behavior of another
titanium-based battery material, the 4-site deficient Li018STN perovskite ox-
ide shedding light on the capacity origin and lithium-ion diffusion mechan-
isms before and after over-lithiation. Based on the findings, the design of 4-
site cation deficient perovskite oxides oxides with Li™ in the 4-site window
could prove to be a feasible strategy to obtain higher mobilities and cycling
stabilities for 4-site cation deficient perovskite oxides oxide electrodes. Fur-
ther fundamental investigations of the redox activities of niobium and titanium
are proposed as a way to realise higher energy densities for perovskite oxide
electrodes.

Finally, the thesis work emphasises the significance of employing a multi-
technique approach to attain a good understanding of the underlying redox
mechanisms when analysing battery materials. For example, the analysis of
the results for two TigCo T, films, manufactured using two different synthesis
methods, showed that the XPS-based titanium oxidation states on the surface
of the films did not represent the bulk oxidation states. XAS was found to be
a powerful complementary technique to XPS as XAS was able to reveal the
presence of redox-active titanium species also in the bulk of the electrodes.
An even better picture of the differences between the electrodes was obtained
with cyclic voltammetry as the electrochemical results depended on the elec-
trochemically active material present in the entire electrodes. Additionally, it
was only through the use of a combination of electrochemical, computational,
and diffraction techniques that a better understanding of the lithium-ion diffu-
sion paths within the LSTN structure could be obtained.
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6. Populédrvetenskaplig sammanfattning

Litiumjonbatterier har en stor betydelse i vart dagliga liv. Inte bara for att de
som lagringsenheter med hog energitithet gor att det mesta av var elektronik &r
portabel, utan ocksa for att de mojliggor energilagringslosningar for fornybara
energikillor som varierar i tid som till exempel solstralning, vind och vat-
tenrorelser. Det moderna samhiéllets behov av bittre batterier 4r den framsta
drivkraften for forskningen om littumjonbatterier. Batteriforskare uppmanas
att utveckla nya material och frimja forstaelsen av elektrokemiska processer
for att gora litiumjonbatterier billigare, sdkrare, ldttare och mer hallbara.

Ett littumjonbatteri 4r en enhet som lagrar kemisk energi genom redoxreak-
tioner och omvandlar den till elektrisk energi. Ett littumjonbatteri bestar av
tva elektroder, en negativ och en positiv elektrod, som skiljs &t av en separator
och en elektrolyt. Vid urladdning sker en oxidationsreaktion vid den negat-
iva elektroden varvid elektroner och litiumjoner bildas. Dessa ror sig sedan
till den positiva elektroden dér en reduktionsreaktion sker. Elektronerna far-
das genom en yttre krets och skapar den elektriska strommen, medan litium-
jonerna transporteras genom elektrolyten och separatorn for att kompensera
for laddningsoverforingen i den yttre kretsen. Vid uppladdning, nér strom-
men tillférs systemet, sker det motsatta. Natriumjonbatterier fungerar enligt
samma princip som litiumjonbatterier men anvénder istéllet natriumjoner som
laddningsbérare.

Kommersiella litiumjonbatterier utnyttjar grafit som en negativ elektrod samt
littum-nickel-mangan-koboltoxider, LiNiMn,Co.02 (x + y + z = 1), eller
litium-jarnfosfat, LiFePOy4, som en positiv elektrod. Elektroder som anvinds
i kommersiella batterier dr ofta kompositelektroder gjorda av redoxaktivt
material blandat med ett ledande tillsatsmedel som binds till en strémsamlare
med hjélp av ett bindemedel. Separatorerna &r vanligtvis gjorda av polyeten
och polypropen eller keramiska material, medan elektrolyten vanligtvis &r ett
litiumsalt 16st i en blandning av organiska 16sningsmedel, dven innehéllande
med en liten méngd av en rad olika tillsatser som forbéttrar batteriernas
prestanda.

Forskningen om negativa elektroder fokuserar, till exempel, pa att 16sa sdker-
hetsproblem som &r férknippade med dendrittillvixt som kan leda till en kortslut-
ning av batterier vid hoga cyklingshastigheter, irreversibla processer inuti
elektrodmaterialet och sétt att forbéttra den langvariga cyklingstabiliteten. For
attundvika dessa problem kan ett material med partiklar i nanostorlek med kort
littumjondiffusionsldngd, pseudokapacitivt beteende och hog strukturell integ-
ritet under elektrokemisk cykling vara av intresse. Ett exempel pa ett sddant
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material &r en nyligen upptackt klass av tvddimensionella (2D) material som
kallas MXener.

MXener &r en familj av 2D 6vergdngsmetallkarbider och nitrider som
produceras frain MAX-faser (ddr M &r en 6vergangsmetall, A ar ett
A-gruppselement och X dr N och/eller C) genom att kemiskt avlagsna 4-skikten
(t.ex. Al). MXener har den allménna formeln M, 1 X, T, dirn=1-4, T &r
ytgrupper (t.ex., =0, -OH, -F eller -Cl) och x <2. Ett enda lager av TigCo T,
den hittills mest studerade medlemmen av MXene-familjen, ir cirka 11 A
tjockt. Detta lager har en elektroniskt ledande Ti-C kdrna som omges av tva
redoxaktiva 7.-Ti-C lager.

I den hir avhandlingen studerades fristdende TisCy T, elektroder (som inte
inneholl bindemedel eller ledande tillsatsmedel) i litium- och natriumjonbat-
terier. Redan tidigt i studierna konstaterades det att kapaciteten hos Ti3Co T ;-
elektroderna var ganska lag pa grund av att titanets oxidationstal i Ti3Co T, var
ganska lagt. Titanet i Ti-C-kérnskiktet av Ti3Co T, visade sig vara redox-
inaktivt och redoxreaktionerna som involverade Ti(II), Ti(IIl) och Ti(IV) i
T,.-Ti-C-skiktet gav upphov till de observerade kapaciteterna. Vidare visades
det ocksa sig att oxidationen av TigCo T, -flingor i ndrvaro av luft och vatten
leder till en 6kning av det genomsnittliga oxidationstalet for titan in TizCo 7T -
elektroderna. Denna oxidation leder ytterst till bildandet av TiO2. Déarfor drogs
slutsatsen att beroende pé forhallandena under syntesen och tillverkningen av
TigCo T ;-elektroderna i luft- och vattenmiljo, s& kommer titanet i 7,-Ti-C att
oxideras i olika grad. Detta skulle forklara de olika kapaciteterna som
observerats for materialet vid elektrokemisk cykling. Vatten som adsorberats
pa ytan och som &r instingt mellan Ti3Cso7',-lagren i en fristaende TisCoT -
elektrod visade sig forklara den irreversibla kapaciteten som sdgs under de
forsta cyklerna for littumjonbatterierna.

Ti3Cy T -elektrodernas kapacitet visade sig 6ka med antalet cykler, nir
TigCo T ,/Li- och TisCo T, /Na-celler cyklades mer dn tvahundra cykler, vilket
ar ganska ovanligt for en elektrokemisk cell. Fenomenet bakom denna
kapacitetsaktivering tillskrevs en gradvis oxidation av titan i ytskiktet av 7',-
Ti-C till Ti(IIT) och Ti(IV) vid elektrokemisk cykling.

Viarmebehandlingsexperiment visade att det 4r mojligt att forbéttra TigCo T o -
elektrodernas kapacitet genom att virma dem till 700 °C i en vakuumkammare.
Denna behandling resulterar i en foérlust av F~ och CI~ ytgrupper samt en ox-
idation av titanet i Ti3Ca T, till titanoxid faser Ti, O,,.

Pa basis av resultaten drogs slutsatsen att TisCo 7, MXener inte kan anses
lovande som negativa elektroder for lititum- och sodiumjonbatterier pa grund
av att deras redoxaktivitet dr ganska begrinsad. En jamforelse av den
elektrokemiska prestandan for TizCo T, -elektroder med de for elektroder
bestdende av nanotuber av titandioxid och titandioxid-nanopartiklar i natrium-
jonbatterier visade att Ti3Co T ,-elektroderna inte kunde konkurrera med titan-
dioxidelektroderna i natrium-jonbatterier.

61



Forskningen pa A-plats fattig perovskitoxid Lig.18Srg.66Tig.5Nbg.503
(Li018STN), ett annat Ti-baserat batterimaterial som studerats i den héir avhand-
lingen, visade att den anvéndbara litierings- och delitieringskapaciteten hos
Li0O18STN hérrorde fran Nb(IV)/Nb(V) och Ti(Ill)/Ti(IV) redoxreaktioner.

Elektrokemisk cykling av Li018STN visade att det ar praktiskt mojligt att in-
fogamerdn 1 Lit per A-plats. Detta fenomen kallas 6verlitiering”. Foréndrin-
gen i litiumjonmobilitet som observerades for Li018STN vid dverlitiering
antogs vara orsakad av dndring i litiumjondiffusionsbeteendet fran platsperkoler-
ing till bindningsperkolering. De erhallna resultaten ger vérdefulla insikter
rorande de kemiska drivkrafterna som mojliggor erhallandet av hogre
kapaciteter och forbattrad diffusion i 4-plats fattiga perovskitoxider.
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