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Zusammenfasssung

Lithium-lonen-Batterien (LIB) sind eine der interessantesten Technologien fir die
Stromversorgung von tragbaren Gerédten und elektrische Autos. Ein wichtige
Faktor fir ihre Sicherheit und Leistung ist die Festelektrolyt-Interphase (SEI) an
der Anode und die Kathodenelektrolyt-Interphase (CEI) an der Kathode. In dieser
Arbeit wurde der elektrochemischen Rastermikroskopie (SECM) in situ und unter
Argonatmosphére eingesetzt, um Silizium- und metallische Lithiumelektroden
(Anodenmaterialien) unter Verwendung von 2,5-Di-tert-butyl-1,4-dimethoxy-
benzol als Redox-Mediator in einem Batterieelektrolyt und in einer ionischen
Flussigkeit zu untersuchen.

Zuerst wurden Siliziumelektroden untersucht. Durch die Verwendung der
Mikroelektrode zur Schadigung der SiO,-Schicht konnte die Wirkung dieser
Schicht auf den Elektronentransfer mit einer mit Flusssdure geétzten und einer
ursprunglichen Elektrode verglichen werden. Darlber hinaus wurden HF-geétzte
Elektroden zunéchst in vollen Zyklen und in Kkleinen Intervallen aufgeladen, so
dass die SEI-Bildung allméhlich in einem Keimbildungsprozess beobachtet
werden konnte.

Das zweite  untersuchte  Anodenmaterial ~ waren  metallische
Lithiumelektroden. Unser Kooperationspartner entwickelte ein Gerat, um frische
und glatte Oberflachen zu erhalten. Die Elektroden wurden dann in Pentan und
bei zwei unterschiedlichen Konzentrationen von Pentylamin in Pentan (0.1 M und
5 M) geschnitten. In allen Féallen wurden die SECM-Untersuchungen durchgefiihrt
und der Vergleich der Proben direkt nach dem Schnitt und nach 100 Ladezyklen
ermoglichte es, die SEI- und Dendritenbildung und den Einfluss der verwendeten
Losung wahrend des Schneidvorgangs zu beobachten.

Bei Verwendung von 2,3-Dichlor-5,6-dicyano-1,4-benzochinon (DDQ) als
Mediator wurde SECM verwendet, um die Kathoden LiFePO, (LFP) und
LiNixCoyMn,O, (NMC) zu untersuchen. Ein geeigneter Mediator wurde
gefunden, um in den verschiedenen moglichen Bereichen zu arbeiten. Nach der
Entscheidung fir das DDQ wurden LFP und NMC in verschiedenen
Ladungszustdnden untersucht, um die Auswirkungen der CEI-Bildung auf

Elektronentransferreaktionen zu verstehen.




Abstract

Lithium-ion batteries (LIB) appear as one of the most interesting technologies for
powering portable devices and electric cars. One key factor for their safety and
performance is the solid electrolyte interphase (SEI) formed on the anode and the
cathode electrolyte interphase (CEI) on the cathode. In this work, the feedback
mode of scanning electrochemical microscopy (SECM) was employed in situ and
under argon atmosphere to investigate silicon and metallic lithium electrodes
(potentially anode materials) using 2,5-di-tert-butyl-1,4-dimethoxy-benzene as
redox mediator in a battery grade electrolyte and in an ionic liquid.

At first, silicon electrodes were investigated. By using the microelectrode
to damage the SiO, native layer, the effect of this layer on the electron transfer
could be compared to an etched with hydrofluoric acid and a pristine electrode.
Furthermore, HF etched pristine electrodes were charged, first in full cycles and in
small interval steps, so the SEI formation and lithiation could be observed. Within
this interrupted charging experiments, the SEI formation could be observed step-
by-step in a nucleation process.

The second anode material investigated was metallic lithium electrodes
provided in different states of charge. Our collaborator developed a device which
made possible to obtain fresh and smooth Li surfaces. The electrodes were then
cut within pentane and in solutions with two different concentration of
pentylamine in pentane (0.1 M and 5 M). In all the cases the SECM investigations
were performed and the comparison of samples directly after the cut and after 100
charging cycles, made it possible to observe the SEI and dendrite formation and
the influence of the solution used during the cutting step.

Moreover, using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) as a
mediator, the same technique was used to investigate LiFePO, (LFP) and
LiNixCoyMn,0, (NMC) electrodes, which are materials suitable as cathodes. A
suitable mediator was identified to work in the different potential range. After
deciding for the DDQ, commercially available (LFP) and a high voltage (NMC)
materials were investigated in different states of charge in order to understand the

effects of the CEI formation on electron transfer reactions.
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1 Introduction

The transition from the use of fossil fuels to renewable energy sources has been
one of the most important challenges in the last decades and will continue to be so
for the next generations. Within this subject, rechargeable batteries play a very
important role as they have a wide range of applications: they store chemical
energy whilst providing an efficient route for the conversion of chemical into
electrical energy. 12

More specifically the lithium-ion battery (LIB), which was introduced in

’s3 and has been in constant development since then.* These batteries

the early 90
enabled the rapid development of power tools, microelectronic devices>® and the
high usage of portable electronic devices."®

It is important to highlight the more recent usage of LIB in electric
vehicles, whose population have increased considerably in the last years, as can be
seen on figure 1.>° That represents a great challenge when considering difference
between the driving range, cost and refueling times of vehicles with internal
combustion engine when compared to the electric ones.! Despite the
disadvantages, LIB appears as the most suitable for both stationary application
and for modern transportation due to its properties such as energy density and
lifespan.” Aurbach et al.** describe the important impact of LIB in our society

even as the “most impressive success story of modern electrochemistry in the last

two decades”.
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Figure 1: Plug-in electric vehicles population growth (in 1000s) worldwide in the last years

(numbers of 2018 are still a forecast; source: ev-volumes.com).




The commercial LIBs are constructed with two different electrodes and a
separator to avoid short-circuits.® The positive electrodes are usually made of

transition metal oxides such as LiCoO,**°

whilst the negative electrodes are
mostly made of graphite nowadays.'® Figure 2 shows a scheme of a commercial
pouch cell battery showing both electrodes attached to current collectors of Cu
and Al (used to transfer electrons over an external circuit through them).™**
During the charging process the Li-ions are dislocated from the cathode through
an organic electrolyte that contains dissolved Li-ions, as well as through the
separator, and intercalate within the graphene layers.***®
One of the key properties desired for a LIB is a large electrochemical
stability window.'® This is especially required due to the potential of lithiated
graphite being close to the standard Li/Li* = -3.04 V*° potential as well as the
relation of the potential of the cathode material, which is 3.9 - 4.2 V vs. Li/Li" for
LiCo0,. %
Cu current

collector

Separator:

LiCoQ,
electrode

Graphite
electrode

Al current
collector

Figure 2: Schematic of a commercial Li-ion pouch cell battery.

When considering the challenges in improving the energy density, environmental
impact and safety of batteries in general, there are three main important areas to
focus: the electrolyte employed; the cathode and the anode material. With respect
to the electrolyte, nowadays the liquid organic ones are the most commonly used
but they still present some limitations, especially regarding safety. Therefore, the




general trend points to the usage of non-flammable alternatives and ionic liquids
in the near future, while solid electrolytes appear as a solution that requires further
research and may become an alternative in the long term.*

With respect to the negative electrodes, the current material is graphite.
Although considerable research efforts have been devoted to silicon electrodes,
their application still face safety, mechanical and rechargeability challenges.?*%
Alternative anodes, such as microstructured silicon electrodes® or composites
containing a mixture of graphite and lithium® are some of the promising
alternatives for the near future applications, while lithium electrodes are a step
behind of understanding and potential usability.'

One of the biggest concerns when investigating materials to be employed
as anodes is the solid electrolyte interphase (SEI). During the first charging cycles
of a battery, the potential of the negative electrode decreases causing the
electrolyte to be reductively decomposed. The decomposition products form the
SEI covering the surface.?®? This interphase is of key importance for the battery
safety and performance, which causes that innumerous studies have been
conducted in order to understand better its composition and electrochemical
behavior.??7 The complexity of the SEI associated with its sensitivity makes its
proper characterization heavily challenging and both ex situ and in situ
investigations have been performed.?*°

The interphase at positive electrodes has been considerably less
investigated, but can also bring improvements for the batteries. Most of the
batteries used nowadays contains electrodes made of LiFePO4 (LFP)*, but some
companies are also producing batteries with higher operational voltage cathodes
made of LiNiyCoyMn,O, (NMC), in which the ratios between nickel, cobalt and
manganese vary.* These are the most promising materials by employing various
composition ratios and cristalline structures. For even further developments,
elemental sulfur appears as a potential material for the future.****

Analogously to the SEI, the surface of the cathode is covered after the
first cycles by the cathode electrolyte interphase (CEI). As proposed by Edstrom

etal. >

it is an unavoidable effect which consists in the decomposition products of
the electrolyte but with less pronounced effects on the performance of the battery

(in comparison to the SEI).




The interphases formed on both electrodes are known to be complex
processes of key importance for the battery performance and stability. Especially
for the SEI, the formation happens during charging. Investigating this process and
the potentials related to maximum formation®* can lead to better understanding
and optimization of this process. Along with investigations on the CEl, it can lead
to improvements on the LIB performance.

In this thesis, the feedback mode of scanning electrochemical microscopy
(SECM) was used to investigate in situ electron transport of the SEI and the CEI
on electrode materials potentially used in LIB.** Chapter 2 presents some general
aspects of the development of LIB and the materials employed as electrodes,
while chapter 3 discusses in detail the properties of the SEI and the CEI that are
formed. Chapter 4 summarizes methodical aspects of SECM, which is the
technique used in most of the experiments in this thesis. Chapter 5 describes the
details regarding instrumentation and chemicals used.

Chapter 6 is about the characterization of the silicon electrodes, at first
using SECM, atomic force microscopy (AFM) and x-ray photoelectron
spectroscopy (XPS) on uncharged electrodes, prior to the SEI formation, just an
untreated electrode with SiO, layer, one etched with hydrofluoric acid (HF) and
one where the microelectrode (ME) was used to abrade a small area.*®
Furthermore, experiments that involve the charging of such electrodes were
performed both in full cycles and in small potential intervals in order to
understand the SEI formation process. Chapter 7 presents the results from the
investigations on lithium electrodes, which were prepared using a device that
allowed fresh and smooth surfaces to be obtained. The electrodes were then
analyzed using SECM with an ionic liquid as electrolyte and compared with
another set of electrodes prepared with the same setup but also cycled, in order to
investigate dendrite and SEI formation.

In order to successfully apply the FB, redox mediators were added to the

electrolyte solution,®

one being the previously investigated 2,5-di-tert-butyl-
1,4-dimethoxy benzene (DBDMB)* for the anodes, while for the investigations
on cathode materials, it was necessary to search for new alternatives suitable for
working at the different potential range required for the study of the CEI. The
investigations of the CEI on two different electrode materials (LFP and NMC) in

different charging states are presented in chapter 8.




2 Lithium-lon and Potential Future Batteries

The first commercial LIB appeared in the early 1990s and, since then,
performance, safety and design of such devices are under constant development in
order to reach better energy and power densities, cyclability as well as optimizing
costs to make it viable for electromobility, portable devices and stationary
applications.®9#

Understanding the processes happening at the cell components and

4344 therefore ex situ and in situ

interfaces is the key for such improvements,
techniques were applied with this objective. SECM is one useful in situ approach
that was employed recently in a similar way as in this work. Some examples of
alternative developed are novel negative and positive electrode materials,
enhanced structures or surface modifications.****>* Apart from the electrodes,
important improvements also happened for the components of the cell such as the
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electrolyte,>*>* separator,>>*° binder®” and current collector.’®

2.1 The Negative Electrode

Nowadays, the commercially available negative electrode is mainly made of
graphite. Research was devoted to the replacement of these electrodes by lithium
titanate (LisTisO1),” a material that has a more positive potential (1.5 V vs.
Li/Li*,®® which prevents electrolyte reduction and consequentially SEI
formation.®*%2 These effects improve cyclability and safety among other
properties, however it also brings a decrease of the practical specific capacity
from 350*2%2 mAh g™ of the LIB with graphite electrodes to approximately 150*
mAh g™,

Another much more interesting approach is to substitute the negative
electrode material by silicon, which has a theoretical gravimetric capacity roughly
ten times larger than graphite (approximately 3570 mAh g™).2*® That property
means both a great advantage and also a challenge for the usage of this electrodes,
the volume increases to 270%% during lithiation. Lithitaiton/delithiation cycles

cause the Si-Li alloys to crack, which compromises the mechanical stability of the




electrode as well as expose the cracked regions that are non-passivated and are
immediately covered by the SEI which causes constant instability in the process.®’

The Si-Li alloy formation process occurs in a potential window between
0.4 — 0.2 V®® ys_ Li/Li* while the SEI formation starts already at 1.8 V vs.
Li/Li*.%® The Si-Li alloy formed are highly complicated to investigate due to the
formation of several different crystalline structure with different elemental ratios.
The initial lithiation forms a Lix-Si amorphous phase, independently whether the
initial Si structure is crystalline or amorphous, due to the fact that the small Li-
atoms during first lithiation do not go inside the Si crystal to react there, the
lithiation takes part from the crystal surface layer by layer in a slow kinetic
lithiation speed.”

After further lithiation, the most commonly observed phase is the Li,;Sis,
but studies™ ™ have also shown that Lii,Siz, LiSis, Li13Sis and LiisSis are
formed, usually at high temperatures, whilst at room temperature amorphous
structures are more common.” Such amorphous-crystalline phase change brings
along phase boundaries and tensions that may lead to cracks inside the material,
which stresses the electrode additionally and leads in particular to capacity fading
and ageing. Avoiding the potential window below 50 mV would stop the lithiation
within the amorphous range, reducing the material ageing.”

Simulation studies about the amorphous structures identified that when
the Li content is low, the mixing enthalpy is positive when compared to
crystalline silicon. This may indicate an initial barrier that prevents Li
incorporation into the crystalline Si matrix. The values change to negative at 40%
of Li and keeps going down to a plateau between 60% and 80% Li content in the
alloy, corresponding to the region of the most stable structures.”’

A third option could be the use of metallic lithium negative electrodes.
This material also has a much higher gravimetric capacity (3860 mAh g™*)’® than
graphite and a structurally similar SEI is continuously reformed as the battery is
cycled.® The SEI play another important role in the lithium negative electrode
because it affects the dendrite formation, which is originally a considerable
drawback regarding safety associated with the corrosion and sensitivity of the

surface towards the SEI passivation.® "




2.2 The Positive Electrode

The positive electrodes are generally less studied than the negative, probably due
to the relevance and complexity of the SEI and the intense research efforts that are
constantly happening. More recently, the CEI formation has also been the aim of
some investigations to understand better its properties and impact on the battery
performance. The CEl was investigated by Edstrom et al.>* with different LixMOy
(M = Co, Ni or Fe) cathode materials with electrochemical impedance
spectroscopy (EIS). It was observed that the impedance increase as the battery
was cycled due to a LixMOy film formation on the surface of the positive
electrode.®*®2

More recently, studies with high voltage charging of LiCoO, cathodes® in
order to try to maximize the Li ions extraction from lattice and increase the
specific capacity of such electrodes. This extraction contrarily can lead to the
formation of defect structures and faster capacity fading.®* The cobalt loss is
directly associated with the capacity fading and degradation of LiCoO, electrodes
due to the degradation of the commonly employed LiPFg electrolytes.®®’

It is very important to understand better the electrochemical and structural
properties of the CEI as it is known that a stable and dense formation can be
helpful in preventing interfacial reactions at the electrode, as well as further

8788 \while an unstable

oxidation and degradation of the material during cycling,
and not well structured CEI cannot manage such interfacial reactions leading to a

fast decay of the battery performance.®®

2.3 Beyond Li-ion Batteries

Among the possibilities of improving electrode materials and other components of
LIBs, there is also the alternative of post-lithium-ion batteries, from which
lithium-air (Li-O,) and lithium-sulfur (Li-S) are the two most prominent ones.**%
In both cases, a metallic lithium negative electrode is employed. This electrode
material has a lower potential compared to graphite, which causes the surface
being always covered with a SEI.*® This SEI influences the performance of the

battery, as expected, by controlling the dendrite growth and its corrosion.>*"




As positive electrode of these batteries, the transition metal oxides used in
LIB are replaced by O, or S providing larger specific energies (energy per unit
weight),® but not so pronounced improvements of the energy density (energy per
unit volume).** Furthermore, several new challenges are still to be solved
regarding such battery systems, which make them likely to be the application in

portable devices or electromobility viable only in the long term future.®*%%




3 Electrolyte Decomposition Layers — SEI and CEI

This chapter presents detailed information regarding the electrolyte decomposition
layers formed on the surface of both electrodes of a Li-ion battery, the SEI and the
CEIl. Both will be addressed regarding thermodynamics of the formation, the
structure, properties and composition of such interphases as well as how this
affect the performance of the battery. Moreover, some of the methods employed
to investigate the formation process, composition and electrochemical behavior
are also discussed.

Despite the term “SEI” being proposed by Peled,” the first SEI formation
was observed in the early 70’s in a graphite electrode in contact with propylene
carbonate (PC) by Dey and Sullivan.** It consists of a passivating film formed on
the surface of the anode. It contains mainly solid components originated from
electrolyte decomposition. The SEI is still permeable to Li-ions, but it is
insulating for electrons. It is too thick®™ to favor tunneling. Film formation on
cathodes, is in general less pronounced, but it was also shown** and denominated
CElL.

3.1 Interphase Formation

The SEI formation mostly happens during the first charging of a Li-ion battery,
when the Li-ions lithiate the negative electrode at the moment the potential of the
electrode exceeds the stability window of the electrolyte.*?° The electrolyte is
usually composed of one or more lithium salt mixed with different solvents.** As
an example, most of the experiments that will be discussed in this thesis, were
performed using a 1 M solution of lithium perchlorate (LiClIO4) in propylene
carbonate. What defines the electrochemical stability window of a liquid
electrolyte is the energy gap between the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) of its components.*
Figure 3 depicts an energy diagram referring to different chemical potentials (L)

of various negative () and positive (Hc) electrode materials.”’




Negative Electrode Organic Electrolyte Positive Electrode

Y S N
15eV| | u(PC)
266V ¥, 05eVulLiPF)

uLi,TiO,) T

v
............. +
07evl #c(LiFePO,)P
— 14 eV
0.5 eV u(LiPF) g oy 4

#(PC)

Figure 3: Energy diagram demonstrating examples of electrodes and electrolytes as well as the
conditions for the electrolyte deposition. The yellow energy intervals represent the stability
window. The purple dashed box indicates the LUMO, whilst the orange indicates the respective
HOMO of the referred electrolyte. Adapted from Refs.>%

As can be seen, the organic electrolyte has a much larger stability window in
comparison to the aqueous one. The LUMO energies of the organic electrolyte
(LiPFe mixture of PC and ethylene carbonate (EC), as example) are ordered as
u(PC) < u(LiPFg) < u(EC)* and the EC molecules are the one reduced first.
Alternatively, for the HOMO the situation is different, the order is u(LiPFg)™ <
u(PC)® < u(EC),**® causing the stability window to be of 2.5 eV (the gap between
LUMO of EC and the HOMO of LiPFg).

The pa of the lithiated graphite (LiCg) considerably exceeds the LUMO of
all the electrolyte components, causing them to be reduced and decomposed at the

surface under formation of the SEI.29%038

The electrolyte would be
thermodynamically instable when in contact to LiCs or a metallic lithium
electrode but in a LIB, the SEI separates LiCg and the electrolyte thus preventing
further electrolyte reduction. Most of the SEI formation occurs during the first
charging,?® but it is known that this varies depending on the electrolyte and
possible additives.?? The formation time is a more decisive factor to be considered
instead of cycle number.*™ When looking at the titanate (LisTisO12), the situation
is completely different as the chemical potential of the titanate is within the

stability window, preventing the SEI formation.®**%

10



For the positive electrodes, the pc of LiMn; sNigs04is outside the stability
window of both PF and LiPFs. In this case the CEl is formed by the oxidation of
the electrolyte components.’® The CEI is usually thinner than the SEI, because
the products of the reduction reaction are more immobilized on the negative
electrodes.'®

The data presented on the diagram (fig. 3) show the partial molar Gibbs
free energy (1) that consists on the change of the Gibbs free energy G with the

number of moles n of the compound i in a mixture as can be seen on Eq. 1.%

oG

Hi
In the case of electrochemical cells, the cell voltage between two electrodes (U) is
proportional to the difference between the potentials of the negative and the
positive electrodes (ua - uc) (Eq. 2) where F is the Faraday constant and z the

number of transferred electrons ([AG] = [p] = kJ mol™).

U
zF zF

For the commercially employed graphite electrodes, there are some well known
models for the SEI formation considering ternary solvated intercalation
compounds and aprotic organic electrolytes.***% 2% As an example a stable SEI
that acts as a membrane for lithium ions preventing further intercalation is known
to be formed when having EC-based electrolytes.**'® On the other hand, when
employing PC-based electrolytes, the effective passivation film may not be
formed due to gas evolution.***1%°1% Other additives such vinylene carbonate
(VC) or fluoroethylene carbonate (FEC) can improve the structure and
electrochemical properties of the SEI.** 13

The SEI growth is a dynamic process and re-dissolution of the outer layer
and further electrolyte deposition are constantly expected.***** Another point to
be considered is, when using LiPFs, HF formation can happen as well as metal
ions from the positive electrode can be dissolved in the electrolyte.**>*® Such
reactions are known to accelerate ageing and cause safety issues of the LIB such

as Li dendrites growth >’

11



For this thesis, silicon electrodes bring a more interesting discussion due
to the experimental part being performed mostly with this material and its
promising properties. On the surface of Si electrodes the formation of the SEI
occurs at potentials lower than 1.8 V vs. Li/Li* followed by Si-Li alloy formation
at even lower potential values under 0.4 V.%*®® [t has also been discussed that the
early stages of the SEI formation mechanism is the decomposition of linear
organic carbonates and further lower potentials induce the deposition of cyclic
carbonates and the lithium salts.**® The exact mechanism and the steps for the SEI
formation are not completely understood®® and will be further discussed,
especially in the results of this thesis (Chapter 6.3).

Vogl et al.!*®

carried out XPS analysis of charged Si electrodes in different
electrolyte mixtures that were removed at the potential of 0.5 V, in which no
lithiation is expected. As expected, the positive influence of adding VC and FEC
on the SEI formation was seen in the spectra, but contrarily to what was first
proposed, some peaks relating to Li-Si bonds were also seen. This is due to
another factor to be considered in a Si electrode that is the native SiO, layer,
which can also react with lithium ions and form Li,O or Li,Si,Os at this
potential.*** 1%

Another interesting study of alternatives to better comprehend the SEI was
performed by Lindgren et al.®® using besides the additives, a previously
investigated lithium 4,5-dicyano-2-(trifluoromethyl)imidazolide (LiTDI) salt.***
125 In this study, cycling of the battery showed detailed aspects about how the SEI
is formed on the first cycles and the impact on the coulombic efficiency in
comparison to the usage of LiPFg. 12127128 Regarding the composition, the
same study describes a situation that can be seen in figure 4, where
polycarbonates forms on the outer layer due to the presence of the additives (VC

129-131

and FEC) as seen before while lithium alkyl carbonates occur in deeper

regions that cover the surface almost homogeneously after the SEI is formed.?
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current collector
Figure 4: Schematics of the SEI formed on a Si electrode after cycling on an electrolyte with VC

and FEC additives and LiTDI salt. (I) The outer layer is rich in polycarbonates, while (1) the inner
layer of the SEI is rich in Li-alkyl carbonates. It is also shown a minimum LiTDI deposition that
leads to (I11) oxide formation directly at (IV) the Si particles. Adapted from Ref.*?®

The presence of lithium alkyl carbonate deeper in the SEI is probably caused by
its higher solubility in the electrolyte in comparison to the larger molecules of the
polycarbonates.’***** Something similar was observed by Xu et al.™** when
comparing the solvation shell of lithium ions in cyclic and linear carbonates.
Hence, some of the LiTDI salt was observed to be part of the SEI in this case (fig.
4). Another important influence of the additives employed is that, when
comparing to an electrolyte without VC and FEC, lithium silicates were formed

much faster, which leads to poor cycling performance and ageing of the battery.'?®

On positive electrodes, the CEI have been much less investigated, but there are
some important aspects of its structure to be discussed. Analogously to what
happens on the negative electrode, when surpassing a stability window of
potentials, reactions leading to capacity fading happen on the interface between
electrode and electrolyte, such as dissolution of cobalt ions (in case this is the
material employed) or chemical attack by HF (present if the electrolyte contains
LiPFs.%% An electrolyte decomposition occur at high voltages (over 4.2 V)
preventing further reactions and etching of the cathode material, forming the
CEIL3®8 |t js crucial that the CEI formed is stable and dense otherwise it is
incapable of limiting the interfacial reactions, causing an increase on the

impedance.®
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One cathode material that will be further discussed in this thesis (Chapter
8) is LiFePO, (LFP) and it has been investigated by Yamada et al.**® as one of the
alternatives for cathode materials. The iron-based compound has appeared as
possible cathode materials due to its abundance and low toxicity, among other
advantageous properties. Their disadvantage is insufficient cyclability when using
Fe**/Fe®" redox pair.!* Contrarily, when moving to Fe®*'/Fe*" and anions as
(PO4)* and (SO4)?, it was possible to stabilize the structure.*¢4°

The Li" present in this material can be extracted and transferred to the
anode during cycling, compensating for the iron oxidation, besides this causes a
relatively small shrinkage of the material, which can also compensate for the
usual volume increase that occurs on anode materials.**® Figure 5 shows an
energy diagram of iron materials in comparison to the electrolyte window of
interest. The olivine structure of the LFP along with the trivalency of the iron
makes it impossible to further oxidize it within the potential window. It is

compatible with a 3.4 V vs. Li/Li* voltage that make it viable.**®

Energy
A

; - (PO (SO

Li;Fe,(PO,);: 2.8 V

LiFePaO} 29V

Fei£P307)3 31V

LiFePO,: 3.4 v
“LiFePO;: Fe,(SO,),: 3.6 V

Electrolyte
window

L/ +Fe*'[Fe*

Figure 5: Schematic of the energy levels of Fe**/Fe?" in a structure that belongs to iron-based

cathode materials. Adapted from Ref.'*

3.2 Structure and Properties

Although extensive investigations have been performed for decades, further

details and properties of the SEI are still the aim of various research projects and
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discussions.**"** Examples of factors known to influence the SEI are the
properties of particles that constitute the electrode, the use of pretreatments and
the electrolyte composition, all of them can influence the performance of the
battery (rechargeability, safety, e.g.) by altering the thickness, morphology and
composition, among other properties of the SEI.

Since it was firstly proposed for metallic lithium anodes®™ and further

143-146 th

discussed on the following decades by several different research groups, e

SEI is commonly described as a compact multilayer containing an inner part with

F, 14147 that have lower oxidation states and a

compounds such as Li,O and Li
porous outer region with compounds of higher oxidation states as ROCO,L.i.

The negative electrode material and the electrolyte are the crucially
determining factors of the SEI, as it is formed at the interface between the two
phases by the decomposition of the electrolyte.”** Alkyl carbonates are the usual
compounds present as a solvent due to their suitable properties, such as stability
window, temperature operation range, polarity, low toxicity and safety issues.
These compounds can have cyclic structures, as EC that is known to have a
positive impact on the SEI on graphite electrodes™ or PC.

A simplified representation of the SEI can be seen in figure 6, where the
different layers can be seen as well as the permeability of Li salt in the electrolyte
through it. One important aspect that causes this multilayered structure is the
differences in driving force during the formation process. This leads to the first
layers being formed under the highest Li-solution potential difference and as this
potential difference falls gradually on the films formed, the reduction of solution

species therefore becomes more selective.'*®

Electrolyte
Qo
n VO
: QO
Qo oo !
L * : . E ; L * ! . L|+
i v 2
¥ v

Figure 6: Schematic representation of the multilayered SEI on a metallic Li electrode. Adapted

from Ref.!*®
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Graphite composite electrodes show a similar behavior as lithium.***1%49 Again
the multilayer layout for the SEI was proposed, but the formation process on
graphite is different and more selective than on lithium.m**® XPS studies
performed by Edstrom et al.®®%°? and Winter et al.'®® led to a better
understanding of the structure of a SEI and the identification of larger LiF crystals
and that the outer layer is mostly formed by polymers.

Figure 7 depicts the mosaic model firstly introduced by Peled"*

as a
model for both lithium and graphite electrodes. It assumes several compounds that
can precipitate at the same time at the surface of the electrode forming
microphases within a SEI. They are ordered by the sequence of formation of such

compounds.*

Electrolyte

A |=Li,0

=LiF

“ B
=Li,CO,
B B “ = Polyolefins
B E A A u“ = Semicarbonates

Lithium or Carbon

SEl+

Figure 7: SEI according to the mosaic model. Adapted from Ref.**

The real composition of the SEI still remains unknown though.?® As discussed
before, some lithium carbonates and oxides have been already detected in the SEI

114,146,149 some of them are

in previous studies on lithium and graphite electrodes,
presented in table 1. The fact that carbonate based electrolytes are usually
employed, make it the most commonly identified component in an SEI. As
mentioned before (Chapter 3.1), the use of additives influences the components

that will form the SEI. Due to its properties,***

it was also seen that cyclic and
linear carbonates take part in this process as the initial formation steps involve the

reduction of molecules in the solvation shell of lithium ions.1%
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Table 1: Examples of compounds already observed in a SEI on graphite and/or lithium electrodes.
Adapted from Ref.%®

Structure Name References
o Dilithium oxalate Graphite™>™°
Li*Ox-
OLi*
° 145,151-153,157-161 94,162
o Dilithium carbonate Graphite™™ =" 23220 7
)k 167
LitO OLi*
0 Lithium alkyl carbonate Graphite!>01°11°6-160.168,169
)J\ |_j1153,156,162,163,165,170,171
R
\O OLi*
LlF Graphitel5lfl53,160,161,168,172,173
L7 '
L|OH Graphite156,1597161,170, Li166
L|20 Graphit6159,161,168,172’ Li166,170

Dilithium oxalate (C,Li,04)*" and dilithium carbonate (Li,CO3)*™* are also
important constituents of an SEI. The first represents an exception for not being a
carbonate, while the second, was reported not to be detected without exposing the
cell to air,®® which led to the discussion if the Li,COj3 is only formed in the
aftermath by hydrolysis of some lithium alkyl carbonates.*** Other components
such as lithium fluoride (LiF),**" lithium hydroxide (LiOH) and lithium oxide

(Li2O) originate from further reactions of the electrolyte salts and, as all of the

SEI structure, are still under discussion, %11

More recently, silicon appeared as an electrode material of interest. Its

high gravimetric capacity and abundance make silicon one of the most promising

63,175

materials for negative electrodes for the next generation of batteries and

investigations on the SEI influence is of high relevance.
In silicon electrodes, the SEI is expected to be more similar to the one

formed on lithium, as recurring lithiation causes material expansion and cracks,

that lead to fresh Si surfaces and a continuous reforming of the SEI."?*?*% The

118,176

first charging cycle is known to be of key importance, and based on previous

63,75,177-182 Ma et a‘|.183

discussions presented a mechanism of lithiation and

delithiation of a Si electrode.
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Si¢ey + xLi* + xe™ — Li,Sicg) + (3.75 — x)Li* + (3.75 — x)e™ — Li;5Siy( Eqg. 3

An intermediate amorphous phase was identified via x-ray diffraction

(XRD),%8181 and a similar process happens as the battery is further cycled.
Li155i4(c) i Sl(a) + YL1+ + ye' b LilSSi4(T) Eq 4

These reactions take place mostly on the first cycle and the intermediate two-
phase region can be controlled by keeping the potential between 0.1 V and 0.07
V, while from the second cycle onwards, only a single-phase intermediate was
observed.'®®

The lithitation process directly influences the SEI properties on silicon
electrodes. From the first 10 cycles on a flat Si electrode, a capacity decay was
reported from 3260 mAh™ to less than 200 mAh™. This is due to two main
reasons.’®® The first one is the large volume variations due to the high amount of
Li intercalation, which increases the internal resistance and the loss of contact
area between the Si and conductive materials (e. g. current collector) and leads to
poor transport of electrons.’® The other reason is that a SEI is formed by the
electrolyte reduction at the lithiated and expanded state of the Si electrode and
when the particles shrink, the interphase breaks down exposing fresh material.*®
This causes the SEI to continuously grow which increases the electrode
impedance/polarization and decreases the electrochemical activity, as can be seen

in figure 8.

Li

Li* Li=

Discharek;-’ 'Charge
{ ) —

. Multiple
: Si Charge,

SEIK

Figure 8: Schematics of the SEI formation and Ithiation on a Si particle. Adapted from Ref.'*®

The SEI is a very complex matter as it is formed as a result of several parallel
chemical reactions involving sometimes liquid, solid and gaseous components of
the system. A further complication is the dissolution of some SEI constituents in
the electrolyte during discharging, while others remain insoluble.?®
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Regarding the positive electrode and the CEI, some techniques already used to
investigate the properties of the CEI are atomic force microscopy (AFM),
transmission electron microscopy (TEM) and electron energy loss spectroscopy
(EELS) that could indicate that the overcharging of the battery using a LiCoO,
cathode, can lead to the reduction of cobalt ions from the surface, thus having
different chemical states at the surface than in the bulk of the material. This was
shown to impact morphology, composition and stability of the CEI.2*®® Raman
spectroscopy was used to investigate the thickness of the CEI and identified that if
the voltage was increased to 4.5 V when cycling, Li,O and Co3zO4 were also
formed on the surface.'®’

A study performed by Liu et al.*®

using desorption electrospray ionization
mass spectrometry (DESI-MS) on the CEI on LiMn,O, cathodes discussed the
presence of similar salts that are commonly present in the SEI such as LiF,
ROCO,Li and Li,CO5™*'* and also some polymeric compounds that varies
according to the solvent employed during cycling. Table 2 shows some of the

identified compounds.

Table 2: Influence of the electrolyte components on the polymeric compounds present on the CEI.
Adapted from Ref.'®

Solvent mixture Identified Polymers on the CEI

(EC/DMC) Poly(ethylene glycol) dimethyl ether
o (0]
VT E O
P “
o)
I o

+

(e)

) (EC/EMC) /%O\/#o/
/4 o Poly(ethylene glycol) dimethyl ether n
/. \OJ\O/\ \/Qo\/\ko/

Poly(ethylene glycol) ethyl methyl ether

(o}
H</ WOH
Poly(ethylene glycol) n

(EC/IDEC) %OWOH

H
//< Poly(ethylene glycol)

QO + /\)k/\

It is shown that the compounds are directly influenced by the solvent mixture and

the reactions with other lithium salts present like alkoxydes and methoxydes.'®®

One other possible cathode material that was also investigated in this thesis
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(Chapter 8.3) is LiNix\MnyCo0,0, (NMC). The metal ions can have different ratios,
but Niehoff and Winter'®* performed XPS in order to better understand which
compounds formed a CEI on such electrodes. Figure 9 shows the schematics

proposed for an NMC electrode cycled using LiPFg in EC/EMC electrolyte.

A |=LiPF, LIPF,0,

B =LiF

Electrolyte
= Li,CO,

= Organic carbonates

LiNi113M|11BCo1.’302

Figure 9: Schematics of a CEl formed on NMC cathode after electrochemical formation. The total

thickness of the CEl in this stage is estimated to be 0.8 nm. Adapted from Ref.**!

When comparing the schematic representations of the SEI (fig. 7) and the CEI
(fig. 9), some similarities can be identified, especially the presence of LiF and
Li,COs, as expected and previously discussed. An interesting point is that some of
the compounds that are formed on the positive electrode forming the CEI can be
transferred through the electrolyte and integrate into the SEI during cycling.®3!%?
Similar to the situation for the SEI, the electrochemical processes and structural

properties of the CEI are still under debate due to the characterization limitations.

3.3 Conductivity and Performance

In principle, the optimal situation for a SEI is to be permeable for Li-ion

conduction and impermeable for electron transport,?*®

although that is not always
the case. Depending on the quality of the SEI, it can affect conductivity and
ageing of the battery. In the first model proposed by Peled et al.*® the transport of
lithium ions occurs through grain boundaries, holes and cracks on the SEI, which

was later observed with mathematical model.**®
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Regarding the electron transport, despite being complicated to investigate,
it is usually assumed that the SEI is insulating.?293178:149194.195 Nonetheless, due
to two important experimental results, this is still under debate. The first one is
that a totally insulating SEI would be contradictory to the operation of overcharge
protection agents,”"****%" while Dahn et al.****%?% presented results showing a
continuous growth of the SEI, contradicting the belief that it is only formed during
the first cycle. It was already discussed that time can be more relevant to the SEI
growth than the number of cycles and this growth is related to the total reduction
of compounds to inorganic and organic layers.® The inorganic layer, which is
closer to the electrode surface, is more dense and seems to be more decisive for
the passivation of the electrode than the organic part of the SEI.*

The lithium salt previously discussed in this thesis also has an impact. For
instance, the hydrolysis of LiPFg generates HF and causes dissolution of SEI
components.®> Some additives that were mentioned in chapter 3.1 can be added
in small concentrations to the electrolyte solution as they can be reduced
preferentially at the surface of the electrode, changing the SEI composition.?®
Commonly the electrolyte solvents have reduction potentials below 0.8 V/*2 vs.
Li/Li* while, one of the most employed additives, VC is reduced below 1.3 V**
vs. Li/Li". Finally, the SEI properties can also be influenced by impurities, such as
water from the atmosphere, that can hydrolyze alkyl carbonates.*?%

When discussing about what is crucial for the performance of a battery,
safety is of key importance and this is also directly related to the SEI.** Forming
an unstable and not compact SEI can lead to uncontrolled gas formation or allow

203 \which can increase cell

metallic lithium deposition on the negative electrode,
pressure, cause heating and possibly causing accidents such as burning or
explosion.?#?* On the other hand, a dense and stable SEI prevents solvent co-
intercalation®® and the exfoliation of the electrode material in the case of graphite.
In silicon electrodes, the expansion and contraction of the material that happens
during lithiation and delithiation respectively, cause an extra stress to the
electrode and are associated with difficulties of maintaining a stable SEI.'®* As the
SEI works as a barrier for lithium transport, it is also determining for cycling
potential.?>* It is important to mention that a flexible SEI that can accommodate

volume changes during cycling can improve the performance of the LIB.*** The
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temperature dependence of the SEI components??%>?% has more influence on the
performance at lower than at higher temperatures.

The influence of the CEI on the performance are in general similar to that of the
SEIl as the compounds that occur in both of the intephases are in general
similar.’®* Furthermore, Krueger et al. demonstrated that the SEI formation is
responsible for the initial capacity fade of a battery,*>?%” but after longer operation
periods, the resistance at the cathode is more prominent.??%?% The study was
performed in a LiCoO,/graphite cell, where the cobalt ions can be dissolved as the
cell reaches high voltages (4.2 V vs. Li/Li*)® and cause cracks in the electrode.
The ions also migrate through the electrolyte and are integrated into the SEI.202!

As the cell loses lithium ions to both interphases, it tends to overcharging
potentials during cycling®®” which leads to safety concerns. These problems can
be overcome with the addition of additives to the electrolyte. Another factor that
was observed by Edstrém et al.** is the influence of temperature on the cathode
side which is different from the SEI. At the anode, the SEI seem to break down at
slightly increased operation temperatures, on the contrary, at the cathode
polymeric/polycarbonates structures from the CEI appear to be covering the
surface in a stable and efficient way at temperatures around 60 °C,** leading to a

constant increase in thickness with cycling.
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4 Scanning Electrochemical Microscopy and the Use of

Redox Mediators for Batteries

212,213 and

Scanning electrochemical microscopy (SECM) was developed in the 80s
since then it has attracted interest from several applications such as
characterization of electrocatalysts, corrosion and biochemical investigations,
among many other local electrochemical studies in solid-liquid and other
interfaces, >

Here, SECM was employed to investigate the influence of the native SiO,
on the Si electrode, the SEI layer formation and properties on Si and Li electrodes,
dendrite formation on Li electrodes and the CEI on different cathode materials.
Previous SECM studies on the SEI in different electrodes***>*® have shown
how useful and how much information can be obtained in such investigations
using SECM to better comprehend short and long term behavior of such
interphases. Therefore, this chapter provides a discussion about the SECM

operation modes and the importance of the mediator for these investigations.

4.1 SECM Operation Modes in Battery Research

SECM studies related to batteries belong to the more recent application of
SECM.? The technique was mostly employed to investigate either chemical

116,221-225

species generated at LIB electrodes before, during and after cycling or to

analyze the electron transport at the SE|.20%21>216.26.227

There are two most important modes used in the studies of batteries. One
is the generation-collection mode, which is useful for detecting chemical species
generated during the battery operation. As an example, it was used by Snook et
al.**® for the detection of cobalt ions from LiCoO, cathodes in ionic liquids. More
precisely, in this work the cobalt ions were generated at the sample and collected
at the tip of the ME (sample-generation/tip-collection mode), followed by the
stripping of the Co?* via oxidation. Figure 10 presents schematically the reactions

observed.
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Figure 10: Schematics of the sample-generation/tip-collection mode of SECM employed to detect

the (a) Co* release plus its further stripping using a CV and (b) O, formation on a LiCoO,

cathode.®

Besides, in the same study the electrode was taken to overpotentials and during
the discharge process, O, was also detected (fig. 10b), which led to different
products formation depending on the ionic liquid employed. 16228229

Another possible way of investigating such reactions is the tip-
generation/sample-collection mode, which was used in the study of Li-ion
transport.”? In this case, contrarily to the most common first example, metallic
lithium ME were used to generate the Li* ions, promoting local intercalation at a
graphite substrate considering that, as previously discussed in this thesis, graphite
anodes are suitable for battery applications and the SEI is formed by the
electrolyte decomposition and lithium salts.®*%**>* This method though was
proven later to not describe effectively the SEI properties. The first reason is that
the local Li-ion consumption does not depend exclusively on the transport across
the SEI, but from many other factors including the intercalation occurring in other
areas of the electrode.”?*** Biilter et al.?!” also demonstrated that in the long-
term, the Li-ion dissolution occur in different rates and that the SEI suffers from
stability problems in the presence of metallic Li even at open circuit potential
(OCP).

The feedback mode is the other important mode employed in the
investigation of batteries and consequently used in this thesis to address the SEI
and CEI properties. This mode requires that a mediator compound is added to the
electrolyte and it is continuously reduced at the tip of the ME. This oxidized form
then diffuses to the substrate surface where it is reduced again, regenerating it to
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its original redox state. Depending on the properties of the sample, such as
conductivity, the response on the ME may vary and, as an example that will be
discussed later in this thesis, a clean Si surface of an electrode reacts differently in
comparison to a surface covered with SiO,*® or a SE1.%%

According to the model proposed by Cornut and Lefrou®? using
COMSOL simulations, the current response at the ME depends on the distance
between ME and the surface. Therefore, approach curves can be performed while
applying a constant potential and recording i+ as a function of distance (d). The
results from the simulations are presented in normalized parameters.

I = l;—Tm (Eq. 5)
The normalized current (1) is the ratio of the current i+ measured near the surface
and it, measured in the bulk. While the normalized distance (L) is the ratio

between the microelectrode-sample distance (d) and the radius (rt) of the ME.
L=— (Eq. 6)

The approach curves can assume different shapes as can be seen from calculated
curves in figure 11. When approaching to a conductive surface the current is
expected to rise infinitely, as the diffusion of the oxidized species from the ME to
the substrate and its regeneration will generate what can be called a positive
feedback of current.”*® Contrarily, when approaching an insulating surface, the
regeneration of the mediator does not occur, leading to a decrease in the current
(negative feedback). Naturally, there are many intermediate situations in which
the sample kinetics limits the current. This situation also applies to SEI covered
electrodes. Eq. 7 allows the determination of an effective first order rate constant
ketr [cm s™*] with the normalized first-order rate constant («), when provided the
microelectrode radius (rt) and the diffusion coefficient (D) that are known from

independent experiments.

keegerr

(Eq.7)
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Figure 11: Approach curves according to the model of Cornut and Lefrou.®? The green line
represents the exclusively diffusion-controlled regeneration of R at the sample (positive feedback),
while the red line represents an insulating sample (negative feedback). The black lines represent

intermediate conditions and x values.

Performing such approach curves carefully is of high importance to obtain x from
the experimental data.* Previous studies have shown the challenges of using the
model for rough surfaces like graphite composite electrodes,*"?'® but for flat
surfaces as Si and Li it is expected to be less challenging.

For the feedback mode, it is fundamental to have a suitable redox
mediator. It presents a similarity to the operation of redox mediators as
overcharge protection agents in LIB, but with the difference that for the feedback
mode, the mediator is continuously oxidized at the ME in a confined region,
which allows the investigation of local electron transfer properties of the layers.
This also represents a difference to other approaches such as rotating disc
electrodes (RDE),'*¢%**%* rotating ring-disc electrodes (RRDE)*® or the four

236,237

electrode setup when investigating the SEI or the CEI.

Using the feedback mode brings advantages and disadvantages for the
studies of the batteries. One of the advantageous points is the distance in which

36,41,231

the imaging is carried out, commonly between 5 and 15 pm, avoiding

contact with regular samples with relative small to moderate sample roughness,
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that could lead to damaging the surface or the SEI/CEI above it. This represents a
big advantage in comparison to techniques such as atomic force microscopy
(AFM) where the surface can be damaged when investigated using the contact
mode.?*2*? Another point is that, as the mediator diffuses and interacts with the
SEIl in its oxidized form, the formation of the reduced form by the electron
transfer, depends directly on the local properties of the interphase, allowing to
identify its shape, boundary and extension. That is not possible when using
spectroscopic techniques such as Fourier-transform infrared spectroscopy (FTIR)
or XPS.® XPS can also affect the interphase composition by exposure to high-
energy radiation, low energy scattering and Ar*-sputtering.”*2

On the other hand, one of the drawbacks of this mode is that redox
mediators are not naturally part of the electrolyte of a battery (except when some
kind of overcharge protection agent is employed), and these components are
known to influence the SEI formation or corrosion®®* depending on the particular

compound used (Chapter 4.2).

Apart from the most common modes already described, some research groups
went beyond in the search for alternatives. The redox competition mode was
proposed by Barton and Rodriguez-Lopez** for investigations in LIB using a
mercury-capped and a polytetrafluoroethylene-coated (PTFE) Pt ME (fig. 1a). In
this study, a higher local activity was observed by the local decrease on the ME
reduction current due to increase in Li-ion consumption by the Au-Li-alloy
formed, similarly to a tip generation/sample collector mode. The drawback of this
method is that is not possible to separate the contribution of varying electrode
properties and the influence of the SEI on the current. Even when considering the
stability of the Hg-capped ME,* the formed Li-amalgam will be covered by a
SEI which leads to a variation on Li-ion consumption.

Another approach was the slightly different scanning electrochemical cell
microscopy (SECCM). It was for instance used to investigate positive electrodes
of LiFePO, by employing a single-channel capillary (rr = 50 nm) filled with
electrolyte in contact with the electrode via a meniscus at the end of the
nanopipette to investigate Li-ion flux.”> As can be seen on figure 12b, one
noticeable difference between SECCM and SECM is that in SECCM only a small
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area of the substrate is in contact with the electrolyte, leading to investigations

with high resolutions of 100 nm for redox activity.*”

a)
Ag/AgCI
o
Li*
Li" !

l TFE Li*
u :
L ——

Figure 12: Schematics of different SECM modes applied to batteries (a) redox competition mode
mode using an Hg-capped Pt ME**® and (b) SECCM for LiFePO, investigations.??®

The nanopipette used in SECCM contains in its interior a quasi reference
(Ag/AgCI) counter electrode. Similar to the approach with SECCM, scanning
electrochemical ion conductance microscopy (SICM) was also used to investigate
silicon electrodes by Lipson et al.?** In this study a lithiated tin wire was the
source of Li" inside a nanopipette that was approached to two different materials,
one composed of silicon nanoparticles mixed with poly(vinylidene fluoride)
(PVDF) deposited on copper foil and a tin foil. This made it possible to
investigate topographical and electrochemical aspects at a nanoscale, moreover,
by correlating both, inhomogeneities on the thickness and local lithiation/SEI
formation could be observed locally when inducing the film growth with the Li-
ion flux from the lithiated tin inside a nanopipette of approximately 60 nm of

internal diameter.?**
4.2 Choice of the Redox Mediator

As previously discussed, the redox mediator is of key importance for the use of
the feedback mode of SECM as it interacts with the ME and the substrate. Some
redox mediators are employed during the operation of batteries as overcharge
protection agents which requires that the compound presents stability in both,

oxidized and reduced states, large diffusion coefficients and good cyclability.?*> In
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the case of SECM experiments, mediators provide the possibility of long-term
investigations due to the mentioned advantageous properties. Solubility is also a
concern when adding a mediator to an electrolyte and is important to mention that,
in order to be used as an overcharge protector, the requirements in this regard are
much higher in comparison to the mM concentrations needed for an SECM
experiment.424/

Frequently, ferrocene (Fc) was used as a redox mediator for investigations
in batteries with the feedback mode.?0}21>216.226227 Eyneriments performed with
different anode materials have shown that after SEI formation, the reduction of
Fc* is suppressed®® leading to a considerable variation on the SEI formation
potential, as it was mostly influenced by the tip-substrate voltammetry.2?1:216:226:227
Some examples were the SEI formation potential of 1.3 V% vs. Li/Li* for TiO,
paste electrodes and 0.8 V**® vs. Li/Li* for glassy carbon electrodes.

Based on previous studies, DBDMB was selected for the investigations of
anodes in this thesis. This compound was shown to have high stability as
overcharge protector.?*® This is corroborated by calculations based on binding
energies of the oxidized species compared to the ethyl radical.****° Even when
compared to other mediators, DBDMB has still appeared as the most viable
choice.?*® %2 Despite several different redox mediators have been proposed,
another important consideration is that the system should present conditions
similar to a commercial battery cell, without adding compounds that are not
present in commercial systems, for example.

As it is shown in figure 13, DBDMB has similar groups as the typical
solvents present in electrolytes, such as EC and DEC, which represents a
considerable advantage in comparison to mediators such as Fc,20%215216.226.227.253-
2 Furthermore, the DBDMB molecule is larger than typically used electrolyte
solvents. This leads to the assumption that when the electron transfer to the
DBDMB molecule occurs, the electron transport from the electrode to the
electrolyte components is possible. The stability of DBDMB allows the
requirements for long-term investigations within an Ar filled glove box and the

understanding of the SEI formation process.”’
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Figure 13: Reduced and oxidized structures of the DMDMB redox mediator.

The usage of DBDMB also prevents that the ME is covered by any passivation
film originated from electrolyte deposition due to the fact that the diffusion-
controlled oxidation requires Er = 4.1 V* vs. Li/Li* while electrolyte reduction
would happen in a range of 1.5 VV*2 vs. Li/Li". It is also important to mention that
DBDMB investigations for overcharge protection are more recent than the use of
Fc and derivates, which mostly dates back to the early 90s.%>®

On the other hand, the fact that the reduction of Fc* is suppressed when

the electrode is covered by the SEI,**®

can be used for other purposes as
quantifying the onset potential of SEI-formation. Another drawback though, is the
incompatibility between Fc and metallic Li. The mediator is eventually adsorbed
to Li in case this is the electrode investigated or the counter/reference
electrodes.?*®

Compatibility with the electrode materials and electrolyte components is a
key point when choosing a redox mediator for SECM. It is of equal importance to
prevent adsorption or decomposition of compounds at the ME. Previous studies
have shown that such negative effects do not occur on Pt ME in presence of a
variety of electrolytes, such as LiPFg which is very common in commercial
batteries and LiClO4, that was used in most of the experiments in this
thesis,201:#15216226227 Basides, DBDMB did not show any compatibility issues

towards the Pt ME,36:41.217-219

6

For the investigation of cathodes, Snook and collaborators,*'® used the

generation/collection mode while Takahashi et al.,**® used the derived technique
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SECCM. The operation potential and the onset of CEIl-formation can differ,
leading to the need of finding new suitable redox mediators for the SECM

investigations in this thesis.
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5 Experimental Details

This chapter provides further details about the experiments performed in this
thesis. Table 3 presents the chemicals used in this thesis during sample
preparation and electrolyte components in the SECM cell, followed by the
description of the used techniques, especially about the SECM setup which is the

most important for this work.

5.1 Chemicals

Table 3: Chemicals used for sample preparation and in the electrolyte solution.

Name Formula Supplier Grade
BASF G27 LiClO, + PC BASF 1 M solution
Hydrofluoric Acid HF Sigma Aldrich 5%
DBDMB CisH260, Angene 99%
2,3-dichloro-5,6-dicyano-1,4- ] )
) CsCl,(CN),0, Sigma Aldrich  98%
benzoquinone
1-Butyl-1-methylpyrrolidinium C11H20FsN20,4S, .
] o Synthesized
bis(trifluoromethanesulfonyl)imide  (Pyr14TFSI)
Anthracene CisH1g Sigma Aldrich  98%
Azobenzene C1oHioN, Sigma Aldrich  98%
9,10-bis(phenylethynyl) anthracene  CsgHyg Sigma Aldrich  97%
Ruthenium-tris(2,2'-bipyridyl) ) )
C39H2CoNgRuU Slgma Aldrich  99%

chloride

5.2 Electrode Materials

5.2.1  Silicon Electrodes

The electrodes investigated in this thesis consisted in 200 pm thick highly boron-
doped monocrystalline Si wafer (100 orientation, 8 mQ cm specific resistivity,
Shin- Etsu, Chiyoda, Japan). To provide a good electric contact, the backside of
the silicon wafer was sputter-coated with a 1 pm thick Cu layer. The Cu-covered

Si electrodes were then was cut into pieces of 4 x 4 mm?.
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One important step required for the test with the Si electrodes was the
etching of the native SiO, layer with HF.?® A drop of 100 pL of 5 mass-%
hydrofluoric acid (HF) solution was put on top of the Si substrates avoiding
wetting the Cu current collector on the back side of the substrates. After around
one minute the HF was rinsed thoroughly with deionized water and the samples
were transferred to the glove box.

5.2.2 Lithium Electrodes

The lithium electrodes were prepared by collaboration partners and the starting
material were lithium rods (99.9% trace metal basis, 12.7 mm diameter, Sigma-
Aldrich). For the cutting solutions, it was used anhydrous pentane (>99%, Sigma
Aldrich) and 1-pentylamine (>98%, Merck). 1-butyl-1-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide (Pyrl4TFSI) was synthesized®’ and dried at
120 °C for 18 hours to ensure low water content. The ionic liquid was then mixed
with Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) (99.9%, battery grade,
3 M) in the 2:8 molar ratio.

Their developed device included a tungsten wire (99.95%, 0.2 mm
diameter, Alfa Aesar) to slice the Li electrodes, as it is a chemically inert material
towards lithium, preventing any contamination. The rods were first cut in 1.5 cm
length with a scalpel while inside a polypropylene cylinder to preserve the shape
of the soft metal. Afterwards, the wires were used inside the same cylinder in a
way where it was possible to add the desired solution with the SEI precursor and

ensure a reproducible thickness (2.3 mm).?*®

5.2.3 Cathode Materials

The first cathode material investigated consisted of commercially available
carbon-coated LiFePO, (LFP Life Power P2, Clariant) as an active material,
polyvinyl difluoride (PVDF Kynar ADX 111, Arkema) and carbon black (Super
P-Li, Timcal) as conductive additive. The composition (LFP/PVDF/carbon black)
is 84:10:6 by weight percent.
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The second cathode material consisted of lithium nickel manganese cobalt
oxide (NMC 811, POSCO ESM) as the electrochemically active material, the
same PVDF as binder and carbon black (ENSACO Super C 65, Imerys) as
conductive additive. The composition (NMC/PVDF/carbon black) is 89:5:6 by
weight percent. The compounds are mixed under vacuum conditions
(RO2Vac IntensiveMixer, Eirch). Both materials were coated in an aluminum
foilusing a roll-to-roll coater (BA-RRC, Mathis).

5.3 Instrumental Considerations

5.3.1 SECM in the Glove Box

The most important investigations in this thesis were performed with SECM. The
battery electrolytes and electrode materials are water and air sensitive, therefore
the experiments were all inside an Ar-filled glove box (Uni-Lab, M. Braun
GmbH, Garching, Gemany). The potentiostat (CompactStat, Ivium Technologies,
Eindhoven, The Netherlands), was placed outside of the glove box in order to
reduce the noise effect. The cell inside contained a 3-axis micropositioning system
(MS30 precision actuator and PS30 distance measurement system, CU30
controller, mechOnics AG, Munich, Germany) and it was operated using an in-
house developed software (SECMXx).>° Additionally, for the interrupted charged
experiment (Chapter 6.3) it was also developed an electronic switch that made
possible to connect either the ME or the Si electrode as working electrode.
SECMx was also used to run batch sequences of SECM experiments, charging
steps, CVs, linear sweep voltammetries (LSVs) and also experiments from the
native software of the IviumStat potentiostat. The cell and positioning system
were covered by a custom Plexiglas cover that can be seen in figure 14, in order to

avoid any interference from the Ar circulation and solvent evaporation.
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ME

__Plexiglas cover

Positioning system

Sample holder
Figure 14: Schematic drawing of the SECM cell with the Plexiglas cover that was placed inside of

the glove box.?*® Adapted image provided by Folkert Roelfs (University of Oldenburg).

The system described required some subtle adaptations depending on which
experiment was performed. For the first investigations on Si electrodes and the
investigations with cathode materials, just the wafer was placed inside the sample
holder, while for the charging, it was added a copper foil on the back of the wafer
that had no contact to the electrolyte solution that made possible to connect the
electrode with the potentiostat. Due to the different size of the sample, Li
electrodes required a larger sample holder, whilst when trying different mediators
a glass plate was the only substrate. Figure 15 shows a schematics of the whole
setup.

Besides the already mentioned components, the electrochemical cell also
requires a reference electrode (RE) and a counter electrode (CE). Metallic Li
stripes were used in all experiments for RE and CE in the experiments with anode
materials, while a silver wire was the RE and a platinum wire the CE for the

experiments with cathode materials.
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| Electrode |

Figure 15: SECM setup used for the experiments.

As discussed, the ME is a key part for the SECM experiments, as it is what makes
possible the recording of local electrochemical reactivity.??° The MEs used in this
thesis had a radius rr =~ 12.5 um of active surface (Pt wire) sealed in a insulating
glass sheath.* Due to its size, the diffusion does not occur in a planar way as in
macroscopic electrodes, instead diffusion is hemispherical,?®* causing the rapid
establishment of a hemispherical diffusion field and a diffusion-limited steady-
state current ir, » (EQ. 8) where n is the number of electrons transferred per
molecule, F is the Faraday constant, D is the diffusion coefficient and c the bulk

concentration of the species.”®*?%

it = 4nFDcrp (Eg. 8)
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5.3.2 Complementary Employed Techniques and Sample

Preparation

Apart from SECM, some other techniques were also used to study composition
and topographic features and better understand the results. The Si electrodes that
will be discussed were investigated also using XPS and AFM. XPS was
performed with an ESCALAB 250 Xi (Thermo Fisher Scientific, East Grinstead,
UK). Excitation was made with monochromatized Al Ka line (1486.6 eV). Apart
from survey, high resolution spectra of Si, O, and C were performed.
Furthermore, imaging and angle-resolved XPS (ARXPS) was also performed in
order to investigate the depth of the SiO, layer (Chapter 6.1).

The AFM experiments were performed in contact mode under ambient
conditions with a Nanoscope 1A controller and a Dimension 3100 stage (Veeco
Instruments Inc., Santa Barbara, USA). Topographical images were recorded with
256 x 256 pixel resolution and area of 95 um x 95 pum using a triangular Au-
coated SizN4-cantilever (MSCT tip, Bruker, Karlsruhe, Germany) with a spring
constant of 0.6 N m™,

The cathode materials were investigated using scanning electron
microscopy (SEM). They were performed using a Helios Nanolab 600i system
(FEI Company, Eindhoven, The Netherlands) with a detector for energy
dispersive analysis of x-rays from 30-10 kV accelerating voltage depending on the

sample and in different states of charge (Chapter 8).
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6 Reactivity at Silicon Electrodes

This chapter presents results and discussion regarding experiments that were
performed using silicon electrodes. As discussed previously, this is a very
promising material to be employed as anode material, therefore better
understanding electrochemical properties of the material can lead to
improvements on the battery performance.

At first, electrodes without charging were investigated, as well as the
influence of the native SiO, layer that is formed in contact with air. The
experiments in this chapter belong to a published paper®® which includes further
investigations on the impact of the native SiO, layer on Si electrodes, though the
results presented in this thesis were the exclusively performed by me. Following
this, there were experiments involving the full charge and discharge of an
electrode, addressing its limitations and, afterwards, an interrupted partial
charging (where only the SEI formation potential ranged was reached) in slow

steps will be discussed.

6.1 Influence of the Native SiO, Layer on Uncharged

Electrodes

In the first steps of this thesis, uncharged Si electrodes were investigated with the
feedback mode of SECM to observe the differences between a sample containing
the native SiO; layer, one sample etched with HF and one sample that was
abraded during SECM operation with the glass sheath of the ME. The goal was to
understand better the electron transport before the SEI formation as it is of key
importance for the performance of Si electrodes.®’?*

The native SiO;, layer formed when in contact with air is known to be 1 — 3
nm thick and can passivate the Si surface.’®® %’ The first part of this published
work® demonstrated that the ketr Values of a SiO, covered electrode were rather
small and not the same but comparable to insulating surfaces, showing almost no
reduction of DBDMB". However, some regions presented higher values of Keg,

demonstrating a heterogeneous coverage of SiO,.
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The work proceeded in showing two possible ways of removing the SiO,
layer. The first one was by physical abrasion, using the Pt ME as a probe to
damage the SiO, layer mechanically by vertical or horizontal movements as can

be seen in figure 16.
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Figure 16: Schematic representation of the SiO, layer mechanical abrasion. During the SECM
analysis, the microelectrode gently contacts the insulating surface, then moved laterally in a way
that can abrade the SiO, layer. Adapted from ref.*

This procedure made it possible to observe an increase in the local
electrochemical reactivity that could be verified by SECM imaging. Figure 17,
presents one image obtained by scanning a region around the abraded area.
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Figure 17: SECM image of the region where the Si electrode was abraded.
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It is noticeable the increase in the current originated from the electron transfer and
thus regeneration of the DBDMB through what is probably a crack on the SiO,
insulating layer.

Secondly, the SiO; layer was removed from an electrode by HF etching. In
this case, the layer is expected to be effectively removed from the Si surface.
Therefore, XPS was performed in order to compare the elemental composition of
the HF etched electrode, the electrode that was abraded with the ME during the
SECM experiment and a pristine electrode without any previous treatment,
containing the native SiO; layer. Figure 18 shows the sample holder with the three
samples. The electrode that was analyzed in SECM prior to the XPS (a) was
marked with a glass cutter, so the same region where the abrasion occurred could

be investigated.

Figure 18: XPS sample holder with (a) the abraded Si electrode (marked with a glass cutter), (b)

the HF etched electrode and (c) the pristine Si electrode. Adapted from ref.*

The first experiment performed was survey spectra of each electrode to observe
the different compositions, as it is shown in figure 19a. The amount of oxygen
observed in the etched electrode is lower in comparison to the other two, as
expected by the removal of the SiO,. What was also observed is the increase in
the carbon intensity peak on the etched and on the abraded electrodes, especially
in the case of the abraded one. This is possibly due to residuals of the organic
solvents used in the SECM experiments.

For further investigations regarding the Si composition, high resolution Si
2p spectra were obtained (Figure 19b). It is already possible to observe in the
fitted peak that is associated to SiO, (Si*") and other oxidation states of the Si with
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binding energy around 103.5 eV?® presents a significant reduction in the HF
etched sample, but in the case of the abraded electrode, the same behavior is not

expected. The ratio is just slightly different than the pristine Si electrode.
a) b)

s . = Si2p |
— Pristine
——— HF Etched -
Abraded 7 = ‘ : ;

3 - Abraded
2 - HF Etched|
; | |1 - Pristine

Intensity / arb. units
|
Intensity / arb. units

1200 1000 800 600 400 200 0

106 105 104 103 102 101 100 99 98
EyleV

Figure 19: (a) Survey spectra of a pristine, a HF-etched and a mechanically damaged Si electrode.
Si 2p, O 1s and C 1s peaks are indicated as they showed the most notable changes; (b) Si 2p
Spectra and fits of (1) the pristine, (2) the HF etched and (3) the mechanically abraded Si

electrode. Adapted from ref.*®

Figure 19b also presents the fits for the peaks associated to the elemental Si, with

binding energy at 99.5 eV.?®

They present some different ratios, especially in the
abraded electrode. This indicates that the mechanical abrasion did not remove a
relevant amount of the SiO; layer, but has changed the passivating properties by
introducing mechanical damage. It is also important to mention that the abrasion
is made by the Pt and mostly by the glass sheath, which are softer than the SiO,
layer.

Further questions kept unresolved, therefore XPS imaging and AFM
imaging were employed as an attempt to see if the abrasion could be observed not
only by the electrochemical response. Figure 20 shows the XPS imaging, where
two regions of the abraded sample were investigated, one where the abrasion
occurred and another above the eye visible marks made with the glass cutter. On
the region where the electrode was marked using a glass cutter, it can be seen in
figures 20a and 20c, which corresponds to the energies of O 1s and Si 2p of SiO,,
the effective damage, whereas in the abraded region, no apparent removal or

damage can be observed.
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Glass cutted region:

20

2343 e

Figure 20: XPS imaging of”Ea) — (c) the region with mechanical damage by the glass cutter
(indicated by the red circles) and (d) — (f) the region abraded by the ME. The images are based on
emission of O 1s, Eg = 533 eV (a and d), Si 2p (elemental Si), Eg = 100 eV (b and e) and Si 2p
(SiO,), Eg = 104 eV (c and f). Adapted from ref.*

AFM was also used in order to observe the abrasion, but as previously discussed,
the abrasion with the ME does not remove enough SiO; to be seen, but only
enough to allow the diffusion of electrons through the layer and generate the

higher current observed in the SECM image.

Further experiments were carried out to calculate the thickness of the SiO, layer
before the SEI formation. The idea was to use ARXPS, changing the angle of
analysis from 0° to 50°, and calculate considering the different attenuation lengths
(M) that the pristine material and the SiO, layer as well as the path the irradiated
electrons have to cross when the sample gets tilted inside the equipment. Figure
21 shows a schematic representation of the length of the paths the electrons have
to cross at the starting and the final angle of the measurement performed and the

corresponding spectra.
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Figure 21: Schematic representation of different analysis angles and the path of the emitted

electrons. It causes that the spectra at 0° present more information about the bulk material and at

50° more information about the overlayer.**%®

For the calculations of thickness the Eqg. 9 considering the ratios between the
photoelectron intensities in Si and in SiO, (R), the reference ratio between the
phtoelectron intensities on such materials in thick (over 100 nm) layers (R™), the

layer thickness (d) and the attenuation length.?*®

R
In[1+ R_°°] =d/AcosO (Eq.9)
The values obtained were 2.58 nm for the pristine electrode and 2.30 for the
abraded electrode. The difference between both values is within the error margin
of the method?®® and leads to the conclusion that the SiO, layer did not suffer any
interference on its thickness neither by the abrasion nor by the contact or

deposition of the electrolytes employed in the SECM investigations.
6.2 Charging of the Si Electrode
Towards the investigation of the SEI on Si electrodes, the charging process is

known to be of key importance. After a discussing with collaboration partners Dr.

Michael Sternad and Prof. Martin Wilkening, an experiment was planned in order
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to follow the SEI formation of the anode in situ while imaging with SECM,
according to parameters also found in literature.?*"®

The first step of the experiment was the etching of the Si electrode using
hydrofluoric acid to remove its native SiO, layer. By doing so, a crystalline and
non-passivated surface was obtained. The electrode was then placed into the
SECM setup and contacted through a Cu foil attached to the back of the electrode
that had no contact to the electrolyte. Several discharging/charging cycles were
applied. The cycles consisted in a CV with slow scan rates (UV s™ range) starting
from 1.2 V vs. Li/Li*, where no SEI formation or lithiation are expected down to
0 V. Then the potential was swept back to 1.2 V vs. Li/Li". In between each cycle,
the same region of the electrode was imaged via SECM. Figure 22 shows the

cyclic voltammograms recorded during theses charging experiments of the Si

electrodes.
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Figure 22: Sequential charging/discharging cycles applied to the Si electrode and its scanning
rates. The experiment was performed in 5 mM DBDMB mediator and 1 M LiClO, in propylene

carbonate.

The first cycle does not appear because it had a current range that was much lower
than the following. In these cycles, it cannot be seen any peak within the expected
range of the SEI formation (0.5 V < E < 1.2 V),2*®87¢ a5 the lithiation peaks have

much higher current values and can be see starting from around 0.3 V for the
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charging process. During the discharging, two peaks that can be related to the Li
ions leaving the Si electrode can be observed. It is also important to mention that
no signal from DBDMB was visible, which a requirement to make intermittent
SECM imaging using this mediator.

Figure 23 shows the SECM images recorded with the ME prior to the
cycling and between each of the charge/discharge cycles. All of them were
recorded at the same region of the electrode. The trend of a current decay could be
observed after consecutive cycles. Also, some features started to appear during the
experiment.

As discussed with collaborators, the first time potential is applied to a Si
electrode, its behavior is not reproducible. In this case, not much could be seen
and this will be further discussed in chapter 6.3 where the charging will be

discussed more in detail.
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Figure 23: SECM images recorded in 5 mM DBDMB mediator and 1 M LiCIO, in propylene
carbonate (a) before any cycling; (b) after the first; (c) after the second; (d) after the third; (e) after
the fourth; (f) after the fifth and (g) after the sixth charge/discharge cycle.

The current decay after the second cycle (fig. 23c) is accompanied with the
appearance of some features in the lower area of the image (y < 50 pm). Such
features appear on all the following images up to the last one (fig. 23g). Both the
decay and the low current features can be associated to SEI formation and

lithiation of the electrode. Figure 24 shows the data of the current decay along the
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experiment. The data points are the arithmetic mean of the it current and the it
after each charging cycle from figure 23. It shows that the decay seem especially
in the last images of figure 23 are related to the passivation of the Si electrode, not
to the degradation of the ME.
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Figure 24: Current decay along the experiment expressed by <it/it ,,>.

The charging of a pristine Si electrode is known to have high charge capacity but
face several structural problems with the Li insertion.®®®® From the fourth cycle
on, the images (fig. 23e-g) had a change on the overall aspect (major current
decay) in comparison to the previous ones, containing more spikes and an overall
only a negative feedback response. These results led to the suspicion of loss of
mechanical stability of the electrode. Therefore, the experiment was ended and

after disassembling the electrode was broken, as can be seen in figure 25.
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Figure 25: Broken Si electrode after the experiment.
6.3 The Interrupted Charging Experiment

The loss of mechanical stability of the Si electrodes was clear with the full
charge/discharge cycles, when the potential was swept to the lithiation range.

6889 and further discussions, an alternative

When considering literature values
approach was developed: to prevent the lithiation by charging the electrode just up
to the potential range of the SEI formation.

When looking at figure 22, it can be said that the lithiation process is
expected to occur starting only below 0.5 V?*"® and this is the phenomena
responsible for the mechanical issues. Therefore, the experiment was planned to
avoid this potential range. Furthermore, instead of a single charging cycle, the
idea was to perform the charge of the electrode in linear sweep voltammetries
(LSVs) of 0.1 V intervals at a very slow scan rate (20 pV s*) while the ME is kept
away from the Si electrode (5000 pm). In between each LSV, the ME is
approached and the same region of the electrode is imaged. Figure 26 presents a

schematic representation of the procedure in its two different steps.
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Figure 26: Schematic representation of (a) SECM imaging with a constant potential applied to the
ME and (b) charging of the Si electrode by sweeping the potential of the Si electrode while the
ME is retracted and at OCP. Adapted from ref.?*

At first, the steps were performed without any equilibration time, which led to the
profile that can be seen in figure 27. This made possible to investigate this

complex process happening step-by-step.
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Figure 27: LSVs performed for the potentiodynamic charging of the Si electrode at 20 uV s in 5
mM DBDMB mediator and 1 M LiCIO, in propylene carbonate without equilibration time.

After the experiment, it was not possible to observe any relevant changes but
some few variations within the most critical potential range 1.0 — 0.7 VV**'® of SEI
formation. It was then further discussed and the main reason for that would be that
the system would not be in equilibrium when the measurement started. Therefore,
a 15 minutes waiting time was added between charging step and SECM
characterization. Figure 28 shows the charging profile, presenting much clearer

variations of the plateau current at the end of each LSV charging pulse.
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Figure 28: LSVs performed for the potentiodynamic charging of the Si electrode at 20 uV s in 5
mM DBDMB mediator and 1 M LiCIO, in propylene carbonate with 15 minutes equilibration time

between steps. Adapted from ref.*!

In the case of the optimized parameters, a peak-shaped profile with its maximum
around 1.0 V can clearly be seen when connecting the plateau values of each
LSV. The behavior presented in figure 28 corroborates directly to what was
observed during SECM imaging. As mentioned before, the ME is retracted during
the charging pulses to avoid any side reactions at the ME.

After each of the LSVs the potential control is applied to the ME and the
Si electrode is left at OCP.?" Sequentially, the ME was slowly approached to a
position approximately 5 pum away from the surface in order to perform the
SECM imaging. It is shown in figure 29 the images recorded at the same region of

the electrode throughout the whole experiment.

50



200

150

y / um

100

50

200

150

100

y / pum

50

200

150

y / wm

100

50

200

150

y / um

100

50

y / pm

0 50 1XO(} MJY?O 200 ¢} 50 1(/) #JT?O 200
[
1 2 3 4 5 6
i/ nA

Figure 29: SECM images taken from an identical region of the Si electrode in 5 mM DBDMB
mediator and 1 M LiCIO, in propylene carbonate. (a) Before applying external potential control to
the Si electrode; (b) after sweeping from2.0t0 1.4 V; (c) 1.4-13V;(d)12-11V;(e) 1.1-1.0
V; (f)1.0-09V;(g)09-08V;(h)0.8-0.7V;()0.7-06Vand (j)0.6 -05V; Er =+4.1V,
rr~12.5 um. Adapted from ref.*
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The SECM image presented in figure 29a was recorded prior to any LSV and
shows a maximum ME currents of approximately 12 nA. Figure 29b shows the
image after the application of an external potential where no SEI formation is
expected (Es of 2.0 V swept to 1.4 V). This lead to the little current variation
between the figures 29a and 29b apart from noise and sample tilt.

The images in figures 29b-e present only small changes (between Es of
1.4 V and 1.1 V). The formation of a VV-shaped region with lower currents in the
upper right part of the imaging frame has an average current of about 5 nA, which
is lower than in the rest of the image. However, the uniformity of the V-shaped
region changes to a heterogeneous pattern with spots of very low ME currents
when the final charging potential approaches the plateau with the largest reduction
currents (fig. 29f) where the potential is around 1.0 V vs. Li/Li*. The growth
patterns are reminiscent to a nucleation process,?’® but have also been observed

for electropolymerization processes®’*?"

and grafting of organic layers to
electrodes. Such reduction-induced polymerization of organic electrolyte
components (which in this case is propylene carbonate) results in passivating
layers on the Si electrode.

Even on an almost atomically flat Si electrode, the reduction of electrolyte
components and the deposition of insoluble reaction products do not occur
uniformly but in concentrically spreading spots. While electron transfer reactions
occur fast at some parts of the Si electrode, regions of about 50 um diameter are
visible, in which electron transfer reactions are inhibited due to passivation. The
growth of the regions with low ME currents after subsequent charging LSV, are
indicative for spreading pristine SEI layer, forming until its completion in the
lower areas of the image that can be seen in figures 29i-j.

The observation of a local onset of SEI formation on a nearly atomically
flat electrode is a novel finding and might be essential for the understanding of
film formation on Si. Formation of organic layers has often a local onset, where a
critical amount of organic material must be deposited first to form a new phase,
that can grow further forming a film. The growth perpendicular to the electrode
surface remains small if the organic layer is electronically insulating. In the
present case, the lateral dimensions of incipient SEI are clearly detectable for with

micrometer resolution.
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An alternative way of observing this process and the overall current
development along the experiment is with a histogram constructed from the ME
currents of the SECM images in figure 29 with a binsize of 3% of the current
range of each image. Figure 30 presents that the image before charging has a very
high average current and most of the data points above 8 nA. Furthermore, as the
potential reach 1.1 V, the current decay is evident. The shape of the histograms is
maintained in the next three images.

When the potential of Es = 1.0 V is reached (corroborating the maximum
of the reduction currents plateaus in figure 28 and the first indications of SEI
nucleation in figure 29f), the overall current decreases to much lower values (0.0
— 4.0 nA) although cyclic voltammograms at the ME far away from the surface
prove that this does not correspond to a decay on activity or passivation of the ME
probe, which indicates a passivation of most parts of the scanned area. After
scanning the Si electrode to Es = 0.9 V, there is a further significant decrease of
the ME current that result in an increasing width of the histograms. This trend
continues in the images recorded after charging to 0.8 V, 0.7 V, 0.6 V and 0.5 V
indicating a nearly complete coverage of the Si electrode by a passivating SEI

layer.

Il Before LSVs
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Figure 30: Histograms of ME currents within SECM images. Adapted from ref.?*
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7 Reactivity at Lithium Electrodes

This chapter presents the experiments performed with metallic lithium anodes that
were prepared by using a recently developed device®® which provides a fresh
tunable surface containing a SEI precursor. Our collaborators provided samples
cut in various solvents, prior and after cycling in a battery cell, in order to observe
and understand the phenomena occurring under such conditions.

Also important to mention, is that for this case, the electrolyte in the
SECM experiments was an ionic liquid, also synthesized by our collaborators,
lithium bis(trifluoromethanesulfonyl)imide : 1-butyl-1-methylpyrrolidinium bis
(trifluoromethanesulfonyl)imide (Pyrl4TFSI/LiTFSI) which is expected to bring
advantages to the operation of batteries (e. g. less safety issues) and influence
differently the SEI or dendrite formation in comparison to commonly used
electrolytes. The cycling was performed within the ionic liquid for 100 times at
0.1 mA/cm?2.2%®

7.1 Electrochemistry in an lonic Liquid Electrolyte

The first challenge during the experiments was the electrochemistry in the ionic
liquid itself. Despite the much lower diffusion rates and much higher viscosity in
comparison to the common battery electrolytes and the one used for the Si
electrodes, consistent results were obtained with the ionic liquid provided by the
collaboration partners.

The first point was the solubility of the mediator, but apart from taking a
longer time to get dissolved in comparison to the regular electrolyte, this revealed
not to be an issue since the first attempts. Figure 31 shows the comparison of CVs
between a 5 mM solution of DBDMB in the commercial BASF G27 and in
Pyr14TFSI. The CV in figure 31a recorded with 20 mV s scan rate in BASF G27
shows a stable sigmoidal response expected for a ME. Contrarily in the
Pyr14TFSI (fig. 31b) at the same scan rate, the current is much smaller and the
profile is not of a hemispherical diffusion.?’”® This is due to slow diffusion rates
and the fact that there is no stationary state during the measurement. It was

necessary to record the CV with a much lower scan rate of 1 mV s, so the
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sigmoidal profile could be seen. This also required that equilibration times during
SECM experiments to be adapted.

1—cV Pyr14TFSI - 20 mV/s
Jl==—CV Pyr14TFSI - 1 mV/s

| [==CV BASF G27 - 20 mV/§|

I/ nA

36 37 38 39 40 41 42 36 37 38 39 40 41 42
E/Vvs. LiL* E/Vvs. LilLi

Figure 31: CVs recorded in the bulk of 5 mM solutions of DBDMB in (a) BASF G27 and (b)
Pyr14TFSI with different scan rates. rr = 12.5 pm.

7.2 SECM and SEM Investigations

Following the preliminary tests and the adaptations of the parameters for working
with the ionic liquid, proper experiments with Li electrodes cut with the device
developed by the collaborators were carried out. The electrodes were cut in 2.3
mm thick slices from metallic lithium rods inside a glove box with a
polypropylene device. The cylindrical chunk was placed in between two jaws
inside a beaker and a SEI precursor could be added through small channels. Using
a winder and tungsten wires, the Li is cut in a very smooth surface.?®

This device made it possible to obtain fresh lithium surfaces with no
previous contact with no species but the SEI precursor.?®® This can provide
tunable surfaces for analysis under inert atmosphere, different electrolytes and
even the possibility of varying SEI properties. By this, it is possible to evaluate
with higher precision the electrochemical behavior of the material without contact
with any undesired solution or gas that could affect the SEI formation or react
with the Li surface.

The Li electrodes chosen were cut in three different solutions: neat
pentane, 0.1 M pentylamine in pentane and 5 M pentylamine in pentane. The
pentylamine added to the solution in different concentrations is expected to
influence the SEI formation by the reaction forming LisN, which can prevent the
side reactions between the lithium and the carbonate-based electrolytes. Besides,
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fast Li* diffusion from the electrolyte to the Li surface occurs due to fewer
reduction species in the electrolyte with LizN modification on the Li anode,
forming a stable SEI of low resistance.?’* Besides, pentane is not expected to react
with it and the dissolution helps to control the thickness of the SEI formed. On
performance tests, the 0.1 M solution of pentylamine in pentane, the overall
interfacial resistance of the electrodes were decreased and performed with much
higher stability than with only pentane or with concentrations higher than 1 M
pentylamine in pentane.”*® The 5 M solution had a negative impact on the SEI due
to either dissolution of the primary SEI components or swelling of the organic SEI
layer formed.?”

After the cutting, the electrodes were sealed and sent from our
collaborators. Upon arrival the package was open inside the glove box and the
electrode was mounted in the SECM setup for analysis. In order to treat the

232

approach curves according to the model of Cornut and Lefrou”> it was necessary

to obtain a dy value that correspond to the closest distance to the substrate.
Therefore, approach curves using the mediator solution in the ionic liquid with the
same ME used for the other approach curves to the Li electrodes. Figure 32
presents one approach curve to a glass substrate in a function of normalized

current (Eq. 5) vs. the normalized distance (Eqg. 6).
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Figure 32: Approach curve using 5mM DBDMB in the ionic liquid. The dots are the data points
and the line is the curve fit using the insulato model of Cornut and Lefrou.”®” (E = +4.1 V, ry =
12.5 pm, RG =5.5; fitted ry = 10.52, dy = 6.72).
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Figure 33 presents examples of approach curves and SECM images of the
electrodes cut in the different solutions. The profile of the approach curves appear
to be of finite kinetics, which means that when the ME is approached but is still a
few rr to the Li surface, the regeneration occurring is fast enough to compete with
the diffusion happening, leading to the it increase as the distance decreases.
Further during the approach curve, when the ME gets much closer to the Li, the
diffusion of species within the electrolyte between the ME and the substrate
becomes faster, leading to the limiting of the feedback and the i+ decreases.

Some heterogeneity can be seen in the ME current in the images which are
related mostly to sample tilt or some small variations. Otherwise the current in
each image is rather homogenous. It can be seen that the current on the bulk (i)
varied according to the samples, which is related to eventual variations on the

batch of ionic liquid received from the collaboration partners.
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Figure 33: Approach curves and images from the cut electrodes without any previous
electrochemical treatment. The electrodes were (a)/(b) cut in pure pentane; (c)/(d) cut in 0.1 M
solution of pentylamine in pentane and (e)/(f) cut in 5 M solution of pentylamine in pentane.
(Approach curves: 1 um step size, E =+ 4.1V, rr = 12.5 pym, RG = 5.5, fitted with finite kinetics

model).”*?

Another set of electrodes were cycled by the collaboration partners. After the
cutting procedure described, the electrodes were put in symmetric cells and cycled
galvanostatically at 20 °C with current density of 0.1 mA cm™ The cut-off
potentials were +0.5 V vs. Li.?*® After cycling for 100 times, the electrodes were

again sealed and sent for SECM investigations. Figure 34 presents the approach
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curves and images of the electrodes prepared in the same three conditions as the
ones presented in figure 33.

b)

i/ pA

1 1
! 0 50 0)9/ m 50 200 i / ph

Figure 34: Approach curves and images from the cut electrodes after 100 cycles of galvanostatic
charging. The electrodes were (a)/(b) cut in pure pentane; (c)/(d) cut in 0.1 M solution of
pentylamine in pentane and (e)/(f) cut in 5 M solution of pentylamine in pentane. (Approach
curves: 1 pm step size, E =+ 4.1V, rr = 12.5 um, RG = 5.5, fitted with finite kinetics model).?*

By observing the approach curves first, in general they keep the profile of finite
kinetics approach just with an overall lower current on the cycled samples.
Specifically looking at the electrode cut in pentane, the cycled one (fig. 34a) the
current variation was lower than 0.1 nA, which made it hard for mathematical

59



fitting and reproducibility. That did not seem an issue with any other electrode.
Regarding the images, heterogeneities over the scanned area could be seen in
most of the cases. As SECM presents convolved information about topography
and electrochemical activity, there was still the need to investigate better if the
behavior was just due to topographic features or other processes happening on the
electrode surface, such as SEI or dendrite formation.

In order to further investigate the electrodes, the region imaged by SECM
was marked macroscopically and the electrodes were then stored, sealed inside the
glove box and sent back to the collaboration partners for SEM investigations on
their equipment that can operate under inert conditions inside a glove box. Figure
35 shows the SEM images recorded of the electrodes in all the investigated
conditions.

The first point to consider when looking and comparing the SECM and
SEM images is that both techniques scan very small areas with different
resolutions that are not visible to the eye. This makes it very different to image the
precisely same area even with all the markings on the sample after the SECM and
prior to be sent back for the SEM. Another problem can occur during the removal
of the electrode from the SECM setup. Despite it was done very carefully, can
also happen some bending may happen before the marking, which could lead to a
larger difference in the micrometric range.

First, when comparing the images of the electrodes cut in pentane, in
uncycled and cycled condition, the current variations in the SECM images are
around 0.1 nA (fig. 33b and 34b), while the sample does not have any clear
features or any apparent SEI visible in the SEM pictures (fig. 35a-b). This effect is
expected, as there is no SEI precursor added in the solution and the current
variations are probably just related to sample tilt.

When comparing the electrodes cut in 5 M pentylamine in pentane, the
electrode shows a rougher surface without cycling (fig. 35e), while the SEM
image show some kind of agglomeration formed probably before the start of the
SECM experiment (fig. 33f). In the cycled electrode it looks smoother, only a few
topographic variations can be seen (fig. 35f) which correspond to what seems like
an inhomogeneous coverage related to the negative effects of such high
concentrations of pentylamine in solution, that cannot be conclusively assiociated
to what can be seen in the SECM (fig. 34f).

60



The electrodes cut in 0.1 M pentylamine in pentane present a general
roughness in the SEM (fig. 35c) that can be seen in the SECM image (fig. 33d).
For the comparison with the cycled electrode, one feature appears in the SEM
(fig. 35d) that can be related to a similar feature in the corresponding SECM
image (fig. 34d).
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Figure 35: SEM images recorded from the different Li electrodes. (a) cut in pentane, uncycled,;

T HIU («

(b) cut in pentane, cycled; (c) cut in 0.1 M pentylamine in pentane, uncycled; (d) cut in 0.1 M
pentylamine in pentane, cycled; (e) cut in 5 M pentylamine in pentane, uncycled and (f) cutin 5 M
pentylamine in pentane, cycled.

The feedback current measured on the ME appear to be higher in the
regions with higher topographic features in the images prior to charging, while in

this case and for the most it can be compared for the cycled images, this appear to
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be the opposite, the current is lower in the regions that appear closer to the ME,
indicating the formation of a passivation layer after cycling. In figure 36, the SEM
image was cut and rotated so it was easier to compare it with the SECM image. It
can be seen on the right region of the SECM image a lower current feature. This
feature may be related to a heterogeneously covered region of the electrode and it
can also be seen on the SEM image. Such observations corroborates with the
performance tests in different concentrations of pentylamine in pentane, as the
surface influence of the SEI precursor being the most beneficial effects to the
electrode performance in the case of the 0.1 M solution (or the 1 M solution).?®
On the top region of both images, it appears a smaller feature that can indicate a

growing dendrite.
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Figure 36: Comparison of the (a) SECM image from figure 34d from the cycled electrode cut in

0.1 M pentylamine in pentane and (b) section of the SEM image in figure 35d of the same

electrode area.
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8 Investigations at Cathode Materials

This chapter refers to investigations performed with different cathode materials.
In this case, most of the work aim was different than in previous chapters. Anode
materials are vastly more investigated, therefore the need to find a suitable
mediator to work with cathode materials was the first challenge.

Subsequently, a standard cathode (LFP) and a high voltage (NMC)
material were investigated using SECM and SEM, comparing what can be
observed from topography and electrochemical behavior. Additionally, the
samples were investigated in different states of charge in order to observe a

potential CEI formation.

8.1 Mediator for Cathodes

The mediator for SECM investigations of cathode electrolyte interphases has
similar requirements as the mediator for anodes, such as stable performance with
the electrolyte and the electrodes and solubility. On the other hand, the operation
potential window is different. The mediator must be first reduced at the ME so
that the oxidation proceeds at the cathode material.

After researching literature,?’® a number of compounds were selected for
testing. For the first tests, the same concentration was used as for the DBDMB (5
mM) in the G27 electrolyte. The compounds selected for a first round of tests
were: 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), anthracene,
azobenzene, 9,10-bis(phenyl-ethynyl) anthracene and ruthenium-tris(2,2'-
bipyridyl) chloride. Within those compounds the DDQ was selected due to its

multiple substituted structure (fig. 37) and its proven stability,?’"®

although it
has never been used before for any kind of SECM applications in the field of
batteries. Anthracene also seemed to present a good stability and solubility in the
electrolyte as well as working potential in an appropriate range. The compounds
were added to the electrolyte and presented good cyclability, stability towards the
ME and the system and are viable in the potential range needed for cathode
investigations. All the experiments were performed using a Ag wire as a reference

electrode and a Pt wire as a counter electrode.
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Figure 37: Structure of the DDQ.

In the case of the DDQ, the CV can be seen in figure 38. The molecule has two
stable and reversible reduction reactions between -0.6 V and 0.3 V (vs. Ag). On
our anode-related experiments the voltage of the ME is 4.1 V vs. Li/Li* during
imaging. While using the DDQ as mediator, the voltage applied is within the
range between -0.3 V and -0.2 V (vs. Ag), therefore the reduced form can be re-

oxidized at the positive electrode material.
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Figure 38: CV of the DDB in a 5 mM solution in G27. Scan rate 20 mV s™; step size 10 mV.

The anthracene could also be dissolved in the electrolyte and was stable for
SECM operation. Figure 39 shows the oxidation of anthracene and the the
potential window appears on a higher range but it still can be considered viable.
The stable range for applying potential for imaging experiments can be between
0.8 V and 1.0 V. This compound has around 0 V (vs. Ag) in its reduced state,
which would cause a different feedback response when approached to an
electrode than the DDQ and could work as an irreversible mediator.
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Figure 39: CV of the anthracene in a 5 mM solution in G27. Scan rate 20 mV s step size 10 mV.

The idea of using anthracene as a second mediator is to have an irreversible redox
couple. Working with both mediators would also be an option for further
experiments and the DDQ can be used to investigate electrochemical properties
and the anthracene to determine exactly the distance between ME and substrate as
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described in the literature.“ After testing both compounds, the first idea was to

perform the investigations using the DDQ, considering its versatility and stability

in other systems.?’"2"8

8.2 SECM and SEM Investigations

The following step was to find cathode materials and to verify the performance of
the mediator and investigate the materials. Discussions with collaborators from
Fraunhofer Institute (IFAM — Oldenburg) led to one standard cathode material
(LFP)' and one high voltage material (NMC).** Both materials were then
investigated using SECM and SEM in order to understand better their
performance and the CEI formation process.

82.1  LiFePO, (LFP)
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For the investigations with this material, different samples were prepared from our
collaborators with high active content. The first electrode was prior to any
cycling, just cut and dried overnight at 80°C and transferred inside the glove box.
Afterwards, other electrodes were cycled 100 times and transferred under inert
conditions to the glove box at two different states of charge (SOC), 0 which
means a fully discharged battery and 100 that is the state in a fully charged
battery. This material is not supposed to form a consistent and effective CEI after
cycling.

A slight difference can be seen in the CV of the DDQ performed on the
three electrodes which is shown in figure 40. All the electrodes maintained the
two step redox process already observed, but both cycled electrodes presented a
shift in the potential. This is probably caused by the use of a pseudo-reference

electrode, which was a Ag wire without Ag™ ions in solution.
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Figure 40: CVs in the bulk of the 5 M solution of DDQ in G27 electrolyte with the different SOC

of the LFP electrodes. Scan rate employed in all of the electrodes 20 mV s; step size 10 mV.

Reference electrode was a Ag wire and counter electrode a Pt wire.

The next step was to perform approach curves to try to identify if a cycled
electrode would have different electrochemical response than the one without any
cycling or contact with any other kind of electrolyte. The same way it was done
for the DBDMB in ionic liquid. In order to treat the data obtained from approach
curves, an approach to a glass substrate was performed. From the fit, the distance

of closest approach dy was obtained. Figure 41 presents this approach curve, with
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the DDQ solution in the G27 electrolyte with the ME used for the experiments
with the cathode electrodes.

Figure 41: Approach curve using 5mM DDQ in the G27. The dots are the data points and the line
is the curve fit using the insulator model of Cornut and Lefrou.”®® (E = + 4.1 V, rr = 12.5 pm, RG
= 6.51; fitted ry = 13.12, dy = 2.44).

Figure 42 presents the fit of the approach curves performed in the three different
electrodes. It can be seen that in all cases the positive feedback indicates that the
material is still conductive, reinforcing the fact that the CEI has less
pronounceable effects on the passivation of the cathode than the SEI in the
anode®**® but still this material was influenced by such interphase after the
charging cycles.****® It can be seen that on the cycled electrodes the current
increase prior to the touching point is proportionally smaller in comparison to the
uncycled electrode, being the SOC 100 (fig. 42 - curve 3) considerably less
conductive, while the SOC 0 (fig. 42 - curve 2) presented an intermediate
conductivity.

LFP cathode materials are not expected to form a stable and beneficial
CEI for the battery operation. This decay in current observed is possibly related to
the deposition of organic and/or inorganic compounds, passivating the surface,

which would have a negative impact on the battery performance.
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Figure 42: Approach curves and fit from LFP electrodes in 5mM DDQ in the G27 (1) uncycled;
(2) cycled, SOC 0 and (3) cycled, SOC 100. (Step size: 1 ym, E = +4.1 V, ry = 125 um, RG =
6.51, fitted with the conductor model, fitted rr =13.12, d, = 2.44).%

Additionally, different regions of the electrodes were imaged using SECM. Figure
40 shows the different images obtained where not significant differences could be
observed. The ME was approached while observing the increase of the negative
current measured at the ME due to the high conductivity of the cathode materials.
The experiment was interrupted when the ME reduction current had doubled
compared to the current in the bulk solution (distance of about 10 pum to the
substrate).

The LFP surface is formed basically by a film made of the particles of the
phosphate and some carbon components over a metallic foil. In the image of the
uncycled electrodes (fig. 43a) it is possible to see a very homogeneous
distribution with very small current variation along the scanned area. More
significant differences and even a feature that can be related to a crack in the
structure can be seen in the image of the SOC 0 (fig. 43b), which can be derived
from the cycling and the potential variation at the electrode. In the image of SOC
100 (fig.43c), no feature can be seen and again, only a small current variation that

can be due to the formation of some irregular CEI and a minor sample tilt.
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Figure 43: SECM images from the LFP electrodes (a) uncycled; (b) cycled 100 times with SOC 0
and (c) cycled 100 times with SOC 100. (Er =-0.2 V, r; = 12.5 um).
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Besides SECM, SEM was also employed in order to investigate the surface of this
cathode material. Figure 44 presents the SEM imaging of the uncycled electrode.
It can be seen that expected structure of such material, with smaller particles that

are carbon rich and the larger ones that correspond to the LiFePO4.***

Figure 44: SEM images of the uncycled LFP cathode in different magnifications.

822  LiNiyCo,Mn,0, (NMC)

In order to further understand the effects observed in the LFP, the idea was to
compare it with a higher operational voltage material NMC. This kind of
electrodes are more prone to the CEI formation and was expected to have more
pronounced variations between the uncycled and the cycled electrodes which is of
key importance for the performance of a battery.®#78

Besides the uncycled electrode that was only cut and dried before analysis
in the same procedure used for the LFP, other samples were also cycled 100 times
and investigated in three different SOC: 0, 50 and 100. The intermediate SOC was
added in an attempt to observe the CEI coverage/formation process undergoing.

The first important difference between the materials can be observed in
figure 45, where the CVs for the uncycled and the different SOCs of the NMC
presented much faster and different decay ratios. In the uncycled electrode the two
step redox processes were not affected, but some current variations were
observed, but in the case of the cycled electrodes, in none of the SOCs the
mediator lasted stable for the two redox reactions more than 48 hours of
experiment. This fact is probably related to electrolyte residuals that further

consume irreversibly the DDQ.
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Figure 45: CVs in the bulk of the 5 mM solution of DDQ in G27 electrolyte with the different
SOC of the NMC electrodes, being (a) uncycled; (b) SOC 100; (c) SOC 50 and (d) SOC 0. Scan
rate employed in CV was 20 mV s™; step size 10 mV. Reference electrode was a Ag wire and
counter electrode a Pt wire.

In the case of the approach curves performed above the NMC electrodes in the
uncycled and in the three different SOCs, the differences can be observed on the
fits presented in figure 46. Once again the positive feedback is observed for all
electrodes, independently of cycling, but in the case of the uncycled sample, the
positive feedback is higher. For the cycled samples, a similar current in the ME
approach curve and only a small variation between the different SOCs can be
observed. This is possibly due to the presence of an insulating layer covering the

electrode after cycling.
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Figure 46: Approach curves and fit from NMC electrodes in 5 mM solution of DDQ in G27
electrolyte (1) uncycled; (2) cycled, SOC 0; (3) cycled, SOC 50 and (4) cycled, SOC 100. (Step
size: 1 ym, E =+ 4.1V, rr = 125 um, RG = 6.51; fitted with the conductor model, fitted r
=13.12, do = 6.26).%*

For the imaging, the same procedure used for the LFP cathodes was used. The ME
was approached to the electrode and the experiment was interrupted when the
negative ME current is close to the double when compared to the current in the
bulk solution (distance of about 10 pm to the substrate). For short term
comparisons, forward and reverse images recorded in the first hours of experiment
and after a time interval. These images are presented along with a normalized
difference plot which consists in the variation of current measured in the
corresponding data points from the forward and reverse scan within a threshold of
10% of the overall average current. The scale of the fluctuations was also
normalized by the overall average current of the forward scan of the respective
images, so they could be compared.

Figure 47 presents the images recorded from the uncycled electrodes. In
this case, that no CEI or any passivation layer is expected, in both cases of
forward and reverse scans at the beginning of the experiment (fig. 47a-b) and after
several hours of operation (fig. 47d-e), not many long-term variations could be

observed. In the normalized difference plots (fig. 47c and 47f), only fluctuations
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under 5% of the overall current range could be seen in general with only few
exceptions, shoing the stability of the uncycled electrode did not change along the

experiment.

Figure 47: SECM image comparison from the NMC uncycled electrodes in 5 mM solution of
DDQ in G27 electrolyte (a) forward scan at the first hours of experiment; (b) reverse scan of the
same region; (c) difference plot of images (a) and (b); (d) forward scan 22 hours later; (e) reverse
scan of the same region and (f) difference plot of images (d) and (e). (Er =-0.2 V, ry = 12.5 pm,
difference threshold = 10%).

Figure 48 shows the image comparison for the cycled electrodes at SOC 100. For
these cathodes, it is expected that the CEI was formed during the cycling. Figures
48a-b and 48d-e are from the same region and some features oscillated when

comparing the images recorded with a 20 hours time gap. Regarding short-term
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changes, figure 48c presents very small fluctuations that barely reach + 0.02 in the
normalized scale (0.5% of the image average current). When looking at the
difference plot in figure 48f, the fluctuations observed appear to increase, but the
range is still comparable to figure 48c, with even the spike (x = 120 um; y = 240
pm) no surpassing 1% of the image average current. The overall trend possibly
indicates that the layer formed has enough driving force to keep the coverage
stability along the experiment.
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Figure 48: SECM image comparison of cycled electrodes at the SOC 100 in 5 mM solution of
DDQ in G27 electrolyte (a) forward scan at the first hours of experiment; (b) reverse scan of the
same region; (c) difference plot of images (a) and (b); (d) forward scan 20 hours later; () reverse

scan of the same region and (f) difference plot of images (d) and (e). (Er =-0.2 V, rr = 12.5 pm,
difference threshold = 10%).
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The cycled electrodes at the SOC 50 can be seen in figure 49. The images
recorded at the beginning of the experiment (fig. 49a-b) and the ones recorded 22
hours later (fig. 49d-e), appear to be with some shift on the position, but still some
similar features can be seen in both (feature around x < 50 pm, for example). The
normalized difference plot in figure 49c has fluctuations that do not exceed 1%
current overall. Figure 49f has fluctuations on a similar range, but in this case,
they are proportionally higher, as the respective images presented a current decay.

Also, the surface reactivity seems to be slightly more heterogeneous.

150 200 100 150 200
x/um x/pm

Figure 49: SECM image comparison from the NMC cycled electrodes at the SOC 50 in 5 mM
solution of DDQ in G27 electrolyte (a) forward scan at the first hours of experiment; (b) reverse
scan of the same region; (c) difference plot of images (a) and (b); (d) forward scan 22 hours later;

(e) reverse scan of the same region and (f) difference plot of images (d) and (e). (Et =-0.2 V, rr =
12.5 um, difference threshold = 10%).
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Figure 50 shows the SECM image comparison for the cycled electrodes with SOC
0. In this case, also no noticeable long-term changes could be observed when
comparing the images recorded at the beginning of the experiment (fig. 50a-b)
with the images recorded 9 hours later (fig. 50d-e). What could be observed
similarly to the cycled electrodes at SOC 50 was a current decay could be
observed again between them, this time within a shorter interval of 9 hours. In the
normalized difference plot for the initial images (fig. 50c) more fluctuations
appear but usually none exceed 3% of the overall current. In the case of the other
difference plot (fig. 50f), the first impression is of less fluctuations, but as there
was a current decay between the images, the fluctuations are proportionally a little
higher (around 4%).

The pattern observed in the normalized difference plots of the cycled
electrodes was in agreement with the similarities seen in the approach curves (fig.
46). On the electrodes at SOC 50 and SOC 0 the proportional increase that was
observed along the experiment occurs probably due to a lower driving force which
results in a less efective stabilization of the electrode after the removal of the
battery setup. The electrode at SOC 100 could be more stable along the
experiment duration. It is possible to observe that the insulating behavior of the
apparent layer formed is much less effective than an SEI observed in a negative
electrode.?*

In order to better understand if there was effectively a CEIl formed on the
electrode after cycling, SEM images were recorded from the electrodes. Figure 51
present the images for the uncycled and all the different SOCs of the NMC
electrodes. At first, it was already possible to see a difference in the particle size
of the material, with NMC being much larger than the LFP and the surface much
rougher (figs. 51a-b). Furthermore, it is possible to see that the particles are
partially covered by an insulating layer on the cycled samples (fig. 51c-h),
corroborating with the SECM images. Some of the particles, especially in the case
of SOC 50 (fig. 51f) and SOC 100 (fig.51h) appear to be cracked.
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Figure 50: SECM image comparison from the NMC cycled electrodes at the SOC 0 in 5 mM
solution of DDQ in G27 electrolyte (a) forward scan at the first hours of experiment; (b) reverse
scan of the same region; (c) difference plot of images (a) and (b); (d) forward scan 9 hours later;
(e) reverse scan of the same region and (f) difference plot of images (d) and (¢). (Er=-0.2V, ry =
12.5 um, difference threshold = 10%).
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Figure 48: SEM images of the NMC (a)/(b) uncycled; (c)/(d) cycled 100 times with SOC 0 and

(e)/(f) cycled 100 times with SOC 50 and (g)/(h) cycled 100 times with SOC 100.
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9 Summary

In summary, the feedback mode of scanning electrochemical microscopy (SECM)
was applied with 2 5-di-tert-butyl-1,4-dimethoxybenzene (DBDMB) as redox
mediator to investigate the electron transfer at silicon electrodes in battery grade
electrolytes. Initially the electrodes were investigated prior to the SEI formation
regarding the influence of the native SiO, passivation. By a mechanical abrasion
by the Pt ME and the hydrofluoric acid dip were shown to be successful for the
partial removal of SiO, and to increase ke Significantly.*® After SiO, removal the
conductivity increased considerably. Therefore, the HF etched Si electrodes with
increased ke values and long-term stability were taken as suitable for the
investigation of SEI formation. X-ray photoelectron microscopy (XPS) was
applied to understand better the composition and thickness of the SiO, layer.

The SEI formation and the lithiation happening on a Si anode are
processes of key importance for the performance of battery and were investigated

12! could

in full charge-discharge cycles. The expected drawbacks of this materia
be seen on SECM images. Further investigations with the interrupted charging
experiment made it possible to observe the SEI formation happening in situ step-
by-step. The passivation of the electrode was shown to happen in a similar way of
a nucleation process.?*

The same technique and mediator was also applied to investigate metallic
lithium electrodes in the bis(trifluoromethanesulfonyl)imide (Pyrl4TFSI) ionic
liquid. Performing SECM measurements in this ionic liquid were the first
challenge, but the DBDMB has proven to be stable and soluble in this new
electrolyte employed. Furthermore, the Li electrodes were prepared using a new
method which made it possible to obtain fresh surfaces that had no previous
contact to any compound.?® This also made it possible to cut the electrodes using
an SEI precursor to investigate the formation process. SECM approach curves and
images made it possible to investigate the SEI and dendrite formation effects by
comparing electrodes directly after cutting and electrodes that were cycled
galvanostically.

Both Si and Li electrodes are suitable materials for application as anodes

of Li-ion batteries. Moreover, two cathode materials were also investigated using

79



SECM feedback mode with the new 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) as mediator. After researching several compounds, DDQ has shown good
stability and appropriate potential range for investigations of cathode materials.

One commercial cathode material (LFP) and one high voltage material
(NMC) were investigated in order to understand the CEI formation process and its
influence on the properties and performance of a battery. Approach curves, SECM
and SEM images were used to investigate and compare these materials in different
states of charge (SOC) after 100 times cycling. The LFP electrodes were
substantially affected in the electrochemical response to the ME, with the cycled
electrodes presenting a much hindered diffusion in the approach curves. On the
other hand, the NMC presented variations that were similar independently of the
SOC and did not reduce the conductivity of the electrodes so dramatically. This
occurred probably due to the deposition of organic and/or inorganic compounds
that passivate the LFP, while the at the NMC cathodes, the layer formed present
properties of interest for a CEI. Furthermore, when looking at the SEM images, a
layer could be observed in the cycled samples in all SOCs, but with variations on
the coverage.

In summary, significant contributions to the understanding of electron
transport, the impact of the native SiO, layer at Si negative electrodes on the local
electron transport and local electrolyte reduction and dynamics of SEI at silicon
electrodes by the application of SECM and the new interrupted charging
experiment. Metallic Li electrodes obtained with tunable conditions were
investigated using ionic liquids in SECM feedback mode in order to investigate
SEI and dendrite formation. Furthermore, in this thesis a new mediator (DDQ)
was found to work with cathode materials. Thus, two different possible electrode
materials were investigated in order to understand better the CEI formation

process.
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10 Outlook

SECM investigations with DBDMB as redox mediator has been shown to be

applicable in various electrodes*"*!

and also could be employed for
investigations in an ionic liquid, which can be applied on LIBs in the near future.
Besides, it is likely that it can be applied to investigations in the more recent

280281 and sodium-sulfur®®? batteries.

batteries, such as sodium-ion

The DBDMB was shown to be useful for all the investigations performed
in the anode materials and still maintain its stability even after many hours of
operation. Its solubility in the ionic liquid employed for the investigations in
metallic lithium electrodes also open the possibility of employing DBDMB with
even further versatility.

The results obtained with the interrupted charging experiment could
observe the SEI nucleation like formation process and step towards a better
understanding of the properties and the influence of the SEI in a battery.
Addressing the lithiation process in silicon electrodes would require the look for
alternatives to prevent the loss of mechanical stability, e. g. microstructured
electrodes” instead of the flat electrodes. Another possibility is to investigate the
stability of the SEI by raising the potentials in small steps as well.

The possibility to obtain tunable metallic Li surfaces, bring a good
possibility of regulating the thickness and the properties of the SEI formed by
using different SEI precursors and additives.?*® Further investigations can lead to
better understanding of how such compounds affect the formation and stability of
the SEI. The combination with SEM allowed the comparison of features but for
understanding the species present in the SEI, XPS can be employed to verify
which species can affect more positively the performance of a battery.

The investigations on the positive electrode and the CEI formation can
also lead to better understanding, which can improve the performance of a battery.
Although similarities are expected as both the SEI and CEI are formed by
electrolyte reduction,™***" different thickness and impact on the battery may
require adaptations on the SECM setup for a more detailed understanding of the
CEI. A larger variety of materials can be investigate and might even be possible to

perform a similar experiment of the interrupted charging to see if the effects are
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similar to the SEI demonstrated in this thesis. Alternative mediators or even the
use of a mixture envolving reversible and irreversible redox mediators for the
separate and subsequent determination of the ME-substrate distance d and the rate
constant x can also be helpful on investigations to cathode materials.?”
Improvements in the electrochemical cell such as temperature control, tilt
table and miniaturization (reducing the volumes of electrolyte to a proportion
closer to a real battery) can be valuable for reducing errors and fluctuations in the
measurements. Hence, the implementation of both positive and negative

electrodes in the SECM would be a long-term goal.
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12 Appendix

12.1 List of Symbols and Abbreviations

Table 4: List of symbols.

Symbol  Description

<it> Average microelectrode current of the image

A Area

C Bulk concentration

d Distance between microelectrode and sample

D Diffusion coefficient

F Faraday constant (96485 C mol™)

it Current of the microelectrode

It Normalized current of the microelectrode (it / i)

IT oo Current of the microelectrode at quasi-infinite distance to the sample
Kefr Apparent heterogeneous rate constant

L Normalized distance (d / rt)

n Number of transferred electrons

r Total radius of a microelectrode including the insulating glass sheath
RG Radio between the total radius r and electrode radius of

electrochemically active area rt

rr Radius of electrochemically active area of a microelectrode
U Cell voltage

K Dimensionless first-order rate constant

x Swell rate (dfiim / 2o)
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Table 5: List of abbreviations.

Abbreviation Description

AFM Atomic force microscopy

CE Counter electrode

CEl Cathode electrolyte interphase

CLSM Confocal laser scanning microscopy
CVv Cyclic voltammetry, cyclic voltammogram
DBDMB 2,5-di-tert-butyl-1,4-dimethoxy benzene
DEC Diethyl carbonate

DMC Dimethyl carbonate

EC Ethylene carbonate

EIS Electrochemical impedance spectroscopy
Fc Ferrocene

FIB Focused ion beam

FTIR Fourier transform infrared

GC Glassy carbon

LIB Lithium ion battery

Li-O; Lithium air (oxygen) battery

Li-S Lithium sulfur battery

ME Microelectrode

NMR Nuclear magnetic resonance

@) Oxidized species of the redox mediator
OCP Open circuit potential

PC Propylene carbonate

PTFE Polytetrafluoroethylene

PVDF Polyvinylidene fluoride

R Reduced species of the redox mediator
RC Redox competition

RDE Rotating disc electrode

RE Reference electrode

RRDE Rotating ring-disc electrode

SC Sample collection

SECCM Scanning electrochemical cell microscopy
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SECM
SEI
SEM
SICM
XPS

Scanning electrochemical microscopy

Solid electrolyte interphase

Scanning electron microscopy

Scanning electrochemical ion conductance microscopy

X-ray photoelectron spectroscopy
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