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Abstract

To meet the increasing demands of Li-ion batteries, combining SiOy with graphite
into a composite anode has emerged as a promising option, benefiting from the
high structural stability and excellent electrical conductivity in graphite, along with
the high specific capacity of SiOx. However, as the demand for Li-ion batteries is
projected to increase alongside the need for a carbon neutral economy, the need
for incorporating sustainable sourced raw materials for battery production is ever

important.

In the current work, nanostructured SiOyx compounds were obtained through mag-
nesiothermic reduction of SiOg frustules from diatoms. For this, reaction para-
meters such as reaction temperature and molar ratio of reactants were adjusted.
Synthesized SiOx compounds were characterized with a toolset of structural and
electrochemical characterization techniques and successfully integrated into work-
ing anodes. Lastly, SiOy/graphite anodes were fabricated, and their electrochemical
performance was evaluated. In situ synchrotron X-ray diffraction experiments were
performed on such SiOy/graphite electrodes to track structural changes that SiOy
and graphite components undergo during the two initial lithiation/delithiation re-
actions, with the goal of gaining insights on the effects of Si volume expansion on
the graphite structure. The results from this work will serve to improve the cyclab-
ility of SiOy/graphite composites and provides a facile pathway to obtain SiOy from

sustainable sources.

The optimal parameters for magnesiothermic reduction were found and by using a
Mg:SiO9 molar ratio of 1:1 at a reaction temperature of 650°C, resulted in SiOy
comprised of about 15% Si and about 85% SiOs9 after the post reduction acid treat-
ment. The specific surface area of the frustules increased drastically from 85.4 m?g!
in pristine SiO9 frustules to 465.6 m?g™! in the synthesized SiOy, which is mainly

attributed to the creation of new meso- and macropores in the material.

When implemented as active material in anodes, the SiOy-based anode displayed a
higher initial capacity of 1089 mAhg™ and coulombic efficiency of 89.2%, while lower-
ing the initial capacity loss during the first cycles compared to that of 682 mAhg!
and 83.4% in anodes made with pristine SiO9 frustules. However, the SiOy-based

anode experienced a continuous capacity decrease, with 805 mAhg™! in the 40" cycle.

The SiOy/graphite composite anode displayed a lower specific capacity than the
pristine SiOy anode, but showcased better cycling stability, owing to the stabilizing
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properties of graphite. Although the inclusion of SiOy was expected increase the
anodes capacity, this was not observed, and the anode displayed a specific capacity
of 402 mAhg™ after 40 cycles. Thus, further optimization of the SiO, /graphite blend

is needed.

In-situ synchrotron XRD on the SiOy/graphite composite anode, revealed the dis-
tortion in the original lattice structure and amorphization of Si upon electrochem-
ical cycling, whereas graphite maintained the original crystalline structure. The Si
peaks were observed to shift towards higher and lower angles during electrochem-
ical cycling, suggesting that Si and Li-ions form a solid solution before Si’s phase

transformations and amorphization occur.
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Sammendrag

For a mgte den gkende etterspgrselen etter Li-ion-batterier, har kombinasjonen av
SiOx med grafitt i en komposittanode vist seg a veere et lovende alternativ, ved
a utnytte den hgye strukturelle stabiliteten og den utmerkede elektriske ledning-
sevnen i grafitt, sammen med den hgye spesifikke kapasiteten til SiOy. Imidlertid,
ettersom etterspgrselen etter Li-ion-batterier forventes a gke sammen med behovet
for en karbonngytral gkonomi, fremhever dette behovet for a inkludere baerekraftig

ramaterialer i batteriproduksjon.

I dette arbeidet ble nanostrukturerte SiOx-forbindelser oppnadd gjennom magne-
siotermisk reduksjon av SiOo-frustuler fra kieselalger. For dette ble reaksjonspara-
metere som reaksjonstemperatur og molforhold mellom reaktantene justert. Syntet-
iserte SiOx-forbindelser ble karakterisert med et sett av strukturelle og elektrokjemiske
karakteriseringsteknikker og ble integrert vellykket i anoder. Til slutt ble SiOy /grafitt-
anoder fabrikkert, og deres elektrokjemiske ytelse ble evaluert. In situ synkrotron
rgntgendiffraksjon ble utfort pa slike SiOy /grafitt-elektroder for & spore strukturelle
endringer som SiOx- og grafittkomponenter gjennomgar under de to forste litierings/
delitierings-reaksjonene, med mal om a fa innsikt i effektene av volumekspansjon av
Si pa grafittstrukturen. Resultatene fra dette arbeidet vil hjelpe til med a forbedre
syklisiteten til SiOy/grafitt-komposittene og gir en enkel vei for a oppna SiOy fra
beerekraftige kilder.

De optimale parameterne for magnesiotermisk reduksjon ble funnet, og ved a bruke
et Mg:SiOo-molforhold pa 1:1 ved en reaksjonstemperatur pa 650°C, ble SiOy
som bestod av ca 15% Si og ca 85% SiOs etter syrebehandling, syntetisert. Det
spesifikke overflatearealet til frustulene gkte drastisk fra 85,4 m?g™! i SiOo-frustuler
til 465,6m gl i det syntetiserte SiOy, som i hovedsak kommer av nye meso- og

makroporer dannet under reaksjonen.

Nar SiOy ble implementert som aktivt materiale i anoder, sa viste den SiOx-basert
anoden en hgyere startkapasitet pa 1089 mAhg™! og koulombisk effektivitet pa 89,2%,
mens det opprinnelige kapasitetstapet ble redusert under de forste syklusene sam-
menlignet med 682mAhg™ og 83,4% i anoder laget med SiOa-frustuler. Imidlertid
opplevde den SiOy-baserte anoden en kontinuerlig kapasitetsnedgang, med 805 mAhg™!
i den 40. syklusen.

SiOy /grafitt-komposittanoden viste en lavere spesifikk kapasitet enn SiOy-anoden,

men viste bedre syklingsstabilitet, grunnet de stabiliserende egenskapene til grafitt.
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Selv om implementeringen av SiOy forventet a gke anodens kapasitet, ble dette ikke
observert, og anoden viste en spesifikk kapasitet pa 402mAhg™ etter 40 sykluser.
Som dermed viser at det er et behov for ytterligere optimalisering av SiOy /grafitt-

blandingen.

In-situ synkrotron XRD pa SiOy /grafitt-komposittanoden, avslgrte forvrengningen i
den opprinnelige gitterstrukturen og amorfisering av Si under elektrokjemisk sykling,
mens grafitt opprettholdt sin opprinnelige krystallinske strukturen. Si-toppene ble
observert a skifte mot hgyere og lavere vinkler under elektrokjemisk sykling, noe
som antyder at Si og Li-ioner danner en fast lgsning for fasetransformasjoner og

amorfisering oppstar i Si.




Table of Contents

Preface

Abstract

Sammendrag

List of Figures

List of Tables

List of Abbreviations

1 Introduction

2 Theory

2.1

2.2

2.3

24

2.5

Galvanic cells and secondary batteries . . . . . . .. .. ... .. ...
2.1.1 Fundamentals of Li-ion batteries. . . . . . . .. .. ... ...
2.1.2  Terminology in battery literature . . . . . . ... .. ... ..
Components of acell . . . . . .. . ... ... ... ... ... ....
2.2.1 Anode materials. . . . . .. ...
2.2.2  Electrode binder . . . . .. ... oo 0oL
2.2.3 Electrolyte and solid electrolyte interface . . . . . . . . . . ..
Silicon anodes . . . . . ...
SiOg Anodes . . . . . . . .
2.4.1 Lithiation of SiO9 . . . . . . . . . . ... L
2.4.2 SiO9 anodes in literature . . . . . . . . . . ... ...

SiOg anodes . . . . . . L

iii

Xiv

XV

vi



2.5.1 Lithiation mechanism of SiOx . . . . . . . . . ... ... ...
2.6 SiOy/graphite composite anodes . . . . . . .. ...
2.6.1 Electrochemical behavior of composite anodes . . . . . . . ..
2.7 SiOy4 from sustainable sources . . . . . . . . . . ... ... ... ...
2.7.1 Diatoms as a sustainable SiO9 source and SiOy precursor . . .
2.8 Magnesiothermic reduction of SiO9 . . . . . . . .. ...
2.9 Characterization techniques . . . . . . . . ... ...
2.9.1 Electrochemical characterization techniques . . . . . . . . ..
2.9.2 Structural characterization techniques. . . . . . . . . . .. ..

2.10 Half-cell configuration for lab scale experiments . . . . .. .. .. ..

Experimental

3.1 Diatom species . . . . . . .

3.2 Magnesiothermic reduction of SiOg . . . . . . . ... ...
3.2.1 Characterization of SiOx . . . . . . . . . . ... ... .. ...

3.3 Anode manufacturing, cell assembly and characterisation . . . . . . .
3.3.1 Slurry and binder preparation . . . . . ... .. ... ... ..
3.32 Assembly ofcells . ... ... ... ... ..
3.3.3 Anode characterization . . . . . . .. ... ... L.

3.4 Insitu XRD analysis . . . . . . . . .. .o
3.4.1 Assembly of in-situ cells . . . ... ... ... ... ... ...
3.4.2 Experimental setup . . . . ... ...

3.4.3 Dataprocessing . . . . . ...

Results

4.1 OVErVIEW . . . . o o o

22

24

26

26

27

32

34

34

35

36

37

37

39

40

41

41

41

42

45

Vil



4.2 Magnesiothermic reduction . . . . . . . .. ...

4.3 Anode & Electrochemical characterization . . . . ... ... .. ...
4.3.1 SiOg-based anodes . . . . . . .. ... ...
4.3.2  SiOy/graphite composite anodes . . . . . . . .. ... ... L.
4.3.3 Comparison of anodes with different active material . . . . . .

44 In-situ XRD . . .. . 0.0

Discussion

5.1 Effect of magnesiothermic reduction on diatom silica . . . . . . . ..
5.1.1 Structure and microstructure after reduction . . . . . . . . ..
5.1.2 Effect on specific surface area . . . . . ... ... ... ... .
5.1.3 Effect of temperature at constant molar ratio . . .. ... ..
5.1.4  Effect of molar ratio at constant temperature . . . . . . . ..
5.1.5  Effect of acid treatment on reduced diatoms . . . . . . . . ..
5.1.6 Effect of heat scavenger agent . . . . . .. .. ... ... ...

5.2 Electrochemical performance . . . . . . .. . ... ... ...
5.2.1 SiOyx anodes . . . . . . . . ...
5.2.2  SiOy/graphite composite anodes . . . . . . ... ... ... ..
5.2.3 Comparison of cells with different active materials . . . . . . .

5.3 In-Situ XRD . . . . . .

6 Conclusion

7 Further Work

68

68

68

69

70

71

71

71

72

72

74

76

7

81

84

viil



Bibliography

Appendix

A Mass loading of cells

B Additional SEM micrographs

C Additional EDS

85

96

96

96

97

1X



List of Figures

2.1

2.2

2.3

24

2.5

2.6

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

4.1

4.2

4.3

4.4

A simplified schematic of a conventional Li-ion battery, with the dir-

ection of Li-ions (green spheres) and electrons during discharge shown. 7

Hlustration of a voltage profile/galvanostatic cycling curve with a
higher cut-off potential of 2.00 V and a lower cut-off potential of 0.002V 26

Differential capacity curve based on Figure 2.2. . . . . .. .. .. .. 27
XRD diffractograms . . . .. ..o 30
Schematic of the operando cell. Reused with permission from [90]. . . 31
Electrode with free-standing electrode in the middle from a) top and

b) bottom. . . . ... 31
SEM micrographs of a frustule from diatom Species A. . . . . . . .. 34
As recieved diatom frustule powder of Species A . . . . . . . ... .. 34
Schematic step by step of the magnesiothermic reduction process. . . 35
Perforated Cu foil and electrode cast on the foil. . . . . . . . . .. .. 39

Schematic of the different parts and their order when assembling coin

cells. . . . e 40
Setup for in-situ XRD. . . . . . . ... oo 42
Steps in data processing. . . . . . ... ... 43
Several diffractograms obtained from data processing. . . . . . . . .. 43
Diffractogram obtained of pristin SiOg frustules. . . . . . . .. .. .. 45

XRD diffractograms of SiOy samples at the different reduction tem-

peratures at a constant molar ratio of a) 2.5:1 and b) 5.3:1 . . . . . . 46

XRD diffractograms of SiOx samples at different molar ratios and a
constant reduction temperature of 650°C, where a) depicts samples

before acid treatment and b) acid treated samples. . . . . . . ... .. 47

Diffractograms of pristine SiOg and SiOy before and after acid treat-

ment, where AT denotes the acid treated sample. . . . . .. ... .. 48




4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15

4.16

4.17

4.18

4.19

4.20

Barplot showing the BET surface area and t-plot external and micro-

pore area of pristine SiO frustules and acid treated SiOy. . . . . . .

[sotherms of pristine SiOg frustules and SiOy, obtained by BET ana-
lysis. . .

Pore volume and differential pore volume as a function of pore width
for a) pristine SiOg frustules and b) SiOx . . . . . . .. . ... .. ..

SEM microgrpahs of pristine SiOy frustules. . . . . .. . .. ... ..
SEM micrographs of diatom frustules post MgTR. . . . . . .. .. ..
SEM micrographs of diatom frustules post MgTR and acid treatment.

SEM micrograph and EDS maps of SiOx particles post MgTR. EDS

maps acquired from area marked withred. . . . . . . ... ... ...

SEM micrograph and EDS maps of SiOy particles post MgTR and

acid treatment. EDS maps acquired from area marked with red. . . .

SEM micrographs of FIB cut conducted on uncycled SiOyx anode. b)

shows a higher magnification of the red square ina). . . . ... ...

SEM micrographs of FIB cut conducted on uncycled SiOy/graphite

anode. b) shows a higher magnification of the red square in a) . . . .

Voltage profile of SiOy-based cell showing a) activation cycle at 50 mAg_;
and 2nd cycle at 100 mAg™", and b) subsequent cycles at 100 mAg!

DC curve of SiOx-based cell showing a) activation cycle at 50 mAg ;
and 2nd cycle at 100mAg™, and b) subsequent cycles at 100 mAg™

Voltage profile of SiOy-based cell without activation cycle, showing a)
1st and 2nd cycle at 100mAg!, and b) subsequent cycles at 100 mAg!

DC curve of SiOx-based cell without activation cycles, showing a) 1st

and 2nd cycle at 100mAg™!, and b) subsequent cycles at 100 mAg™

Voltage profile of SiO9-based cell showing a) activation cycle at 50 mAg
and 2nd cycle at 100 mAg™", and b) subsequent cycles at 100 mAg!

DC curve of SiOg-based cell showing a) activation cycle at 50 mAg ;
and 2nd cycle at 100mAg™, and b) subsequent cycles at 100 mAg™

52

23

o4

x1



4.21

4.22

4.23

4.24

4.25

4.26

4.27

4.28

4.29

Voltage profile of SiOy /graphite-based cell showing a) activation cycle
at 50mAg; and 2nd cycle at 100mAg™!, and b) subsequent cycles at
100mAg™ . .

DC curve of SiOy/graphite-based cell showing a) activation cycle at
50mAg and 2nd cycle at 100mAg™, and b) subsequent cycles at
100mAg™ . .

Voltage profile of SiOy/graphite-based cell without activation cycle,
showing a) 1st and 2nd cycle at 100 mAg, and b) subsequent cycles
at 100mAg™t . .

DC curve of SiOy-based cell without activation cycles, showing a) 1st

and 2nd cycle at 100mAg™, and b) subsequent cycles at 100 mAg™"

Discharge capacity as function of cycle number for the different cell
compositions. Cells that underwent an activation cycle at 50 mAg™ is
denoted with an A and cells that started cycling directly at 100 mAg™!
is denoted NA. . . . . . . ..

Coulombic efficiency as function of cycle number for the different cell
compositions. Cells that underwent an activation cycle at 50 mAg™ is
denoted with an A and cells that started cycling directly at 100 mAg™!
isdenoted NA. . . . . . .

Results obtained by in-situ XRD of the first discharge/charge cycle,
with a) a GC curve with time against potential, and diffractograms
depicting the 20 ranges of b) 10.8-13.5°, ¢) 18.5-20.0° and d) 20.0-
22.0°. Peaks of interested are marked with a dotted red line. . . . . .

Results obtained by in-situ XRD of the second discharge/charge cycle,
with a) a GC curve with time against potential, and diffractograms
depicting the 20 ranges of b) 10.8-13.5°, ¢) 18.5-20.0° and d) 20.0-
22.0°. Peaks of interested are marked with a dotted red line. . . . . .

Results obtained by in-situ XRD of the first discharge/charge cycle,
with a) a GC curve with time against potential, and diffractograms
depicting the 20 ranges of b) 24.5-25.5°, ¢) 30.0-30.5° and d) 32.5-
34.0°. Peaks of interested are marked with a dotted red line. . . . . .

60

xii



4.30 Results obtained by in-situ XRD of the second discharge/charge cycle,

B.1

B.2

C.1

C.2

C.3

C4

C.5

C.6

with a) a GC curve with time against potential, and diffractograms
depicting the 20 ranges of b) 24.5-25.5°) ¢) 30.0-30.5° and d) 32.5-
34.0°. Peaks of interested are marked with a dotted red line. . . . . .

SEM micrographs of agglomerated diatom frustules post MgTR. . . .

SEM micrographs of agglomerated diatom frustules post MgTR and

acid treatment. . . . . . ..

Map sum spectra corresponding to the EDS maps of post MgTR
SiOx given in Figure 4.11. The unmarked peak in between Si and Mg
belongs to Al, originating from the sample holder. . . . . . . . . . ..

Map sum spectra corresponding to the EDS maps of post MgTR
and acid treated SiOy given in Figure 4.12. The unmarked peak in
between Si and Mg belongs to Al, originating from the sample holder.

SEM micrograph and EDS maps of SiOy particles of the second syn-
thesis with 1:1 molar ratio at 650°C post MgTR. EDS maps acquired

from area marked with red. . . . . . . . . .. .. ... ...,

Map sum spectra corresponding to the EDS maps of post MgTR SiOy
given in Figure C.3. . . . . . . . ... oo

SEM micrograph and EDS maps of SiOy particles of the second syn-
thesis with 1:1 molar ratio at 650°C post MgTR and acid treatment.

EDS maps acquired from area marked withred. . . . . . . .. .. ..

Map sum spectra corresponding to the EDS maps of post MgTR and

acid treatment SiOy given in Figure C.5. . . . . ... .. ... ...

98

99

xiil



List of Tables

2.1

2.2

2.3

24

3.1

4.1

4.2

4.3

4.4

4.5

Al

Overview of reported capacities of anodes with modified Si as active

material. . . . . ... 17
Overview of reported capacities of anodes with SiOy as active material. 19
Overview of reported capacities of anodes with SiOy as active material. 20

Overview of reported capacities of anodes with Si/SiOy/graphite as

active material. . . . . . .. 21

Experimental conditions including sample identification, molar ratio
of magnesium to silica, and temperature. The temperature ramp rate

for all samples are 2°C/min . . . . .. ... ..o 36

Phases and amount present in the samples after MgTR, based on
Rietveld refinement. N.O. denotes that the phase was not observed

in the Rietveld refinement. . . . . . . . . . . . . ... ... .. 47

Phases and amount present in the samples after Mg TR and acid treat-

ment, based on Rietveld refinement. . . . . . . .. ... ... ... .. 48

BET surface area, t-plot external area and t-plot micropore area for
pristine SiO9 frustules and acid treated SiOy. . . . . . . . .. .. .. 49

Capacities during charge and discharge during the first and second
cycle, initial capacity loss and coulombic efficiency for the different
cell compositions. Cells that underwent an activation cycle at 50
mAg is denoted with an A and cells that started cycling directly at
100 mAg ' is denoted NA. . . . . . ... 61

Capacities during charge and discharge during the 5th and 40th cycle
and coulombic efficiency for the different cell compositions. Cells that
underwent an activation cycle at 50mAg™" is denoted with an A and
cells that started cycling directly at 100mAg™! is denoted NA. . . . . 61

Active material mass loading of different cell compositions. Cells that
underwent an activation cycle at 50 mAg™! is denoted with an A and
cells that started cycling directly at 100 mAg™" is denoted NA. The
table also includes the mass loading for the anode used in the in-situ
cell. . . e 96

Xiv



List of Abbreviations

AM

BET

CB

CCL

CE

DE

Active material
Brunauer-Emmet-Teller
Carbon black
Cumulative capacity loss
Coulombic efficiency

Diatomaceous earth

DI-water Distilled water

EDS

EV

FIB

ICL

LIB

Energy dispersive x-ray spectroscopy
Electric vehicle

Focused ion beam

Initial capacity loss

Lithium ion battery

MgTR Magnesiothermic reduction

PSD

Particle size distribution

Redox Reduction-oxidation

SEI
SEM

SSA

Voc

XRD

Solid electrolyte interface
Scanning electron microscopy
Specific surface area

Open circuit voltage

X-ray diffraction

XV



1 Introduction

The escalating necessity for sustainable energy solutions, amplified by the shift from
oil and coal towards renewable alternatives, has become a significant point of focus
in the last decades. In this context, the implementation of large scale solar power
plants and wind farms, together with a transition to electrically powered vehicles
(EVs), are key to make use of renewable and sustainable energy sources, and are
therefore regarded as crucial for the transition towards greener energy. However,

this also creates the necessity for high energy density storage systems [1].

Since the first commercialization in 1991 by Sony, the Lithium-ion batteries (LIBs)
have been the energy storage technology of choice [2]. The anode of choice for LIBs
have been graphite, due to its balance of low cost, stable cycle life and abundance.
However, graphite has a theoretical capacity of only 372mAhg™!, which has been
deemed insufficient for the next generation of LIBs. By 2030 it is estimated that
the entire LIB value chain will grow to over 400 billion USD and have a market size

of 4.7TWh [3]. It is therefore imperative to find suitable alternatives to graphite.

Amongst promising alternatives, Silicon has emerged as a potential candidate, ow-
ing to its staggering theoreticel capacity of 4200mAhg™' [4]. Although it appears
attractive, Si-based anodes suffer from short cycling life and rapid deterioration, due
to structural changes and significant volume expansion during lithiation/delithiation
[5]. In order to address these challenges, research has gravitated towards SiOg. Hav-
ing multiple of the same benefits as Si, but without the drawbacks. SiO in contrast
with Si, is shown to have a greater cycling stability, due to the formation of lithium
oxides and silicates, which buffers the volume expansion [6]. It also presents with a
relatively high theoretical capacity of 1961 mAhg™! and previous work has reported
a reversible specific capacity of 1055 mAhg™ after 150 cycles at 500 mAg™[7]. How-
ever, SiOg-based anodes needs to tailored with micro and nano structures, as the
bulk material shows low reactivity against Li-ions. Synthetic processes for produ-
cing nanostructured SiO9 frameworks often require toxic and expensive precursors

[8], leading the focus to finding natural and sustainable sources of nano structured

Si0s.

Recent research have found promise in diatoms, or microalgaes, as sustainable feed-
stock for nano- to microstructured SiOo architectures, and experimental reports on
the implementation of such SiOg structures as active material of LIB’s anodes have

shown promising results [9]-[12]. Diatoms are a type of hard-shelled photosynthetic




organism found in both marine and fresh water, which build exoskeletons (frust-
ules) of SiOg. These diatoms demonstrate a diverse array of shapes, dimensions,
and nano structures, thereby presenting a wide range of morphological options to
choose from [13]. In 2019 Norberg et al. reported a specific capacity of 723 mAhg™
at 200mAg™ using SiOs from sea water diatom frustules [10]. In the project work
conducted by the author during the fall semester 2022, it was found that SiO9 from
industrially cultivated diatoms can reach specific capacities of about 790 mAhg™! at
100mAg™ [14]. However, SiOy still suffers from high irreversible capacity loss and
low conductivity [15].

To further enhance the nano structure of the diatom frustules, attempts at reducing
the SiO2 to Si and SiOyx have been conducted. SiOy have shown to display the
promising attributes of SiOs, but also avoid its drawbacks, such as high irreversible
capacity loss and less volume expansion [15]. For commercialization, the drawbacks
associated with Si/SiOy-based anodes are still too significant. Therefore, the imple-
mentation of these materials into graphite anodes have become a point of research.
Combining the higher capacities of SiOy with the high stability and conductivity of
graphite [16].

The need for a fine nanostructure is still important in the SiOy material. So to
avoid collapse of the intricate nano structures, magnesiothermic reduction (MgTR)
has been found as feasable method, due to relatively low reduction temperatures.
Luo et al. demonstrated that diatom frustules can successfully be reduced to porous
Si through the MgTR process [17] and has thus shown by tailoring the reduction

parameters, synthesis of SiOy is within reach.

Aim of this work

SiOx/graphite blends have become a promising option for benefiting from the large
electrical conductivity and high structural stability of graphite, together with the
high specific capacity of SiOy, therefore enabling the production of high energy
density and durable anodes for next-generation LIBs. However, expected increase
in demand for LIBs along with need for a climate neutral economy, makes the supply
of battery raw materials a strategic challenge at a global level and evidences the need

to incorporate suistainably sourced battery components.

Previous findings have demonstrated that nanostructured SiO, extracted from di-

atoms, are a viable option for producing sustainable anodes for LIBs, and to benefit




from such natural structures in schemes of battery technology it is imperative to
fabricate understoichiometric SiOx compounds from them. Also, the structural and
electrochemical impact of SiOx compounds in SiOy/graphite blends is still not fully
understood, and this hinders a rational design of high capacity and stable anode

materials.

The goal of this work is to produce high performance SiOy/graphite composite an-
odes for LIBs using a sustainable SiOs precursor. To achieve this, the first goal
is to produce SiOx compounds from SiOy diatom frustules. The selection of SiOq
frustules was made based on the results obtained from the specialization project
conducted by the author [14], in which a comparative analysis of the structural, mi-
crostructural and electrochemical properties of frustules from two individual diatom
species was performed for the first time. Then, the effect of different reaction para-
meters, such as temperature and molar ratio of reactants, on the magnesiothermic
reduction of amorphous SiO9 frustules for the production of SiOyx compounds will
be investigated using X-ray diffraction and SEM/EDS analysis. Finally, the elec-
trochemical properties of SiOy as active material will be analyzed and compared
with the electrochemical performance of the starting SiOg compound. The second
goal of this work is to integrate synthesized SiOyx into SiOy/graphite blends and
to investigate its electrochemical performance using electrochemical characteriza-
tion techniques, in-situ synchrotron X-ray diffraction and FIB/SEM cross-sectional
analysis. Such analysis allow to gain valuable insights into structural changes oc-
curring on the graphite matrix as a consequence of lithiation and delithiation of
the SiOy/graphite composite, and structural changes occurring on the crystalline Si

domains upon electrochemical cycling.







2 Theory

2.1 Galvanic cells and secondary batteries

At a fundamental level, a battery is an electrochemical cell that can store energy
and convert chemical energy to electrical energy. The spontaneous conversion from
chemical energy to electrical energy happens due to the reduction-oxidation (redox)
reaction happening at each of the two electrodes in the cell. The cell itself consists
of the two electrically isolated electrodes, the anode and cathode, separated by an
electrolyte. By convention, the anode is the site of the oxidation reaction and the

cathode is the site of the reduction reaction [2].

Due to the reversibility of some redox reactions, electrical energy can be used to re-
verse the electrochemical reactions in a cell and charge it to its initial state. There-
fore battery technology has been divided into two main categories; primary and
secondary batteries. A primary battery is an electrochemical cell that will only
deliver electrical energy once, since the redox reactions in this type of cell are irre-
versible. For a secondary battery, the redox reactions are partially reversible and

allows for it to be charged up again by applying electrical energy to the cell [2], [18].

During charging and discharging of a secondary battery, the electrodes will alternate
between hosting the reduction and the oxidation reaction. Meaning that the cathode
and anode will switch between during discharge and charge [2], [18]. In this thesis
for consistency and ease of reading, the anode will refer to the electrode hosting the
oxidation reaction during discharge and cathode the electrode hosting the reduction

reaction during discharge.

Battery technology is an area of active research and the use of secondary battery
technology in various application has been going on for several decades [19]. With
the growing market of small and portable consumer electronics and the shift to an
EV-based transport industry [20], LIB technology has become a point of interest

and grown to be one of the most dominant secondary battery technologies.

2.1.1 Fundamentals of Li-ion batteries

As LIBs are one of the most dominant secondary battery technologies on the market
and also the major focus of this thesis, this section will go into the fundamental

principles of the LIB. LIBs utilizes the Li™ ion as the charge carrier, flowing between




the electrodes, giving it the name “rocking chair battery” or “swing battery”. In
LIBs, the major components are; an anode, a cathode, an electrolyte and a separator
[2], [21].

For a general Li-ion battery consisting of a graphite anode and a LiCoOy (LCO)
cathode (two of the most commonly used anode and cathode materials), the reac-

tions during charge and discharge are as follows [2], [22]:

Anode: 6C+xLiT +xe” = LixCg (2.1a)
Cathode: LiCoOg = LijxCoOg +xLi™ + xe” (2.1b)
Total cell reaction: LiCoOg + 6C = Lij_xCoO9 + LicC (2.1c)

Figure 2.1 shows a simplified schematic of the above described battery during dis-
charge. The direction of Li-ions (green spheres) and electrons in the external circuit
is shown with arrows. During the discharge, Li-ions flow from the anode through the
electrolyte and separator to the cathode, and in reverse when the battery is charged.
In order to guarantee ionic mobility the electrolyte has to be an ionic conductor,
while simultaneously exhibiting a low electric conductivity. The separator also has
to have proper ionic conductivity as well as being electrically insulating. This is
to ensure that the electrons from the redox reactions travel through the external
circuit and to prevent physical contact between the electrodes, which would cause
a short-circuit of the cell. The electrodes of the cell are connected to the external
circuit via current collectors. These establish good contact between the electrodes
and the external, while not interfering with chemistry of the cell [21]. Cu foil at the
anode and Al foil at the cathode are the most common materials currently used as

current collectors commercially [23].




Anode Electrolyte Cathode

Figure 2.1: A simplified schematic of a conventional Li-ion battery, with the dir-
ection of Li-ions (green spheres) and electrons during discharge shown.

2.1.2 Terminology in battery literature

Several parameters describing batteries and their performance have been standard-
ized by the scientific community regarding battery technology. The parameters are
divided into mainly three categories; the amount of power a battery can deliver, the

amount of energy a battery is able to store and the life time of a battery.

Energy

The available amount of energy in a battery is equal to the charge transferred during
the redox reactions described in eq. 2.1 and the potential for the individual charge

transfer. The total amount of energy and the charging process is given by [21];

o
Energy:./o V(g)dgq (2.2)

where V(q) is the potential when a charge q is transferred form one electrode to the

other, and Q is the total charge in the process.




Capacity

The capacity (Q) of a battery is described by the total amount of charge that a
battery can stored and is given by [21];

o(I) :/OAI Ia’t:/Oqu (2.3)

where I is given by the applied current in Ampere (A) and t is time, in seconds,
as the current is applied. The capacity is described by Coulombs (C), but more
commonly used is Ampere-hours (Ah), which is equal to 3600 C.

The theoretical capacity (Qn) of an electrode with a known material and mass can

be calculated by;

nkF

Owm = M_w (2-4)

where n is the number of transferred electrons, F is the Faraday constant, given by
96485 As/mol, and My, is the molecular weight of active mass on the electrode in
g/mol [24].

Cell voltage

The voltage of a full cell, the open circuit voltage (Voc), is described by the dif-
ference in the electrochemical potential of the anode and cathode, and is given by
[21];

where u, and u. are the electrochemical potentials at the anode and cathode re-

spectively, and e is the electron charge.




Energy density of batteries

The total amount of energy stored in a battery is given by Equation 2.2, but for
more practical purposes it is often more beneficial to use parameters describing the
amount stored per unit weight or volume. Therefore the energy density is often

given as either the gravimetric or volumetric energy density, which is expressed by
[21);

o
V(q)dq
Gravimetric energy density = fo—t (2.6)
w
0
V(g)dq
Volumetric energy density = f()—l (2.7)
Vo

Power density of batteries

The power density of a battery is a useful parameter in regards to consumer electron-
ics, electric vehicles and power tools. The power density is calculated by multiplying

the potential, V(q), with the discharge current, Iy, shown in [2];

P(q) =V(q) - Luis (2.8)

By then taking P(q) and dividing it on the volume of a given battery, the volumetric

power density of the given battery can be found, shown in;

P(q)
vol

(2.9)

Volumetric power density =

Internal resistance

During operation, a battery will experience an internal resistance (Ry,) in the ionic
current during discharge, lowering the output voltage Vgis from the open circuit
volatage Voc by a polarization given by 0 = Ig;sRp. While, when charging, the
opposite occurs and the resistance will increase the voltage to V., by an overvoltage

given by n = I.,Rp. The equations can be written as [21];




Viis = Voc — LaisRp (2.10a)

Vch = VOC + Icth (2.101:))

Battery efficiency and life time

The life time of a battery cell is by convention established as the total amount of
cycles the battery can handle before the capacity is reduced to below 80% of the
initial reversible value. The loss of capacity in a battery can be described by the

coulombic efficiency (CE) or by the irreversible capacity loss (ICL), which are given
by [21];

CE = 100 . 24 (2.11)
ch
ICL = Qch - Qdis (212>

where Qgis and Q. are the capacities of the battery during discharge and charge,
respectively in the same cycle. Over multiple cycles, the cumulative capacity loss
(CCL) can be described by;

CCL = )" Qen = Quis (2.13)
k

where k is the number of cycles for the battery.

C-rate

The C-rate is a useful term used to describe the charge or discharge current in
order to normalize data against the capacity given by a battery. With given C-rate,
denoted by nC, it indicates that the battery will be fully charged/discharged in 1/n
hours. Thus, a battery charging/discharging at 1C will be fully charged/discharged
in 1 hour. A battery with a capacity of e.g. 100 Ah will have a charge current of
100 A [2].
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2.2 Components of a cell

The most basic components of a battery cell are the two electrodes, the anode and
cathode, and an electrolyte. This section will provide an introduction to the different

components in a Li-ion battery relevant to this thesis.

2.2.1 Anode materials

The different materials used for anodes in Li-ion batteries are categorized primarily
based on the lithiation/delithiation mechanisms. There are three main types of
anodes; intercalation anodes, alloying anodes and conversion anodes. This section
serves to provide fundamental theory on how the three different mechanisms work

with related materials.

Intercalation anodes

Intercalation anodes are materials that operate on the reversible reaction of inserting
a guest ion or molecule into its lattice structure, without alteration of the basic lattice
structure [2]. The material often has a stable layered or tunnel crystal structure,
which presents pathways for the guest ions to diffuse [25]. For commercial use,
graphite is one of the most utilized materials, and the reversible lithiation reaction

of graphite is given by;

Cg+LiT +e = LiCq (2.14)

Graphite has been the material of choice for LIBs due to its incomparable balance of
abundance, low cost and a long and stable cycle life. The specific capacity available
in graphite anodes is also very close to the reversible theoretic capacity of 372 mAhg!
[25]. Graphite also presents with good electrical and Li-ion conductivity, and a low
insertion voltage of ~0.2-0.05V vs Li/Li*. Another carbon based intercalation
anode is amorphous carbon. The theoretical capacity is over 900 mAhg™, much
higher than graphite, but the material suffers from a low density and extensive

formation of a solid electrolyte interface (SEI) layer [26].

In addition to graphite, titanium oxide-based anodes , such as LiyTizO12 (LTO)
and TiOg [22], are considered to be viable intercalation anode alternatives. LTO

has a spinel structure, meaning it can store Li-ions without any associated volume
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expansion, and is therefore seen as a “zero strain” material [27]. LTO also presents
with a high operating voltage of ~ 1.5V vs Li/Li*, which prevents the growth of Li
dendrites, and hence improves the safety during operation. The drawbacks of using
LTO instead of graphite, are the lower theoretical capacity of 175 mAhg™! and low

conductivity.

Alloying anodes

The second type of anode, the alloying anode, is based on Li forming alloys with
several different metals and metalloids. The alloying mechanism, in contrast to the
intercalation mechanism, is based on the breaking and reforming of atom bonds in

the host material. The general reaction of an alloying anode can be written as [2];

M+xLiT +xe” = LitM (2.15)

where the element M is a metal or metalloid, often Sn, Si, P or Ge [28]. The
mechanism of breaking and reforming of bonds in alloying anodes leads to a greater
Li-ion storage capacity than the previously mentioned intercalation anode. In the
Li-Si system, the Lig 4Si phase has been reported to have a theoretical capacity of
4200mAhg [2], [29]. Silicon has been studied intensely as an anode replacement
for graphite and will be discussed further in section 2.3. The alloying mechanism
also comes with its drawbacks. The breaking and reforming of atom bonds cause
significant structural changes in the host material, often leading to pulverization of

the host material and poor cycling stability [29].

Conversion anodes

The third category of anode, the conversion anode, relies on conversion reactions
between lithium binary transition metal compounds and are looked upon as a suit-
able replacement for the more common intercalation anode. Conversion anodes
display good cycling capabilities, high theoretical capacities and are commonly low

in cost. The general conversion reaction mechanism can be expressed as [2], [22];

M Xy +ynLi" + yne” = xM + yLi, X (2.16)
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where MxXy is the binary transition metal compound (where often M = Fe, Si,
Co, Cu, Ni and Mn and X = O, P and S [30]) and n is the oxidation state of
the anion X. In similarity with alloying anodes, conversion anodes struggles with
internal structural changes that could lead to pulverization of the material at particle
level. In addition, conversion anodes often suffers from large voltage hysteresis. The
hysteresis is likely due to a interconversion of multiple solid phases (Li2O, M and
MOy) breaking strong chemical bonds and Li, M and O ions having long diffusion
pathways to be able to form single particle domains [22]. SiOg, which is a major
focus of this thesis, is an example of a conversion anode [15] and will be discussed

further in Section 2.4.

Prerequisites of anode materials

In order to ensure safe operation, expected longevity, and sustainability of anodes,
it is imperative that the materials meet certain criteria. These criteria, as outlined
by Julien [2], encompass six key requirements that materials under consideration for

anode use must satisfy:

1. The material should be light and be able to accommodate as much Li as

possible to enhance the gravimetric capacity of the anode.

2. The redox potential against Li/Li" should be as small as possible at any given
concentration of Li. Since given eq. 2.5, this potential is subtracted to the
redox potential of the cathode to give the overall cell voltage, meaning a lower

voltage gives a higher energy density in the cell.

3. The ionic and electronic conductivity of the material should be good to allow

faster motion of Li-ions, giving a higher power density.

4. The material should be inert and not react with the electrolyte salts or solvents

in the electrolyte.

5. The material must tolerate heat and mechanichal abuse, i.e. thermal runaway.
Especially important with batteries used for transportation, such as EV’s,

planes and electric boats.

6. The material should meet the criteria of sustainability, including societal, en-

vironmental and economic aspects.
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Graphite, the most commercially used anode today, meets some of the aforemen-
tioned criteria. Despite that, graphite only has a theoretical capacity of 372 mAh g™,
meaning it only satisfies requirement 1 to a certain degree [25]. Along with the chal-
lenges of dendrite growth and Li deposition in graphite anodes, efforts have been

made to find new materials that better meets these criteria.

2.2.2 Electrode binder

An electrode binder is used in the fabrication of electrodes to maintain good ad-
hesion and contact between particles in the active material, and as well with the
current collector. Today the most conventionally used binder in Li-ion batteries
is poly(vinyleden fluoride) (PVDF), however it have been found to be unsuitable
in anodes made with Si and SiOy [31]. When used with Si based anodes, PVDF
forms weak van der Waals bonds to the Si particles, which easily breaks during
cycling due to the drastic volume expansion of Si. To solve this issue, research on
alternative binders has led to polymeric binders containing hydroxyl and carboxylic
groups, such as alginate (Alg), carboxymethyl cellulose (CMC) and polyacrylic acid
[32]. Si anodes prepared with these polymeric binders show greater cycling stability,
due to the binders being less rigid than PVDF and binding more strongly towards
Si particles [31]. These polymeric binders are also soluble in water, compared to
PVDF, which is dissolved in NMP, making them less toxic to the environment and
more sustainable [33]. In recent a study by Primo et al. it was found that the pH
of aqueous binder solutions greatly effect the stability and performance of Si anodes
[31]. Therefor in this thesis, Na-Alg dissolved in KCA, a buffer solution with pH = 3,

is used as a binder in the electrode production.

2.2.3 Electrolyte and solid electrolyte interface

The electrolyte in a battery serves as the conduit for ion transport between the
electrodes [34]. It is crucial that the electrolyte remains stable in relation to the
electrode surfaces, as it is considered to be an inert component within the battery
system [25]. Kang Xu outlined a set of key properties that an electrolyte should
ideally possess to ensure stability [25]:

1. It should be an effective ionic conductor yet simultaneously function as an elec-
trical insulator to facilitate ion mobility while preventing electron migration

that could cause self-discharge.
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2. The electrolyte should exhibit a broad electrochemical window, i.e. a wide

voltage range within which it resists oxidation and reduction.

3. It must remain inert and refrain from interacting with the cell packaging ma-

terial, the electrode constituents, and the separator.
4. It should endure electrical, thermal, mechanical, and chemical abuse.

5. Ideally, it should be environmentally friendly and non-toxic to humans and

other life forms.

Ionic conductivity, which characterizes the ability of the electrolyte to facilitate ion

transport, can be expressed as:

o= Z niu;Z;e (2.17)

Where n; denotes the number of moles of free ions, u; signifies ion mobility, Z; refers
to the valence number of the ionic species i, and e is the elementary charge. The ionic
conductivity has been found to reach a saturation point with around a concentration
of 1 M of salt. Any further increment in concentration affects the parameter n; in
Equation 2.17, increasing viscosity, and thereby decreasing ionic mobility within the
electrolyte. Consequently, most electrolytes have a critical salt concentration that

optimizes the ionic conductivity [35].

The electrochemical window, which defines the thermodynamic stability of the elec-
trolyte, is determined by the energy gap (Eg) between the lowest unoccupied mo-
lecular orbital (LUMO) and the highest occupied molecular orbital (HOMO). To
ensure electrochemical stability, the battery’s electrochemical potentials must reside
within this window. However, this condition is rarely met in high-voltage batteries,
as their open-circuit voltages often lie outside the window of commonly used electro-
lytes. This leads to the formation of the passivating SEI layer, thereby substituting
thermodynamic stability with kinetic stability [36]. The SEI, composed of both in-
soluble and partially soluble components, arises from the reduction reactions of Li
with the electrolyte solution. It functions similar to a solid-state electrolyte with
high electronic resistivity, permitting ion current while impeding electronic current
to the electrode. As the SEI directly influences the battery’s power capability, cycle
life, safety, and morphology of Li deposits, while simultaneously deterring electrolyte
decomposition, a thorough understanding and effective control of the SEI formation

is crucial. [25].
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Electrolyte salts and solvents

The composition of the electrolyte, involving a variety of salts, additives, and
solvents, is carefully tailored to meet the criteria in the aformentioned section. The
selection of specific components depends on the material system in question. Lithium
hexafluorophosphate (LiPFg) is among the most widely used salts in contemporary
research and industry, attributed to its balanced properties. Despite its popularity,
LiPFg presents a number of challenges. Specifically, when exposed to moisture, a
situation indicative of cell contamination, this salt can undergo a reaction to yield

hydrofluoric acid (HF), as shown in the equation below [36]:

LiPFg = LiF + PFj5 (2.18)

PF5 + HQO — 2HF + PF3O (2.19)

HF acid is a potent reactant with the potential to compromise the stability of the
electrolyte, through the ring-opening polymerization of ethylene carbonate (EC),

and initiate corrosive processes within the cell.

Employing a blend of solvents enables the fulfillment of the primary requisites of
an electrolyte. Commonly usec solvents include linear carbonates, such as dimethyl
carbonate (DMC) and diethyl carbonate (DEC), and cyclic carbonates, like ethylene
carbonate (EC) and propylene carbonate (PC). Within the electrolyte, the linear
carbonates contribute to lowering the viscosity and the melting point, while the

cyclic carbonates facilitate the dissolution of the electrolyte salt [25].

2.3 Silicon anodes

Anodes based on silicon (Si) have been widely studied in the last decades for the
partial or total replacement of graphite in negative electrodes for next generation
LIBs. This surge in interest is fueled by several advantageous properties that Si
displays, in accordance with the criteria listed in Section 2.2.1. Among the most

relevant properties Si displays as anode active material we can list [4], [37]:

1. An impressively high gravimetric capacity of 4200 mAhg™ for the Lis 4Si com-
pound, which exceeds that of conventional graphite anodes by an order of

magnitude.
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2. A redox potential relative to Li/Li* of approximately 0.4 V.

3. Si is the second most abundant element in Earth’s crust, thus ensuring plen-
tiful supply. Additionally, it is environmentally benign and non-toxic, which

increases the sustainability of batteries that incorporate it.

Although Si appears as an attractive material to improve the energy density in
negative electrodes for LIBs, it suffers from several issues that are related to the
alloying-dealloying reaction with Li-ions. During the lithiation of Si, the material
undergoes significant structural changes, which can induce a volume expansion of
up to 400% [5]. This excessive volume change can contribute to several detrimental

phenomena in the anode [4]:

1. The mechanical integrity of the anode could be compromised due to pulveriz-

ation caused by repeated charge/discharge cycles.

2. The physical contact between the anode and the current collector may be

disrupted due to the interfacial stress generated by the volumetric changes.

3. Li-ions may be continuously depleted due to the formation, destruction, and

reformation cycle of the SEI layer on the anode.

Moreover, Si may suffer from inherently low electronic conductivity and sluggish
kinetics, which can compromise its overall electrochemical performance [38]. To
mitigate the issues associated with Si anodes, researchers have begun investigating
several strategies including decreasing particle size, nano-structuring and develop-
ing comoposite electrodes [37]. An overview of different strategies with reported

capacities can be viewed in Table 2.1

Table 2.1: Overview of reported capacities of anodes with modified Si as active
material.

Current density Reversible capacity

Material Cycles
mAg] [mAhg]
Chitosan covered nano-Si [39] 1000 1500 400
Diatom-derived nano-Si [40] 700 1102 50
Carbon coated Si nanofiber [41] 4000 802 659
Si@SiOx@C nanoparticles [42] 1000 1030 500
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2.4 SiOs Anodes

As a response to resolve the issues faced by Si-based anodes, SiO2 has emerged as a
promising anode candidate for LIBs. Si and SiO2 share many similarities, attributed
to them being products of each other’s reduction and oxidation process [43]. It was
long thought that SiO2 was electrochemically inactive in batteries, however a study
by Gao et al.in 2001 found that nanoparticles of SiOs were reactive towards Lit
between potentials of 0.0V and 1.0V [44]. Further studies have estimated that SiOg
has a theoretical reversible capacity of up to 1961 mAhg™! depending on the lithiation
mechanism [8]. Anodes manufactured with SiO9 also display great cycling stability
[45]. Coupled with being low in cost, generally non-toxic and being abundant, SiOo
anodes have become important as potential anode material for next-generation LIBs
[46]. However, SiOs still faces challenges related to low conductivity, high irreversible
capacity loss during initial cycling and a volume expansion, due to Si still being
present [8], [45].

2.4.1 Lithiation of SiO9

The lithitation mechanism of SiOy was first proposed in 2008 by Sun et al. and
further expanded by Chang and Guo et al. resulting in the following reactions [8],
[43], [47]:

58109 + 4Li* + 4e” = 2Li5SinO5 + Si (2.20a)
38105 + 4Li* + 4e” = 2LiySiOs + Si (2.20b)
25105 + 4Li* + 4™ = 2Li4SiOy + Si (2.20¢)
SiOg + 4Li* + 4™ = 2Liy0 + Si (2.20d)
Si+ xLi* +xe” = LicSi (2.20e)

In the proposed lithiation/delithiation, the reaction of SiO9 leads to the formation
of electroactive Si domains, together with reversible and irreversible conversions to
lithium oxide and lithium silicates. These reaction products would act as a physical
barrier against the huge volume expansions of Si during lithiation, hence serving as
a buffer for volume changes and as structural support to the anode, and therefore

resulting in a larger cycling stability of the electrode. The discussion of whether
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SiO9 is a sufficient ion conductor or not is still undergoing. Li* diffusion in SiO9
is reported to be prevented, due to SiO2 generally being considered as an ionic
insulator [15]. However it has been found that when certain conversion products,

such as LigSiO4 and LiySiaOs, are present, Li* diffusion increases [46].

To address the challenges related to conductivity in SiO9 anodes, research has fo-
cused on conductive coatings and additives. Among silicon-oxide based materials,
SiOg possesses the lowest conductivity [15]. Due to their low cost, carbon coat-
ing approaches are widely utilized to increase the electronic conductivity of SiOq
particles, while also preserving the their surface from direct contact with the elec-
trolyte [48]. As well as coating, carbon can be used as an conductive additive to the
electrode matrix, often in the form of carbon black (CB) or graphene. When using
additives, they should be homogeneously dispersed within the electrode matrix, to

ensure contact between the particles of active material.

2.4.2 SiO5 anodes in literature

As described in the aforementioned section, SiOo reduces to electroactive domains
of Si during lithiation, meaning the challenges related to Si based anodes, also apply
to SiOg based anodes. Several different approaches have been explored to mitigate
these challenges, such as synthesis of porous structures and particle size control. An
overview of reported capacities from different literature can be found in Table 2.2.
In the literature, research on SiOy and under-stoichiometric silicon oxides (SiOky,
where 0 <x<2) are discussed partly interchangeably. This section will focus on
stoichiometric SiO9 as an anode material and the latter will be further explored in
Section 2.5.

Table 2.2: Overview of reported capacities of anodes with SiO9 as active material.

Current density Reversible capacity

Material Cycles
(mAg] [mAhg™]

SiOg-graphene aerogel [49] 500 300 300

Hollow porous SiO3 nanocubes [50] 100 919 30

SiO2 nano spheres [51] - 877 500

Submicron SiOy [52] 100 602 150

Porous SiO2/C composite [53] 100 560 30
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2.5 SiO4 anodes

Silicon suboxides, SiOx where 0 <x < 2, have gained traction the last decade as a
promising anode material for the next generation of LIBs [54]. However, in literature,
the reports on anodes made with SiOyx vary from core-shell structures of Si and
SiOg, simple mixing of Si and SiOy and homogeneous SiOy particles [55]. Early
on, research on pure SiOyx anodes has been focused on how varying amounts of
oxygen affects the anodes electrochemical performance [15]. In 2002, Yang et al.
were one of the first to study the properties of amorphous SiOy with varying oxygen
content. With the use of X-ray photoelectron spectroscopy (XPS) measurements,
they determined the presence of crystalline Si, amorphous SiO9 and SiO [56]. It
was found that lower amounts of oxygen enhanced the reversible capacity and they
reported a capacity of 1600 mAhg™ at a current density of 0.2mAcm™. Since then
different manufacturing strategies have been conducted to enhance the performance

of SiOx-based anodes. An overview of reported capacities is presented in Table 2.3.

Table 2.3: Overview of reported capacities of anodes with SiOy as active material.

Current density Reversible capacity

Material Cycles
(mAg] [mAhg™]

SiOy [57] 750 1862 200

Si/SiOx composite [58] 100 980 100

Hollow Si/SiOx nanospheres [59] 0.1C 1290 100

Porous SiOx [60] 0.2C 1240 100

2.5.1 Lithiation mechanism of SiO4

Similar to SiOs, the lithiation/delithiation mechanism of SiOy has been intensely re-

searched [60]—[62]. Using high resolution transmission electron microscopy (HRTEM),
Yu et al. studied the reaction mechanisms of an SiO anode [60]. Based on these

findings, Zhang et al. has proposed a lithitation/delithiation mechanism for the first

cycle [63]:

SiOx + 2xLi* + 2xe™ — xLioO + Si (2.21a)

SiOx + (x/z)Li* + (x/z)e” — (x/z)LiSiy O, + (1-xy/z)Si (2.21b)
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Si+xLi* +xe” = LiySi (x < 4.4) (2.21c)

As with SiO9, the reactions lead to the formation of LiySi, LisO and lithium silic-
ates. These compounds would act similarly as they do in SiO2 anodes and work
as a buffering layer for the volume expansion of Si during cycling, as well as sup-
pressing the continuous SEI formation [63]. By varying the oxygen amount in the
SiOy, the formation of these compunds could be easier to control, to gain favorable

electrochemical perfomance in SiOy anodes.

2.6 SiOy/graphite composite anodes

Even though research on Si and SiOy based anodes has come far, these compounds
still have a way to go for being implemented in commercial use. So to exploit
the favorable traits these materials present, resaerchers have tried to implement Si
and SiOy into graphite based anodes, to enhance them for next generation of LIBs
[64]. It is reported that introducing Si or SiOy in graphite anodes, will increase
the specific capacity [65]-[67], and the graphite could help alleviating some of the
volume expansion in the electroactive Si [68]. In the literature there are mainly
two types of Si/SiOy/graphite anodes reported; 1) Blended anodes and 2) synthes-
ized Si/SiOy/graphite composite materials. An overview of reported capacities and

method of fabrication is given in Table 2.4.

Table 2.4: Overview of reported capacities of anodes with Si/SiOy/graphite as
active material.

Current Reversible
) Fabrication
Material densjty capacity Cycles
method

(mAg™] (mAhg!]
Carbon-coated Si/graphite [65] Blended 130 712 100
Watermelon Si/C-
Microspheres [67] Spray drying 0.5C 620 500
SEAG [69] CVD ; 525 50
Porous Si/C-graphite [70] CVD 0.4 mAcm™2 650 450
SiOx-graphite [16] Blended 0.05C ~ 630 30
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2.6.1 Electrochemical behavior of composite anodes

When combining Si/SiOy with graphite, it is crucial to consider the capacity contri-
butions of each component due to their different potential ranges [63]. The process of
lithiation occurs in stages, with Si being lithiated before graphite at approximately
0.21V [71]. Graphite undergoes lithiation at 0.12V and 0.083 V, while Si lithiation
takes place in between at 0.1V during the stage transitions of graphite, and further
lithiation of Si occurs at 0.053 V. Hence, a significant portion of the capacity from

Si is accessed prior to reaching 0.2V during lithiation [71].

2.7 SiO4 from sustainable sources

As noted in Section 2.3, Si is the second most abundant element in the crust of the
Earth, which hence means SiOg is readily available. However, as a bulk material,
SiOg has been shown to exhibit low reactability towards Li [43]. Amorphous forms,
such as thin films, have demonstrated to display some reactivity towards Li, but
the manufacturing process often suffers from complex procedures, requiring high
cost precursors [8], and therefore hampering the process of manufacturing viable
and sustainable Si and SiOy for LIBs. In the search for more sustainable sources
for Si09 with the necessary attributes, several options have been reported. In 2012
Liu et al. reported the use of rice husks as SiOg source and precursor for Si nano
particles (SiNPs) for use in anodes for LIBs. The anodes displayed a high reversible
capacity of 2790 mAhg™! at C/50 rate and 1750 mAhg™! at C/2 rate, and a capacity
retention of 95% after 200 cycles [72]. In 2015 Liu et al. explored the use of reed
leaves as a SiOg precursor and fabricated anodes that displayed a specific capacity
of 420mAhg™! at a 10C rate for 4000 cycles [73]. Another SiOs source that has

gained traction in recent years are diatoms, or microalgae.

2.7.1 Diatoms as a sustainable SiOs source and SiOx precursor

Diatoms, a type of microalgae, are unicellular organisms who use biomineralization
to create frustules, made of SiOy. Worldwide, there is estimated to be over 100 000
different species in both fresh and sea water, displaying an array of different shapes,
sizes and structures. The diatoms have a naturally occurring structure at both the
micro and nano scale, which are desired traits for SiOs based materials in anodes

[13], [74]. General for all diatoms, is the basic structure consisting of two halves
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made from hydrated SiO2 [74] and a connecting girdle [75].

Diatomite, also referred to as diatomaceous earth (DE), has been studied as a suit-
able anode material for LIBs, as it displays an ordered nano porous structure, high
SiOg content and high availability [76]. DE is found in the soil, and is essentially
fossilized algae which has been there for a over millions of years [40]. In tandem
with being used as a raw material for SiOy anodes, it has been used as a precursors
and templates for Si/C composite anodes, which have displayed capacities up to
~820mAhg! after 30 cycles at 50mAg™ [40], [77]. DE has been used as a source
material for making low cost nanostructure SiO2 anodes, achieving capacities of
575mAhg! at 100mAg! after 100 cycles [11]. However, this SiOy source suffers
from to main drawbacks, its low surface area [75] and a lower porosity [78], which
are attributed to damage of the sieve plate of the diatom after an extended period

of time in the earth.

Nanostructured frustules can also be gathered from living diatoms, which have either
been industrially cultured or harvested from nature. The diatom frustules display
ordered micro and nano structures which are far beyond what is possible by lab
synthesis [74]. The naturally occurring porous structure is advantageous in several
ways, providing rapid diffusion paths for Li* ions and having sufficient space for the
volume expansion of Si during lithiation [15]. Also, these diatoms rely on photo-
synthesis to grow [13], and interestingly, due to their single-cell nature, diatoms are
highly efficient solar converters [79], exhibiting a higher CO2 uptake rate than forests
[80] and generating about 25% of the planetary oxygen. Hence, the use of diatom
Si04 feedstock for producing sustainable anodes for LIBs will actively contribute to

capture COa.

In the recent years, research on frustules from living diatoms has been conducted.
In 2019, Norberg et al. demonstrated the use sea water diatom frustules as act-
ive material in composite anodes reaching capacities of 723 mAhg™' at 200 mAg!
[10]. Nowak et al. found in 2020 that SiO2@C anodes made from laboratory cultiv-
ated diatom frustules could be prepared. They achieved a capacity of 460 mAhg™!
at 40mAg!. In 2021, another study by Wang et al. used a mixture of frustules
from different diatom species achieving a discharge capacity of ~1000mAhg™! at
200mAg!. However, each specie would present a distinctive morphology, which
would lead to differences in surface area, porosity and nanostructure, and therefore
it is not possible to evaluate the effect of frustules of each specie on the electro-

chemical performance on the anodes. In the specialization project conducted by
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the author during the fall of 2022, frustules from two different diatom species that
were individually cultured, were implemented as active material of SiO2 anodes [14].
This enabled to understand the effect of the frustule’s properties on electrochemical
performance, which was found to be species-dependent. Based on the results, frust-
ules from one of the species was chosen to used as SiOs precursor for manufacturing

Si0x through magnesiothermic reduction.

2.8 Magnesiothermic reduction of SiO2

As mentioned the aformentioned sections, SiOyx can be manufactured by magnesio-
thermic reduction (MgTR) of SiO2. MgTR is an efficient, cheap and scalable method
for fabrication of micro- and nano structured Si for LIB applications [81] [57]. Tra-
ditional methods of manufacturing Si, such as carbothermic reduction (CTR), often
requires temperatures as high as 2000°C during the reduction process. For applic-
ations in LIB, the nano-/microstructure is of utmost importance to the electrical
properties of the material and the high temperatures of CTR can lead to degrada-
tion and collapse of these structures. Due to the MgTR being highly exothermic,
it can operate at low temperatures at around 650°C, just above the melting point
of Mg [81]. At these relatively low temperatures, control of nano-/microstructures
from precursors is easier to maintain. Several researchers have focused their atten-
tion to nanostructured Si manufactured from the MgTR process from different SiO9
precursors. In 2012 Liu et al.[72] prepared Si nanoparticles (SiNPs) from rice husks
as the SiOg precursor maintaining the intricate nano structures of the original ma-
terial. In 2013, Luo et al. demonstrated that it is possible to prepare nano porous
Si from diatom SiOj frustules [17].

The reaction at equilibrium can be described by Equation 2.22, where one mole of
Si09 reacts with two moles of Mg to form one mole of Si and two moles of MgO. If
excess Mg is available during the reaction MgsSi is formed according to Equation
2.23 or if there is a Mg deficiency, MgsSiOy is formed according to Equation 2.24
[82].

SiO2 +2Mg = 2MgO +Si AGY,.; =-243.4 kJ (2.22)

SiOg +4Mg = 2MgO + MgySi  AGJ3.5 =-272.1 kJ (2.23)
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SiOg + Mg = 0.5Mg,SiO4 +0.581 AGYy., =-146.4 kJ (2.24)

The magnesium by-products from the reduction process can be removed with acid
treatment. The most dominant byproduct MgO can be removed relatively easy with
HCI acid treatment, leaving behind a porous Si structure. MgsSi and MgeSiO4 can
be removed by a mixture of HCl and HF acid, but this may lead to formation of SiFy,
which is toxic [81]. In this thesis only HCI is utilized for the removal of magnesium
byproducts to avoid formation of toxic compounds and to improve sustainability

aspects in the MgTR process.

As mentioned, the MgTR reaction is highly exothermic and substantial amounts of
heat is released. Therefor the temperature inside the reactor vessel could reach up
to a few hundred degrees more than the initial set reaction temperature [57] [17].
These heightened temperatures could lead to collapsing of desired nanostructures,
found in the precursor materials used, as well as formation of unwanted magnesium
byproducts as mentioned earlier. To avoid issues, different inorganic salts, such
as KCl, NaCl and CaCl, can be used to effectively absorb the excess heat from
the exothermic reaction. Generally NaCl and KCl are thought to be the best heat
scavengers for mass use, due to their high specific heat capacity, ease of handling
and low cost. The salts absorb heat by self-fusion during the reduction process
and allows the nano-/microstructure in the SiO2 and Si to be preserved. After the
reaction, the salts are easily removed by HCI acid treatment. In this thesis NaCl
as a heat scavenger is utilized in some of the samples in an attempt to tailor the

MgTR process.

To obtain SiOy from the MgTR process, careful control of all reaction parameters
in the MgTR process is needed [58] [57]. Tailoring the process to produce SiOx
with desired traits, such as nanostructures, specific surface area and oxygen con-
tent, is necessary in the search for high-performing anodes for LIBs. Tailoring of
temperature, molar ratio between SiO2 and Mg is one of the main parts of this

thesis.
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2.9 Characterization techniques
2.9.1 Electrochemical characterization techniques
Galvanostatic cycling

The electrochemical performance of a battery can be be characterized by the means
of galvanostatic cycling (GC). This technique allows for characterization of a bat-
tery’s capacity and reversibility, and cycling can be conducted under practical con-
ditions, i.e. room-temperature. Cycling consists of subjecting the cell to a constant
current until an upper voltage limit, Vo, is reached, the current is the reversed and
applied until a lower potential, V is reached. The resulting potential is measured
against time [83]. The potential is given as potential vs Li/Li*, which also also ap-
plies for other potentials mentioned in this thesis, unless otherwise is stated. Figure

2.2 illustrates a voltage profile plot obtained by GC.
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Figure 2.2: Illustration of a voltage profile/galvanostatic cycling curve with a
higher cut-off potential of 2.00V and a lower cut-off potential of 0.002V

Differential capacity analysis

Differential capacity (DC) analysis employs the first derivative of the galvanostatic
curve, dQ/dV. The differential capacity curve, illustrated in Figure 2.3, can be

used to gain insight of the reactions happening in a cell during cycling. The peaks
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visible in the curves can be associated to different phase transitions in the elec-
trode material. Hence, the voltages at which electrochemical reactions occur during
lithiation /delithitiation processes can be identified by observing peak positions on
differential capacity plots. However, this technique can be limited by the occurrence
of convoluted peaks, due to multiple reactions taking place at the same voltages,
making the peaks difficult to distinguish [84].
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Figure 2.3: Differential capacity curve based on Figure 2.2.

2.9.2 Structural characterization techniques
Scanning electron microscopy

Scanning Electron Microscopy (SEM) is a powerful microscopy technique that em-
ploys an electron beam as an imaging medium, as opposed to employing light
(photons), used in traditional microscopy methods [85]. The distinct advantage
of SEM is its ability to render intricate, high-resolution images, which enables the
detailed examination of surface morphology, structure, particle size, and composi-

tional attributes of a material in the nano scale.

In a SEM, a highly focused electron beam systematically scans the sample surface,
interacting with the sample’s surface. The interactions between the sample and the
electron beam produce distinguishable signals, which are then processed to gener-
ate an image. The principal signals gathered for image generation are secondary

electrons (SE), backscattered electrons (BSE), and characteristic X-rays [85].
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The generation of SE signals is a consequence of the ionization of atoms on the
sample’s surface by the incident primary electron beam. This ionization process
induces the emission of loosely bound electrons from the surface atoms. With their
relatively lower energy, in the range of 3-5eV, these SEs are only capable of escaping
from the surface of the sample, typically within a few nanometers into the material.
This distinctive attribute makes the SE signals exceptionally useful for topographical

investigations of the samples [85].

Conversely, BSE are electrons that have been scattered back towards the incident
beam direction following their interaction with atoms in the sample. These BSEs
possess considerably higher energy than SE, generally around 50eV. Importantly,
the intensity of the BSE signal tends to increase with the increase in atomic number
of the sample. This correlation results in atomic number contrast, with different
regions of varying atomic numbers within a sample exhibiting different intensities.
This feature of BSE signals enables the exploration of the compositional variations

within a sample [85]

Energy dispersive X-ray spectroscopy

In SEM, the generation of characteristic X-rays serves as a crucial technique for
elemental analysis within a sample. As the incident electron beam interacts with the
sample, it causes ionization of inner-shell electrons. This ionization creates vacancies
in the atomic energy levels, which are subsequently filled by electrons transitioning
from higher orbitals. This downward transition is accompanied by the emission
of photons within the X-ray range. As each element possesses a unique atomic
structure, the emitted X-rays are distinctive and can be correlated with a specific
element, thereby providing a unique “fingerprint” for each elemental component in
the sample. This information is critical for gaining the elemental composition and
their spatial distribution within the sample. The aforementioned process is central
to the analytical technique known as Energy dispersive X-ray Spectroscopy (EDX
or EDS) [86].

Focused ion beam

Focused ion beam (FIB) is a powerful technique that can be used for material
deposition and removal at the nano-scale, such as cross sections in samples for

internal characterization. Most FIB systems today are incorporated with SEMs in
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dual beam configurations, allowing for detailed characterization and manipulation
at the same time. The FIB works by heating a reservoir of ions, usually gallium
(Ga) ions, to near evaporation over a tip of tungsten. An electric field is then
applied to the tungsten tip causing ions to accelerate down the column [87]. Due to
the high energy of the ions, the interaction between the sample and ion beam may
cause substantial change on the morphology. Therefore interpretation of surfaces

modified by an ion beam should be interpreted with caution.

X-ray powder diffraction

X-ray powder diffraction (XRD) is a powerful analytical technique that enables in-
vestigation of a material’s crystallographic structure and composition. The underly-
ing principle involves irradiating a sample with X-rays and subsequently observing
the diffraction pattern. In essence, the X-rays interact with the atomic planes of
the material and are scattered at an angle 6. The relationship between the angle of

diffraction and the interplanar spacing in the crystal lattice is given by Bragg’s law
[88]:

nAa

5 (2.25)

sin @ =
Given the angle of diffraction and the wavelength (1) of the incident X-rays, the
distance between atomic planes (interplanar spacing) can be determined. The ability
to calculate the interplanar spacing enables the identification of distinct crystal
structures. XRD measurements yield diffractograms, with the intensity of diffracted
X-rays plotted as a function of the scattering angle, as illustrated in Figure 2.4. The
positions of the peaks in the diffractogram are characteristic of specific atomic planes
and crystal structures, thus facilitating the identification of diverse materials based
on their unique crystallography. Investigating amorphous materials via XRD is
inherently challenging due to the absence of long-range order, which results in less
coherent diffraction patterns. Nonetheless, XRD can be effectively used to ascertain
the amorphous nature of a material [88]. An example diffractogram of an amorphous

material is depicted in Figure 2.4b.
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Figure 2.4: XRD diffractograms

In-Situ XRD using synchrotron radiation

In-situ XRD of LIBs employing synchrotron radiation has emerged as a potent
method for studying real-time structural changes during battery operation. Syn-
chrotron radiation offers several advantages over conventional X-ray sources, in-
cluding high brilliance, tunable energy, and polarization, which are instrumental in
obtaining high-resolution data. In-situ measurements provide a direct insight into
the phase transformations, volume expansion, and other dynamic processes occur-
ring in the battery electrodes during charging and discharging cycles. Moreover,
the quick data acquisition times that synchrotron-based XRD allows are ideal for

capturing fast, transient processes in battery materials [89].

To perform this technique, a specially designed cell has to be used, so to let the syn-
chrotron x-rays pass through the cell. A multipurpose operando electrochemical cell
has been developed by Drozhzhin et al. at the Swiss-Norwegian Beamlines (SNBL)
at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France [90].
An illustration of the cell is presented in Figure 2.5. The cell has a single crystal sap-
phire x-ray window, which provides great signal-to-noise ratio, good electrochemical
contact, due to constant pressure between electrodes and electrochemical stability
at higher potentials, due to the non-conductive and inert attributes of sapphire. As
well as the specially designed cell, the electrodes under investigations benefit from
some modification. To avoid strong reflections from the Cu current collector, this
work uses a “free-standing” electrode, illustrated in Figure 2.6. The electrode is
manufactured similarly to regular electrodes, but the Cu current collector which

the electrode slurry is cast is perforated. This allows for x-rays to pass through
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the electrode without the interference of Cu. When manufacturing such electrodes,
the slurry has to be viscous enough, so to cover the holes without collapsing. It is
also crucial that there is enough of the electrode material, so that the diffraction is

strong enough.

Outer current

Metal washer Cathode/ oollector
| O- nngs anode/
separator
Wave sprlng
A
Inner current Single crystal
collector sapphire X-ray
Non-conductive spacer windows

Figure 2.5: Schematic of the operando cell. Reused with permission from [90].

Figure 2.6: Electrode with free-standing electrode in the middle from a) top and
b) bottom.

Surface area and porosity analysis

To analyze the surface area and porosity of a material, BET analysis can be utilized.
The principle behind this technique is to determine how many molecules of an inert
gas that adsorbs to the surface and then calculate the surface area based on the area
of the molecules adsorbed. A commonly used gas is No. This technique relies on that
the gas molecules form a monolayer on the sample, but in reality most gases form
a multiylayer. In the Brunauer-Emmet-Teller (BET) theory and t-plot theory this
is accounted for and an estimation of surface area, pore distribution and pore type
can be made. The BET surface area can be calculated when knowing the amount
of inert gas adsorbed on the surface as a function of pressure. The t-plot theory

is used to determine the distribution of micropores (<2nm) in a structure relative
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to the amount of mesopores (2-50nm) and micropores (>50nm). The meso- and

macropores are often referred to as the external area [91].

2.10 Half-cell configuration for lab scale experiments

When working at laboratory scale it is more conventional and convenient to work
with so-called half-cell configuration, rather than a full cell configuration.This config-
uration consists of either an anode or cathode and Li foil as a counter and reference
electrode. There are several reasons why using a half-cell configuration is more be-
neficial for research purposes. Firstly, the ease of comparison with literature, due to
the use of the same counter electrode and secondly, because Li foil provide almost
limitless amount of Li™ ions to the system. There are however some consequences
that should be considered. When an anode is assembled into a half-cell with Li foil,
the anode will act as a cathode, due to Li metals low standard reduction potential,
which is the case for SiOyx anodes described in this thesis. For ease and consistency
of reading, materials considered anodes in full cell configuration will be referred to
as anodes in this work. It is also necessary to redefine some of the parameters from

Section 2.1.2 for half-cell configuration.

Qch

CE =100 - (2.26)
dis
ICL = Qais — Qe (2.27)
CCL = )" Quis — Qar (2.28)
k
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3 Experimental

3.1 Diatom species

From the specialization project conducted by the author during the fall semester of
2022, it was found that the difference in morphology, porosity and nanostructure
between diatom species do affect their performance when used as active material
in anodes for LIBs [14]. Due to overall better electrochemical performance, Species
A has been chosen as the SiOs source and precursor for this thesis work. SEM
micrographs, displaying the morphology and size of the frustules, are presented in

Figure 3.1 and the received diatom frustules can be viewed in Figure 3.2

B e e

(a) Whole frustule. (b) Part of a frustule.

Figure 3.1: SEM micrographs of a frustule from diatom Species A.

Figure 3.2: As recieved diatom frustule powder of Species A
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3.2 Magnesiothermic reduction of SiO»

Magnesiothermic reduction was conducted on the SiO2 diatom frustules to obtain
SiOx. A schematic flowchart of the process is shown in Figure 3.3. Different molar
ratios of SiO9 frustules and Mg were weighted and mixed well using a mortar and
pestle, the mixed powder was then transferred into an alumina crucible. The sample
was then transferred into an Ar-filled glove box together with the stainless-steel (SS)
reactor and graphite gasket. The sample is then transferred into the SS reactor
and sealed tight using wrenches. Finally, the SS reactor is placed in the tubular
furnace and annealed for 2h in an argon atmosphere at a specified temperature
with a ramping rate of 2°C/min. The reduction was conducted with different molar
ratios and temperatures, given in Table 3.1. For one sample, NaCl was added to
investigate the effect of using a heat scavenger, as described in Section 2.8. A second
batch was made of the 1:1 molar ratio at 650°C to ensure enough material for anode

manufacturing.

Hand
. grinding

temperatures

Stainless steel
reactor

Figure 3.3: Schematic step by step of the magnesiothermic reduction process.
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Table 3.1: Experimental conditions including sample identification, molar ratio of
magnesium to silica, and temperature. The temperature ramp rate for all samples
are 2°C/min

Sample ID  Molar ratio [Mg:SiO3] Temperature [°C]

MS1 5.3:1 650
MS2 2.5:1 650
MS3 5.3:1 700
MS4 5.3:1 750
MS5 5.3:1 800
MS6 1.2:1 650
MS7 2.5:1 700
MS8 2.5:1 750
MS9 2.5:1 800
MS10 2:1 650
MS12 2:1 700
MS15 1:1 650
MS16 2.4:1:5.35 (:NaCl) 650

Acid treatment of reduced samples

After reduction, the obtained powder was mixed well with 2M HCI, the mixture
was then stirred with a magnetic stirrer for 12 h to remove impurities such as MgO,
MgoSi, etc. as described in Section 2.8. This was followed by a thorough washing
with distilled water and ethanol. The samples were then dried at 60°C in an oven

for 12h to obtain SiOy for further characterization.

3.2.1 Characterization of SiO4
X-ray diffraction

X-ray powder diffraction (XRD) (D8 A25 DaVinci, CuK,, Bruker) analysis of re-
duced samples was conducted to identify present phases in the SiOy samples, both
before and after acid treatment. The scan was conducted using Bragg-brentano
geometry between 10°-80°for 30 minutes. Rietveld refinement analysis was conduc-
ted on obtained diffractograms to quantify the amounts of present phases. The

Rietveld analysis was performed by Pedro Alonso Sanchez in the framework of an
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international collaboration with University of Zaragoza.

Scanning electron microscopy

A field emission SEM (Apreo, FEI) was used to investigate the morphology, nano-
structure of the SiOy samples, both untreated and acid-treated and perform energy
dispersive x-ray spectroscopy (EDS). The micrographs were obtained at a working
distance between 1.5mm and 10mm, a acceleration voltage of 1kV to 3kV and
a current between 6.3pA and 13pA using the T1 (BSE) and T2 (SE) detectors.
The EDS was acquired using an Oxford X-Max 80 SDD EDX detector at a work-
ing distance of 10 mm and an acceleration voltage of 10kV. Samples were put in
isopropanol and sonicated for 10 minutes to break agglomerates during samples pre-
paration. A few drops were then applied on top of carbon tape on top of the sample
holder.

Surface area and porosity analysis

The surface area and pore structure of acid-treated SiOx samples were analyzed using
Ns gas adsorption at 77 K (3Flex, Micromeritics). Samples were degassed for at least
12h at 250°C prior to measurements. Surface area and porosity was calculated by

the instrument using Brunauer-Emmet-Teller (BET) and t-plot theory.

3.3 Anode manufacturing, cell assembly and characterisa-
tion

3.3.1 Slurry and binder preparation

Alginic binder

The alginate binder was prepared by the following protocol and was kept for not

more than one week, before a new one had to be made.

1. Sodium alginate (Na-Alg, Sigma-Aldrich) was mixed in a beaker with a KCA
buffer solution (pH=23) at a mass ratio of 1:60 for coin cell anodes and 1:30

for In-situ cell anodes.
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2. The beaker was then placed on a hot plate with a stirring magnet at 60°C at
500 RPM for 3h.

Electrode slurry for coin cells

Slurries for the electrodes were prepared by mixing different compositions of active
material, alginic binder and conductive additives. First, the powders (active material
and conductive additive) were weighed and mixed together with an oscillating mixer
(MM400, Retsch) for 5 minutes at 25Hz. The pre-prepared alginic binder (1:60
dilution) was then added and the slurry was mixed for 45 additional minutes at 25
Hz. The slurries were then put in a ultra sonic bath for 5 minutes to ensure no

agglomerates before being cast.

Two different types of slurries were made. One with SiOy as the main active mater-
ial, which had a composition of 50% active material, 35% carbon black (CB), and
15% binder. The other was a composite of SiOy/graphite, which had a composition
of 10% binder and 90% active material, where the active material was 70% graphite
and 30% SiOy.

The prepared electrode slurries were then cast onto the copper foil current collector
(Plainstainproof, 18 pm, circuit foil) using a tape caster (K Control Coater 101, RK)
and a wire wound rod to spread the slurry. After casting, the slurry was dried in an
oven at 60°C for approximately 3h. After drying 16 mm electrodes were punched
out of the cast, weighed and stored before cell assembly. The mass loading of the

cells can be found in Table A.1 in Appendix A.

Electrode slurry for in-situ cell

The slurries for the in-situ electrodes were made by the same protocol as the
SiOy /graphite slurries in the aformentioned section, but with a 1:30 diluted alginic
binder instead. The slurries were then casted onto a perforated Cu foil, with hole
diameter being 1 mm, shown in Figure 3.4, using a cylindrical casting bar with a
height of 200 pm, to ensure “free-standing” electrodes with sufficient thickness, as
described in Section 2.9.2. The casts were then dried for approximately 3h in an
oven at 60°C. 12mm electrodes were then punched out, weighed and stored before

assembly:.
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Figure 3.4: Perforated Cu foil and electrode cast on the foil.

3.3.2 Assembly of cells
Coin cells - CR2032

The electrodes were heated to 120°C in a vacuum oven overnight before being intro-
duced into the Ar-filled glove box to ensure no humidity inside the electrodes. Coin
cell parts were supplied by Hohsen and were of the 2032 type. A schematic of the
different parts and order is shown in Figure 3.5. The coin cell base was fitted with
a plastic gasket before the anode was placed inside with the Cu foil facing down
and anode facing up. 25 pl of electrolyte (LiPFg EC:DEC 1:1, Sigma Aldrich) were
applied on top of the electrode. Then a separator (Celgard 2400) was placed on the
wet electrode and another 25 pl of electrolyte were added. A circular cutout of Li
foil was pressed onto a stainless steel spacer and placed on top of the separator with
the Li foil facing down. A spring was placed on top and the coin cell lid was put
in place. The whole cell was pushed together and excess electrolyte was wiped of

before using a crimper to seal the cell.
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Figure 3.5: Schematic of the different parts and their order when assembling coin
cells.

3.3.3 Anode characterization
Cross-section analysis

Cross-sections were made in pristine SiOyx and SiOy/graphite with a focused ion
beam (FIB) (Helios NanoLab Dual-Beam FIB, FEI). The cross-sections were made
by a gallium ion source. First, a square was cut with a high beam current of 21 nA,
then a lower current of 2.7nA was used to “polish” the surface, to more clearly see

the morphology.

Galvanostatic cycling

Galvanostatic cycling was conducted on cells made with SiOx anodes and SiOy /graphite
using a BiolLogic potentiostat. Based on previous results obtained in the research
group [11], [12], a sequence of 5 activation cycles is required for SiOy sourced from
diatoms to fully react. The “activation cycles” consists of galvanostatic cycling at
50 mAg ! between 2mV and 2V, followed by potentiostatic holding steps after each
half cycle for 48 h and 24 h, respectively. However, it was found in the specialization
project done by the author, that for some diatom frustules, this procedure is not
necessary [14]. Therefore, in this work, cells were activated for the first cycle at
50mAg ! and were then continued cycling at 100mAg™". To further investigate the
necessity of an activation cycle, cells were also cycled directly at 100 mAg™" without

an activation at lower currents.
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The electrochemical data gathered was then processed and differential capacity ana-

lysis was conducted using the EC-lab Demo software provided by BioLogic.

3.4 In situ XRD analysis

In-situ X-ray diffraction measurements were carried out at the European synchro-
tron radiation facility (ESRF) in Grenoble, France using the BM-01 at the Swiss-
Norwegian beamline (SN-BL).

3.4.1 Assembly of in-situ cells

The design of the in-situ cell used is based on a design by Drozhzhin et al. as
described in Section 2.9.2 [90]. The cells were assembled in an Ar-filled glove box
at ESRF. The procedure was similar to the coin cells described in Section 3.3.2.
First, the anode was carefully placed on top of the inner current collector, making
sure that the “free-standing” electrode was aligned with the sapphire window. 25 pl
of electrolyte (LiPFg EC:DC 1:1, Sigma Aldrich) was then applied on top of the
electrode. A separator (Celgard 2400) was placed on the wet electrode followed by
another 25 pl of electrolyte. A circular cutout of Li foil was then pressed in place
and the outer current collector was carefully placed on top. The whole cell was
pushed together to seal it tight. Final inspection to make sure the “free-standing”
electrode was visible through the sapphire window was conducted. The screw, used
to connect the outer current collector to the potentiostat, was screwed in carefully,

so not to go to far inside the cell, to avoid causing a short circuit.

3.4.2 Experimental setup

The experimental setup for the in-situ XRD can be viewed in Figure 3.6. The
assembled cells were mounted in the holder, which was placed in transmission mode,
and then connected to a BioLogic potentiostat. The holder was then placed at a
fixed distance, of about 30 cm, between the incoming X-ray beam and 2D-detector
(Pilatus 2M).

The cells were cycled at a C-rate of C/10 for two cycles, where the capacity of the
cell was calculated based on 30% Si and 70% graphite, and the capacities of Si and
graphite being 4200 mAhg™' and 372 mAhg™, respectively.
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Time-resolved in situ synchrotron X-ray diffraction measurements were performed

during lithiation and delithiation of the electrode. The voltage window was 2 V-

2mV. Data collection time was 10 seconds, and the time resolution was approxim-

ately 3.6 minutes, which was suitable to track structural changes on the SiOy /graphite
composite anode upon electrochemical cycling. Data was acquired using Pilatus

Dectris CdTe detector, at a wavelength of 0.7100 A, and with a beam size of 0.3 mm

x 0.3mm (V X H).

2D - detector Camera
Mounted
in-situ cells
X-ray beam
Wires to

potentiostat

Figure 3.6: Setup for in-situ XRD.

3.4.3 Data processing

Data processing was conducted using Dioptas, a python based program for data
processing of 2-dimensional diffraction data [92]. First, the software was calibrated
against a standard calibration material (LaBg in this thesis). An image of the
calibration material was loaded in the software, Figure 3.7a, and the reflections
(rings) were marked as best as possible. Experimental values for energy, wavelength,
approximate distance to detector were then entered and calibration could proceed.
If the calibration was sufficient, peaks would clearly be visible in the image (cake),
shown in Figure 3.7b, a diffraction pattern with intensity against 20 could be viewed,
shown in Figure 3.7c. If the calibration was not sufficient, the image and diffraction
pattern would be distorted. After calibration, an obtained diffraction image was
uploaded and the beamstop, lines and detector gaps were masked, shown in Figure
3.7d, so to not interfere with the diffraction pattern. This was then done to all

obtained diffraction images to obtain diffractograms for analysis, shown in Figure
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Figure 3.8: Several diffractograms obtained from data processing.
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4 Results

4.1 Overview

The results are divided in three main parts. First, the magnesiothermic reduction of
SiO9 and the characterization of obtained SiOy. Then the electrochemical character-
ization of SiOy and SiOy/graphite anodes. Finally, the results from the in-situ XRD
on SiOy/graphite anodes. Results from SiOy structural and electrochemical char-
acterization are compared with previous data obtained with SiOs frustules, which
were studied in the framework of the specialization project [14]. Based on the XRD
results that will be presented, sample MS15 (synthesized at 650°C with 1:1 molar ra-
tio) was chosen for further experiments and will be referred to as SiOy in subsequent

results. All molar ratios referred to are Mg:SiO2 unless otherwise is stated.

4.2 Magnesiothermic reduction
4.2.1 XRD

The XRD diffractogram of pristine SiOs frustules is presented in Figure 4.1, to
compare the effects of the MgTR. The pristine frustules presents as amorphous, as

seen from the broad peaks situated around 20°-30° and 40°-50°.

Intensity [a.u.]

. | Sio,

10 20 30 40 50 60 70
20 7]

Figure 4.1: Diffractogram obtained of pristin SiO2 frustules.
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The results from X-ray powder diffraction on samples obtained after the MgTR,
and before acid treatment is given in Figure 4.2 and Figure 4.3a and quantitative
results from Rietveld refinement is presented in Table 4.1. All diffractograms depict
the presence of Si, Mg, MgO, MgsSi phases. As the temperature is increased, an
increase in the amount of MgsSi for higher molar ratios is observed, lowering the
observed amount of Si. As the molar ratio is decreased an increase in MgO is
observed together with an increase in Si. The presence of unreacted Mg can be
observed for a molar ratio of 5.3:1. For sample MS15 (molar ratio 1:1, 650°C), the
presence of unreacted SiOs is observed through the broad reflection at 22° and the
presence of Si can be identified at the reflection at 28°, confirming the presence of
SiOx. Based on these results, MS10 (molar ratio 2:1, 650°C), MS15 (molar ratio
1:1, 650°C) and MS16 (molar ratio 2.4:1(:5.35 NaCl), 650°C) were chosen for acid
treatment. The XRD diffractograms of acid treated samples are presented in Figure
4.3b and quantitative results from Rietveld refinement are presented in Table 4.2.
From the diffractograms and table, it is confirmed that acidic treatment has been

successful in the removal of Mg, MgO and MgsSi during post reduction treatment.

a)_ Mg:SiO, molar ratio 2.5:1 Temp: b) ] Mg:SiO, molar ratio 5.3:1 Temp:
N e L. 0T
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> 4 \ 4
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Figure 4.2: XRD diffractograms of SiOy samples at the different reduction tem-
peratures at a constant molar ratio of a) 2.5:1 and b) 5.3:1
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Figure 4.3: XRD diffractograms of SiOy samples at different molar ratios and
a constant reduction temperature of 650°C, where a) depicts samples before acid
treatment and b) acid treated samples.

Table 4.1: Phases and amount present in the samples after MgTR, based on
Rietveld refinement. N.O. denotes that the phase was not observed in the Rietveld
refinement.

Sample
D Si Mg MgO MgsSiO4 MgoSi SiO2  NaCl Molar ratio  Temp.
(%) (%) (W) (%) () (%) (%)  [MgSiOy]  [C]
MSI 0 10.45 52.44 0 3711 N.O. - 5.3:1 650
MS2 922 02 6246 0 28.13 N.O. - 2.5:1 650
MS3 0.04 4.9 5757 0 3748 N.O. - 5.3:1 700
MS4 0.04 826 52.09 0 39.6 N.O. - 5.3:1 750
MS5 0.04 438 536 0 41.56 N.O. - 5.3:1 800
MS6 17.06 0 67.99 0 14.94 N.O. - 1.2:1 650
MS7 9.86 0 65.61 0 24.54 N.O. - 2.5:1 700
MS8 14.55 0 70.06 0 1539 N.O. - 2.5:1 750
MS9 14.76 0 68.78 0 16.46 N.O. - 2.5:1 800
MS10  20.59 O 79.1 0 0 N.O. - 2:1 650
MS12 1824 0 70.24 2.98 8.54 N.O. - 2:1 700
MS15 1762 0 642 0 0 18.18 - 1:1 650
2.4:1:5.35
MS16 544 0 23.78 0 23.78 N.O. 65.76 650

(:NaCl)
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Table 4.2: Phases and amount present in the samples after MgTR and acid treat-
ment, based on Rietveld refinement.

Sample
D Si Mg MgO MgoSiOgs MgoSi SiO2  NaCl Molar ratio  Temp.
(%) (%) (%) (%) (%) (%) (%) [MgSiOg]  ['C]
MS10-AT 999 0 0.01 0 0 N.O. - 2:1 650
MS15-AT 15.07 0 0 0 0 84.93 - 1:1 650
2.4:1:5.35
MS16-AT 73.99 0 0 0 0 26.0 0 (:NaCl) 650

The diffractograms of SiOx before and after acid treatment compared with SiOq
from pristine frustules is presented Figure 4.4. The diffractograms show that after
reduction, the SiOy have gained some crystalline phases, opposed to the pristine

SiOy frustules which presents as almost fully amorphous.

] sio,

l;l -

Ig..

> “M SiO.-AT

g i " o ..A..A :"‘* f..

qJ -

IS
] Sio, |

| Si
T | M
_ R I o i
. choh o et ee i g ! | Mg,Si
T T T T T T T T T I SI02

10 20 30 40 50 60 70
20 [°]

Figure 4.4: Diffractograms of pristine SiO2 and SiOy before and after acid treat-
ment, where AT denotes the acid treated sample.

4.2.2 Surface area

The specific surface area results from BET measurements on acid treated SiOy
are presented together with results of pristine SiOy in Figure 4.5 and summarized
in Table 4.3. The SiOx presents with a drastic increase in BET surface area, at

~ 5.4 times larger compared to pristine SiOg frustules. Interestingly, this increase is
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almost entirely attributed to the change in external surface area, as the micropore

area increased by only 2.3m?g™!.
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Figure 4.5: Barplot showing the BET surface area and t-plot external and micro-
pore area of pristine SiO9 frustules and acid treated SiOy.

Table 4.3: BET surface area, t-plot external area and t-plot micropore area for
pristine SiO2 frustules and acid treated SiOx.

BET surface area t-plot external area t-plot micropore area

Sample

P m2g] m%g] m%g]
SiOg 85.4 63.1 22.3
SiOy 465.6 421.0 24.6

Isotherms of SiOy and pristine SiO» frustules obtained from BET analysis are presen-
ted in Figure 4.6. Both samples present with a type II physisorption isotherm [91].

This indicates that both samples presents as mostly macroporous.
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Figure 4.6: Isotherms of pristine SiO9 frustules and SiOy, obtained by BET ana-
lysis.

The pore volume and differential pore volume as a function of pore width for pristine

Si02 frustules and SiOy are presented in Figure 4.7.
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Figure 4.7: Pore volume and differential pore volume as a function of pore width
for a) pristine SiOy frustules and b) SiOy

4.2.3 SEM & EDS

Micrographs of pristine SiOy is presented in Figure 4.8, frustules post MgTR in
Figure 4.9 and frustules post MgTR and acid treatment in Figure 4.10. The mi-

crographs of pristine frustule, shows the intricate micro structure, with pores in
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different size ranges. After the MgTR the micro structure is observed to be pre-
served, and is showing additional porosity not present in pristine frustules. This is
especially visible in Figure 4.9a, where the surface presents a substantial amount of
pores. The surface, post reduction, presents as rougher compared to pristine frust-
ules, which is visible especially on the edges of the larger pores. The micro structure
after the acidic treatment is still preserved, and on a surface level does not seem
to be negatively effected by the acid treatment. The micrographs presented display
parts of the frustules found during SEM, but bigger agglomerated particles were also

found. Additional micrographs displaying agglomerates can be found in Appendix

Figure 4.8: SEM microgrpahs of pristine SiO9 frustules.
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Figure 4.9: SEM micrographs of diatom frustules post MgTR.

Figure 4.10: SEM micrographs of diatom frustules post MgTR and acid treatment.

EDS maps and corresponding SEM micrograph of post MgTR SiOy particles is
presented in Figure 4.11 and of post MgTR and acid treatment SiOyx particles in
Figure 4.12. The presence of Si and O is clearly visible in both figures, and Mg is
present before the acidic treatment, but reduced to just trace amounts after acid
treatment. Together with XRD results, this confirms the effectiveness of acid treat-
ment to remove unwanted phases. C is also present, but the signals are attributed

to the carbon tape used in sample preparation. Trace amounts of Na, Ni, Co, S, Fe
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and Mn is also visible. As mentioned, a second batch of SiOy with 1:1 molar ratio
at 650°C were made and EDS maps with corresponding SEM micrographs can be
found in Appendix C. Map sum spectra corresponding to the presented EDS maps

are also given in Appendix C

Figure 4.11: SEM micrograph and EDS maps of SiOy particles post MgTR. EDS
maps acquired from area marked with red.

Figure 4.12: SEM micrograph and EDS maps of SiOy particles post MgTR and
acid treatment. EDS maps acquired from area marked with red.

4.3 Anode & Electrochemical characterization

SEM micrographs of FIB cuts on uncycled anodes with SiOy as active material
and SiOy/graphite as acitve material is presented in Figure 4.13 and Figure 4.14,
respectively. There is a clear different in the morphology between the two anodes.

The SiOy/graphite anode presents as more porous than the pure SiOx anode.
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Figure 4.13: SEM micrographs of FIB cut conducted on uncycled SiOy anode. b)
shows a higher magnification of the red square in a).

Figure 4.14: SEM micrographs of FIB cut conducted on uncycled SiOy/graphite
anode. b) shows a higher magnification of the red square in a)

4.3.1 SiOg-based anodes

The voltage profile of the SiOx-based cell with an activation cycle is presented in Fig-
ure 4.15 and the corresponding DC curve is shown in Figure 4.16. The cell presents
with an initial discharge and charge capacity of 2352.0mAhg™! and 1277.0mAhg™,
respectively, leading to an initial CE of only 54,3% for the activation cycle. In
the subsequent cycle the discharge and charge capacities are 1089,8 mAhg™! and
947,4mAhg™, leading to a higher CE of 86,9 %. From Figure 4.15b, it is evident

that the capacity continues to decrease as cycling goes on.

In the DC curve of the activation cycle, in Figure 4.16a there are cathodic peaks
observed at 0.7V, 0.2V and around 0.1V, and anodic peaks are observed at 0.44 V,
0.3V and 0.03V. In the second, cycle the sharp peaks observed during activation,
is now almost entirely gone, the peaks have broadened, but a small sharp cathodic

peak observed at 0.44 V reappears in subsequent cycles, in Figure 4.16b.
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Figure 4.15: Voltage profile of SiOx-based cell showing a) activation cycle at
50mAg.; and 2nd cycle at 100mAg™, and b) subsequent cycles at 100 mAg™
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Figure 4.16: DC curve of SiOx-based cell showing a) activation cycle at 50 mAg_;
and 2nd cycle at 100mAg™!, and b) subsequent cycles at 100 mAg™

The voltage profile of the SiOx-based cell without an activation cycle is presented
in Figure 4.17 and the corresponding DC curve is shown in Figure 4.18. The initial
discharge and charge capacities are 2002.0mAhg™ and 1027.4mAgh respectively,
giving an initial CE of 51.3%. Which is slightly lower than the SiOy cell with
an activation cycle. The subsequent cycle has a discharge and charge capacity
of 1111.6mAhg™" and 991.8mAhg™!, giving a CE of 89.2%. From Figure 4.17b,
as cycling goes on, the capacity decrease is not as prominent as the cell with an

activation cycle.

The DC curve of the activation cycles, in Figure 4.18a), shows cathodic peaks 0.7V,
0.2V and around 0.1V. Anodic peaks are observed at 0.44V, 0.3V and 0.029 V.
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In the second cycle, cathodic peaks are no longer prominent, but the anodic peaks
appear at the same positions as for the first cycle. In the subsequent cycles, in
Figure 4.18b, the cathodic peaks remain less prominent, but the anodic peaks seem

to increase in intensity.
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Figure 4.17: Voltage profile of SiOg-based cell without activation cycle, showing
a) 1st and 2nd cycle at 100mAg™, and b) subsequent cycles at 100 mAg™
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Figure 4.18: DC curve of SiOx-based cell without activation cycles, showing a) 1st
and 2nd cycle at 100mAg™!, and b) subsequent cycles at 100 mAg™

To gain insight into how SiOx-based anodes differ from SiO9-based anodes, electro-
chemical data obtained using SiO9 frustules as active material from specialization
project conducted by the author is included. The SiOy anode was made following
the same procedure as the SiOy anodes described in Section 3.3, and with the same
type of diatom frustules. The cycling of the SiOg-based cell was conducted with
an activation cycle. The voltage profile is presented in Figure 4.19 and the cor-

responding DC curve is presented in Figure 4.20. The cell presents with an initial
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discharge and charge capacity of 2361.1 mAhg™! and 834.5mAhg™!, giving a low ini-
tial CE of 34.3%. The subsequent cycle showed an discharge and charge capacity
of 682.2mAhg™! and 569.1 mAhg™! respectively, giving a CE of 83.4%. The cycling
behavior is observed to differ from that of the SiOy-based anodes, as the capacity

increases with cycling, in Figure 4.19b.

In the DC curve of the activation cycle anodic peaks are observed at 0.3V and
0.03V and cathodic peaks at 1.48 V and 0.8 V. During the second cycle the neither
anodic or cathodic peaks are prevalent, but a cathodic peak has appeared at 0.15V.
In the subsequent cycles, in Figure 4.20b anodic peaks at 0.5V, 0.35V and 0.03V
and increases as the cell cycles. The cathodic peak observed at 0.15V becomes more
prevalent and another peak emerges at 0.35 V between the 20" and 30" cycle, and

seems to shift towards higher potentials as cycling continues.
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Figure 4.19: Voltage profile of SiOy-based cell showing a) activation cycle at
50mAg.1 and 2nd cycle at 100mAg™, and b) subsequent cycles at 100 mAg™
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Figure 4.20: DC curve of SiO2-based cell showing a) activation cycle at 50 mAg 1
and 2nd cycle at 100mAg™, and b) subsequent cycles at 100 mAg™
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4.3.2 SiOy/graphite composite anodes

The voltage profile of the SiOy/graphite composite anode with activation cycle is
presented in Figure 4.21 and the corresponding DC curve is presented in Figure 4.22.
The initial discharge and charge capacities for the activation cycle is 985.2 mAhg!
and 538.5 mAhg 1 respectively, giving an initial CE of 52.3. The decrease in ca-
pacity from pure SiOy-based anodes is expected, as graphite comprises 70% of the
active material. The subsequent cycles presents discharge and charge capacities at
462.3mAhg! and 405.2mAhg™, which is a significant decrease, but gives a CE of
87.7%. As the cell is cycling, the capacity is not seen to diminish by much, seen in
Figure 4.21b.

The DC curve of the activation cycle, in Figure 4.22a, a quite different curve than for
the SiOx-based anodes. Here, cathodic peaks are observed at 0.2V, 0.15V (broad
peak), 0.1V, and 0.08 V, and anodic peaks are observed at 0.44V, 0.22V, 0.18V,
0.14V and 0.1 V. For the second cycle the cathodic peak observed at 0.18 V disap-
pears and a more defined cathodic peak is observed at 0.05V, the intensity of all
remaining peaks seem to dimish. The anodic peak observed at 0.44V in the activa-
tion cycle, has disappeared for the second cycle, but the other peaks remain, albeit

with a slightly lower intensity.
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Figure 4.21: Voltage profile of SiOy /graphite-based cell showing a) activation cycle
at 50mAg 1 and 2nd cycle at 100mAg™, and b) subsequent cycles at 100 mAg™!
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Figure 4.22: DC curve of SiOy/graphite-based cell showing a) activation cycle at
50mAg.1 and 2nd cycle at 100mAg™", and b) subsequent cycles at 100 mAg™

The voltage profile of the SiOy/graphite composite anode without an activation
cycle is presented in Figure 4.23 and the corresponding DC curve is presented in
Figure 4.24. The initial discharge and charge capacities of the cell are 716.7 mAhg™!
and 374.6 mAhg™!, entailing an initial CE of 52.3%. The second cycle gives discharge
and charge capacities of 408.1 mAhg™! and 371.1 mAhg™, giving the highest second
cycle CE so far of 91.0%. In the subsequent cycling, in Figure 4.23b, the capacity

actually increases slightly up to around cycle 40, before it starts to decrease slightly.

The DC curve of the first cycle, in Figure 4.24a, presents with cathodic peaks,
similar to the cell with an activation cycle, at 0.2V, 0.14V, 0.1V and 0.08V, and
anodic peaks at 0.22V, 0.18V, 0.14V and 0.1V. Interestingly, the anodic peak at
0.44V and the cathodic peak at 0.05V observed in the cell with an activation cycle
is not present at all in the 2 first cycles of the cell without an activation cycle.
In the second cycle, the cathodic and anodic peaks remain the same, except for
the cathodic peak at 0.15V, which disappears, and the peak intensity decreases
slightly. In the subsequent cycling, the cathodic and anodic peaks remain, but a
small cathodic peak at 0.05V starts to emerge. A very small anodic peak can be

seen at 0.44 V in the 5™ cycles, but disappears, quickly in the next cycles.
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SiO,/graphite without activation cycle
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Figure 4.23: Voltage profile of SiOy/graphite-based cell without activation cycle,
showing a) 1st and 2nd cycle at 100 mAg! and b) subsequent cycles at 100 mAg!

SiOx/graphite without activation cycle

041V) 014V b)5 4
04 ~— —

g — |
2
™

£ —J\ A/ \,\

w -5 [ J

=l x >

/GB \

! Cycle:

g st

S 104 S -104
—2nd

0.08 V
-15— T T T T T T -15- T T T T T T
0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,0 0,1 0,2 0,3 0,4 0,5 0,6
Potential [V] Potential [V]

Figure 4.24: DC curve of SiOg-based cell without activation cycles, showing a) 1st
and 2nd cycle at 100mAg™", and b) subsequent cycles at 100 mAg™

4.3.3 Comparison of anodes with different active material

In an attempt to compare the behavior of cells with different active material com-
positions, the discharge and charge capacities and CE for the two initial cycles, as

well as ICL for the first cycle has been summarized in Table 4.4.
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