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ABSTRACT

Lithium-ion batteries (LIBs) are a versatile way of energy conversion and
storage. Thin film batteries are the next generation -ebriibattery technology with
thet hi ckness of tens Om and aimed to p
order to increase the storage possihilitg. capacityof such batteries, new high
capacity electrode materials should be developed. Sibased materials are the
most promisng anodes due to the highest theoretical capacity and a low potential.
However, the current drawbacks of Si such as significant volume expansion,
electrical contact loss, and low conductivity impede its practical application in LIBs
and commercializationin this doctoral thesis, the research has been performed in
two main directions in order to improve theistingmicrobatterieand find a way to

develop a stable $iased thin film electrode.

The first direction is an investigation of novel silicon cdgbthin film (3GSiC)
with a cubic lattice as an anode for LIBs. The advanced method of "single" particle
measurement for studying the electrochemical properties of an individual
microparticle provided th@ew data which allowed suggestj the mechanismsf o
lithiation/delithiation in 3GSIiC film. The use of XRD, TEM, XPS, Raman
spectroscopy confirmed that there was no degradation of t&GCrystal lattice.
The obtained results demonstrated tingre are in two possible reasons3¢FSiC

thin film electochemical activityanintercalation or a capacitance.

The second direction is the design of the thdimeensional (3D) amorphous
Si (aSi) thin film anode. The improvement ofXa thin film anode was achieved
through studying the effects of substrateface condition, dopants incorporation,
electrolyte additive and addition of graphene (GF) underlayer. The desigypd
doped porous-&i thin film and 3D &Si/GF anode exhibited high electrochemical

performance in the lithium cells for several hundrgcles.
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1INTRODUCTION

1.1 Motivation for Research

The rechargeable lithiion batteries (LIBs) are able to provide the most
reliable way towards safe portabte off-grid energy that makes many modern
conveniences come trudiniaturization of power sources is extremely important for
modern electronic tdnology, especially for microdevices, that have become
essential in many aspects of our life like living, work and health. Current
microbatteries are usually nuclear fuel cells, which in spite of the almost infinite life,
are low energy and can negativeljluence on the human body due to radioactivity
[1]. Therefore, the developmeat safe, no-toxic and lowcost microbatteries is of

paramount interest.

Thin film lithium-ion microbatteries (LIMBS) are the advanced direction i Li

ion technology that can achieve high volumetric and gravimetric energy densities at
small dimensionsHig. 1a) [2]. However, in order to achieve them, the battery cell
electrolyte and electrode materials and configuration must be properly chosen and
optimized. The modern LIMB is on the earliest step of the development. The many
materials were tried and inuagated so far for LIMBs. However, there are still many
challenges related to low capacity or energy density, safety, durability, flexibility,
and cost. The development of the most promising electrode materials as well as the
search for new materials, whi@able to change the current state of energy storage

field, are the main routes to solve the existing problems.

The high impact of energy storage devices for biological/medical devices
(hearing aid,pacemakerjn vivo imaging, etc.) and seffowered microkectronics
(actuatorsminiature transmitters, sensoefc.) on economics and society indicates
that the development of new materials for such applications has strong social impact
providing development and availability of healthcare devices, enhanceohent
security and safety, raising the education and science level, and will accelerate the
development of technologies and relevant industries. On the other hand, the
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technological development in all fields demands high energy batteries as power
sources, engy backup and storage systems with high durability, stability, and safety.
Therefore, new higiperformance battery matals are urged by these demarzaisl

play a critical role in the technological developments in many fields from medical

applications tdiigh power energy storage, electric transport, and portable electronics.

The actuality of this PhD research topic is also confirmed by the market
review for the production of microbatteries. Today, misized batteries are
commercialized by only a few ompanies (PowerPaper, Cymbet, Infinite Power
Solutions, and ST Microelectronics, Johnson Battery Technology, Front Edge and |
TEN). Currently, the market for microbatteries is small, but in the following years, it
is expected to grow from $ 7 million to neothan $ 400 million in 2026. Therefore,
the prospect of developing advanced nifim anode materials for future
commercialization and their entry into a new wave of development of microsized

energy sources is beyond any doubt.

a b . ;
) 1000 1 Energy Densities of Li-lon Batteries ) !e /\'/\ e,

900 4 +( Discharge \_/ Charge ‘\
—_:: 800 smaller r ) ( ry =
= Th
27 | (v;’ > f Li* - ,
e 0O
g 6004 ( v.( Dl °
o
2 5004 ~ < ’ > < r Charge
g L0
g 400 vf v(

e o or 0
: Y g Lit
< 300 P ‘.{ v(
g Li-Polym o
éz(x). ' v.f"./v Discharge
- lighter
100 SELLEENY 4 Lf - —w—
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¢ S0 100 150 200 250 300 450 500 Cathode Anode
¢ ; g (Li Metal Oxide) (Carbon)
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Fig. 1 (a) Ragone plodf various energy storage systf8], (b) schematic

representation dfIB structure ad mechanism.

1.2 Battery operation and terms

Among existing types of rechargeable batteries like nioketial hybrid, lead
acid, nickelcadmium andlithium-ion polymer, LIBs are leading the path for energy
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storage and power supply for a wide range of applications from portable electronics
to electric vehicles, due to their high energy density and long lifggpaRrom Fig.
la, he Ragone chart demonstrates the advantages of LIBs in terms of gravimetric
and volumetric energy densities over leaid, nickelcadmium, and nickeietal

hydride batteries.

Battery stoes and releases energy twe continuousnovementof electrons
from one of its end to thepposite This flow of moving electrons (the electric
current) @an be used to powatevice These two batteries
electrodes. One electrode is cdlldhe anode or negative electrode and the other is
called the cathode or positive electrode. Generally, the anode in LtBaphitized
carbon and the catho@an be made from ehemical compound known as a metal
oxide (cobalt oxide, for example). The final battery ingredient is the electrolyte,
which sits between the two electrodes preventing them from-sincuiting being
ionically conductive. In the case of LIBs, the elelsti® is a solution of a salt that

contains Lf ions.

In general, LIBs work based on principles of reversible oxidation/reduction
reactions [Fig. 1b). During the charging process,‘Lions move from the positive
electrode, through the electrolyte, into the negative electrode. The electrons of the
first electrode travel via a different path, i.e. around the external circuit. Further, both
ions and electms move to the negative electrode resulting iimsertion process
When ions do not flow anymore, this, generally, means that the battery is charged

and 6ready to used.

The discharge of the battery is essentially the opposite process. The ions and
electrors that moved to the anode travel back again to the cathode. Similarly, ions
drift through the separator/electrolyte and the electrons take another way around the
circuit, until they both meet at the anode, depositing lithium, and eventually,
powering the dvice that uses LIBs. When all the'lions return into the cathode

(from the anode) battery has been drained and needs rech@syjing.
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In order to understand what is going on during the electrochemical reactions,
below is givenan exampleof the reversible redox reactions taking place in a Si/
LiFePOs (LFP) full cell at both anode and cathdég

Anode: LiSi2 Si+xLi*+xée;
Cathode: LisyFePQ?2 xLi*+x€e + Liy FePQ.

Electrochemical reactions at two terminals with active electrode materials
release the stored chemical energy. The electrode materials selected determine th
tot al change of Gibbs free energy &G ¢
the two eleat o d e s . The theorefieGanhFrelklanvaoblet
using given the overadllectrochemicateaction and charges transferred.

The performance dfIBs is usually evaluated by the following parameters

Specific (volumetric) energy (Wh kg or Whm3) measures the amount of
energy that can be stored and released per unit w@aglime of the battery that is
obtained by multiplying the specifiwolumetric) capacity (Atkg™ or Ahm=) with
operating battery potentiéV).

Specific capacit measures the amount of charge that can be reversibly stored
per unit weight. It is closely related to the number of electrons released per mole of
an electrochemical reaction and the atomic weddithe host compound.

Areal and volumetric capacitiesre the capacities of material or whole cell per
surface and volume unit, respectively that sometimes are used as the alternative unit

where it is appropriate.

Cyclability called alsocycle life measures the reversibility of tHe™ ion
insertion and raction processes, in terms of the number of charging and
discharging cycles before the battery loses energy significantly or can no longer
sustain function of the device it powers. Also, this term is defined as the dependence

of the specific capacity atme number of chargdischarge cycles.
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Coulombic efficieng (CE) is the charge efficiency by which electrons are
transferred in batteries. CE is the ratio of the total charge extracted from the battery
to the total charge put into the battery over adutlle.

Discharging/charging rates related to thecurrent density(A cm?) applied
during discharge and charge, and which is a mere of the speed of the

lithiation/delithiation process.

Safety requirements are very high fdBs with multiple cells. For the battery
cells/packs/modules, lzattery management systéBMS) should be used in order to
prevent possible thermal runaway. If a battery cell fails inside a battery pack, the

BMS detects and isolates this particular 4l

1.3 Materials and research concept

Despite being the most powerful technology among secondary batteries, LIBs
cannot meet the demands posed on electrochemical power sources for next
generation electric vehicles, mobikdectronics and future generations of other
portable devices. Currently, energy and power densities of these batteries are limited
by the capacity of commonly used anddgraphite, which has a theoretical capacity
of 372mAh g.

Thin film batteries arehie nextgeneration of LIMBs technology, that are
inherently simple in concept comprising fsafe solid state (SS) components of
lightweight and compact configuratiomhe key advantages of thin film electrodes
are that it can be deposited directly on amape with any size using the same
technigues as for microdevices manufacturifige thickness of the battery ranges
fom10 to 15 Om, which allows highThesol u
microbatteriesare being intensivelydevelogd to createnew power sources fora
diverse range of applications, such as neural and cardio stimulators, smart cards, dru
delivery systems, smadicale sensors, radio frequency identification devices, and
other portable electronidg, 8]. Crystalline LiCoQ (LCO), V20s, LiMNn204(LMO),

LFP are usually used as the thin film cathode materials and capable of being cycled
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for thousands of times with excellent stabiljfy0]. Lithium phosphorus oxynitride
(LIPON) is a commonly used ibased glass SS electrolyte which possesses a good
ionic conductivity with high structural stability. Tin (Sn), carbon (C) or lithium
titanate (LiTisO12) materials are successfully used as anodethiorfilm batteries
sincea use ofLi metal as an anodés limited by its high chemical reactivity and
melting at higher operation temperatufe$|. Besides, some of these anodes suffer
from degradation after being in contact with" lions, others cannamprove the

performance of LIBs due to limited physical and chemical properties.

Anodes based on mainstream semiconduatoprphoussilicon (Si) are of
paramount interest due tds high theoretical Li ions storage capacity of
4200mAh ¢'?, theenormous volumeit capacity of 9786nAh cnmi®, a low operating
voltagevs Li/Li* T 0.4V, low cost, safety and abundant availabi[it®]. Extensive
research has been made so far oiaSed thin film anodegl3]; however, the
problems of volume variation and rapid capacity fading during cycling still demand
practical solutions. Numerous attempts towards the development of stdidees
anode materials with excellent Lions storage capability keep being made and the

engineering of novel types of materials is still in progf&gs 13]

Another Sibased material SiC, has been considered as an electrochemically
inert material in respect to Lions for many year§l5]. However, it wagecently
published that SiC can serve as a matrix féridms intercalation at which no visible
volume expansion occurs. In some sources, it is reported thatviBiCubic lattice
(3C-SiC) theoreticallycanachieve thespecific capacity of around 2638Ahg? if it
is alloyed with Lf ions[13, 14] Considering its superior mechanical stability and
possilbe Li* ions storage ability,3C-SiC can be the promising candidate anode
materials. No studies have been devoteidvestigate the electrochemical properties
of theepitaxial 3C-SiC thin film anode with high crystallinitgo far Therefore, this
material is unique and new for LIBs, and the data obtained within this PhD research
will bring new insights into the electrochemical behavioB®fSIiC and its potential
application in rechargeable batteries.
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Topology is another key thaould lead tothee n hanc e men't of t
anode characteristi¢d5, 16] Planar thin film materials are lited by surface area,
which obviously plays a crucial role in boosting the electrochemical properties of the
electrode materials. In this regard, 3D structured surface morphology can provide a
higher specific surface area for chemical reactions witholis. Furthermore, the
introduction of dopants into ®iased aodes structure hgsoved to have a positive
effect on the electrochemical properties due to enhanced condudi®iti/8]

1.4 Aim, key objectives and novelty

The main aim of this doctoraldissertations to study advanced Siased thin
film anode materials and develop the 3D structured anode with stable cyclability and

high-energyefficiency for energy storage and conversion applications.

In accordancevith the justification provided in the previous sectioid 1 w8 ) |,
materials, Si and SiGvere chosen ashe objects ofnvestgation within this PhD
researchwhich contained two main objectiveBo the successful implementation of

the project, several tasks were determined for each material as well.

Objective 1is studying a new thin film Shased material, SiC, as an anode for
LIBs.

1. Preparation and characterization.

2. Investigation of the interaction SiC with Li.

3. Investigation of electrochemical activity of material towards tadmns.

Objective 2 is developng high-performance 3D Shased thin film anodef®r
LIMBs.
1. Preparation of Sbased anodes and characterization.
2. Improving an electrochemical cycling performance of the Si thin film
anodes.

3. Design novel 3D structured compositegéaphene thin film anode

22



The main research approachieflected inthe hypothesisof PhD research:

fif we use Sbased materials in the shape o
concentration and 3D structure as the anodes for LiBsn the cycling
performance and energy efficiency of such battery will be improbedause
doping incorporation and high surface thin film can enhagleetron mobility

whilst providing a stable electtonductive network and high current rates

Novelty of research isfirst of all, the new insightsobtainedthrough studying the
new candidate anode material, -S€; improving the cycling performance of
existing Si anode materials; investigating Si structural and electrical properties
before, during and aftaycling; design of novel 3D structured-Based composite

anode.
1.5 Role ofcollaborators and thesis outputs

Collaborators

The main collaboratorsndsimultaneouslyexternal supervisors of this doctoral

researclare:

0 Prof SungSoo Kim,Dean of the Department of Energy Science and Technology
of the Chungnam National Universityhe head of the Energy Storage and
Conversion Lab (Daejeon, South Koredje advised on the results of
electrochemical studies, gave recommendations on the furthementation of
the tasks, participated in the adjustment of scientificlagand providedaccess
to the facility for "single" particle measurements.

U Prof Maksym Myronov, a lead@af the Narm-Silicon group in the University of
Warwick (Coventry,United Kingdom) He provided samplesf thin films of
singlecrystal silicon carbide and participated in the formulation of tasks for the
study of this material. Characterization of samples of silicon and its carbide after
interaction withmetallic lithium at elevated temperatures were performed in his

laboratory.
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Thesis outputs

During the research 4 full peegviewed papers, 2 pessviewed conference
proceedings were published and two papers were subjrattedt was applied for 1

patent The list ispresented below.
Patent:

1. Silicon carbide and silicon nitride with monocrystalline structure as an anode
for rechargeable batterieghumabay Bakenov, Aliya Mukanova, Maksym Myronov
/| Kazakhstan patent, appl i c(mdalimRussian),2 01

submitted.
Articles (peefreviewed):

1. Aliya Mukanova, Arailym Nurpeissova, Arshat Urazbayev, S8o0g Kim,
Maksym Myronov, Zhumabay Bakenov, Silicon thin film on graphene coated nickel
foam as an anode for 4ion batteries,Electrochmica Acta258, 800806 (2017)
https://doi.org/10.1016/j.electacta.2017.11.129. IF=@B

2. Aliya Mukanova, Arailym Nurpeissova, Sw8po Kim, Maksym Myronov,
Zhumabay BakenowW-type doped silicon thin film on porous Cu current collector as
a negative tectrode for Liion batteries, ChemistryOpen7(1), 9296 (2018)
http://onlinelibrary.wiley.com/doi/10.1002/open.201700162/epdf. IFQ.

3. Aliya Mukanova, Assem Zharbossyn, Arailym Nurpeissova, Ssog Kim,
Maksym Myronov, Zhumabay Bakenov, Electrochemical study of graphene coated
nickel foam as an anode for lithidion battery,Eurasian Chemicd echnological
Journal20(2) (2018) 9197. CS=028.Q4

4. Aliya Mukanova, Albina Jetybayeva, Seufigek Myung, Sungoo Kim,
Zhumabay Bakenov, A mineview on the development of-Based thin film anodes
for Li-ion batteriesMaterials Today Energyo (2018) 49%66. Q1

5. Aliya Mukanova, Gerard Colstp Arailym Nurpeissova, Surg§oo Kim,

SeungTaek Myung, Maksym Myronov, Zhumabay Bakenov, High performance
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electrodes for lithiumon microbatteries made of epitaxial semiconductdosirnal

of Power Sourcg submitted Q1

6. Aliya Mukanova, Assel Serikkazyeva, Arailym Nurpeissova, S8ag Kim,
Maksym Myronov, Zhumabay Bakeno¥ffect of p-, n-type dopants and vinyl
carbonate electrolyte additive on electrochemical performance of Si thin film anodes

for lithium-ion battery Journal of Power Sourg submitted Q1
Conference Proceedings (pe@viewed):

7. Aliya Mukanova, Renat TussupbayevgiBai Sabitov, Igor Bondarenko,
Renata Nemkaeva, Bekbol Aldamzharov, Zhumabay Bakenov / CVD Graphene
growth on a surface of liquid galliunMaterials Today: Proceedingd(3) (2017)
4548 4554.CS=0.94.

8. Aliya Mukanova, Arailym Nurpeissova, Assem Zharbossyn, Ssog Kim,
Maksym Myronov, Zhumabay BakenoM;type doped amorphous Si thin film on a
surface of rough current collector asanode for Liion batteriesMaterials Today:
Proceeding$(11)1 (2018p275922763.CS=0.94.

International conferences:

1. A. Mukanova M. Myronov, G. Colston, D. Batyrbekuly, A. Moldabayeva, A.
Molkenova, Zh. Bakenov, Silicon carbide thin film as negative electrode for
lithium ion batteries, Abs#170158, The 20th TopicaMeeting of the
International Society of Electrochemistry, Buenos Aires, Argentina22l9
March, 2017.

2. A. Mukanova A. Nurpeissova, A. Zharbossyn, A. Molkenova, Z. Bakenov, Si
thin film on graphene coated Ni foam as anode faphibatteries, Abs. #FCPJ3
Strasbourg, France, May 226, 2017.

3. A. Mukanova G. Colston, D. Batyrbekuly, A. Molkenova, A. Nurpeissova, M.
Myronov, Z . BS&Ck thim blm ,as nedatiVe electrode for -ion
bat t eAbsi #KT®2M, Strasbourg, France, May- 28, 2017.
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4. A. Mentbava, A. Mukanova, A. Nurpeissova, A. Urazbayev, Z. Bakehbv,
type Amorphous Silicon Thin Film on 3D Current Collector as Negative
Electrode for Liion Batteries, Abs.#170740, 68th Annual Meeting of the
International Society of Electrochemistry in ProvidenRI, USA, August 27
Seqemberl, 2017.

5. A. Mukanova A. Nurpeissova, SS.Kim, M. Myronov, Z. Bakenov N-type
doped amorphous Si thin film on porous Cu current collector as anodeitor Li
batteries, Abs#2G25 58h Battery Symposium Japan, Fukuokdapan,
November 1417, 2017.

6. A. Mukanova A. Serikkazyeva, A. Nurpeissova,-S.Kim, M. Myronov, Z.
Bakenov Astana, Kazakhstan situ Study of Silica-Based Thin Film Anodes
for Lithium lon Battery , the 8" INESS2018, Astana, Kazakhstan, August, 8
10, 2018.

7. A. Mukanova A. Nurpeissova, SS. Ki m, M. Myronov, Z .
film on 3D current collector as an a
Material Research Societyarsaw, Polandseptember 1-20, 2018

8. A. Mukanova A. SerikkazyevaA. Nurpeissova, SS.Kim, M. Myronov, Z.
Bakenov, 1 Sntbasddythindilm orSai pbroug substrate as an anode for

lithium-i on batteryo, NU Research Day, Oc

9. A. Mukanova A. Nurpeissova, $S.Kim, M. Myronov, Z. Bakenovii De s i g n
silicongr aphene thin film as an #FDbBE f o
Battery Symposium Japan, NovemberZB/Osaka, Japan.

1.6 Thesisoverview

Chapter 1 (Introduction) presents the research motivation, basic background
regarding the Istory of LIB technology and its operation as well as the information
about the reasons of the choice of investigated materials, and their basic properties

This section outlines the rationale, objectives, and importance of this work. Along
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with this, it describes the goals of the work and provides brief synopses of each

chapter of this thesis.

In Chapter 2, the literature review on-l&ised thin film anodes history and
their current status are discussed in order to provide the detailed description of the
arnode materials and benefits of using them with the thin film structure. Besides, the
information on soliestate electrolytes used with-Based thin film anodes and
methods of thin film deposition are presented in this chapter as well.

Chapter 3 focuses oithe general experimental synthesis methods and
procedures, features of battery structure and assembling, characterization technique

for physical and electrochemical properties, and equipment used.

Chapter 4 presents the experimental results with a diecusf the research
results obtained for 3SiC thin film investigated as an anode for LIBs, including the
characterization data of structufes i ngl eo0 particl e measur

with lithium, andelectrochemical test results

Chapter 5 sumarized the results on preparatimirthe current collectors for Si
thin film deposition. The details of porous substrate preparation and graphene growth

on liquid and solid substrates are described.

Chapter 6 comprises the data on the development of 3WrSiim anode, the
results of characterization and electrochemical tests.

Finally, the entire thesis is summarized in Chapitekll new data obtained for
the investigated Shased thin film anodes asummarized along withheir brief
discussion. Conclusions and recommendations for future work are prefereds

well.
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2 LITERATURE REVIEW

2.1 General information

Si has come to the forefront candidate among other anode materials suitable for
LIBs [21]. It has been already mentioned above, that the interest of scientists is
caused by the significant theoretical specific capacity of 4280 g* achievable at
the highest lithiated phase of Si at elevated temperatures, theoretical volumetric
capacity of 978@nAhcm?3, comparatively low discharge potential of ®.4vs.
Li/Li ™ (here and further all potentials are giwen Li/Li " if not specified differently)
low cost and safety22i 24]. However, an alloying nature of Si lithiation, which
results in the high electrical capacity, is inevitably accompanied by undesirable
volume expansion. The latter calls strain stress arising in the Si material bulk that
leads to its mechanical degradation, pulverization, and electrical contact loss
resultirg in capacity loss and even safety iss(seFig. 2a). In addition, the solid
electrolyte interphase (SEI) layer, that usuétiyms on Si anode surface at the first
lithiation, becomes very thick upon cycling and imped€ésdns insertion/extaction
resulting also in the capacity fadig5]. Fig. 2b shows the schematic view of SEI
layer on Si before and after cyclingnother problenof Si is a low conductivity that
limits the molility of electronswhich someimes cannot reach the opposite terminal

as shown schematically kig. 2c.

Amorphous and crystalline Si-@& and €Si) can be both used as anode
materids. However, the crystalline structure has been reported to be inactive until
becoming amorphous after the first alloying with ldns. One of the first clarifying
works on ¢Si was carried using Xay diffraction where it was determined st
conversion toa partially lithiated &i during the first discharge, followed by a
sudden crystallization of-8i into LiisSis below 50 mV, which is the fully lithiated
phasg26]. This phase is associated with high internal stresses with particle cracking,
poor electrical contact, and capacity fading. The authors suggested restricting cycling

in the ranges that are above 50 mihe aSi showed the higher initial reversible
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specific capacity of 2500 mAdi', meanwhile, nanocrystalline Si exhibited a
reversible capacity of 1000Ah g? that was explained by the fact thaBchas a

slow activation ate via the transformation of the material from a crystalline to an
amorphous phasf7]. In addition, eSi provides fewerpathways for Li ions
insertion and possesses nonuniform expansion in contrast ABithTénerefore, the
amorphous phase of Si is able to provide a higher specific capacity and longer cycle
life than ¢Si[9,25,28,29]

a) b)
As-deposited Si film

After llthlatlon

Si particles

during 1% cycle

SEI layer
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Fig. 2 The problems of Si thin film anodes during operation in LIBs.

Moving from macre to nanoscale structures can result in the improvement of
Si-based anodes. Many researchers have proven that nanosized Si particles ar
exposed to less degradation due to heginface energy as well as provide more
active sites due to the high surface di#@. Various strategies have been used to
oned above in

improve capacity retentigj23,29] As ment i

thin film is a promising development direction in the field of LIMEBxhnology



[2,11]. The disadvantages of Si thin film, such as fast material degradation and low

electrical conductivity have an opportunitylte effectively solved at the nanoscale.

During the last two decades, a growing number of research works have been
devoted tadesigningSi thin film anode for the future applicatiofis3,32] however,
the problems with volume variation and rapid capacity fading still demand a practical
solution. Researchers have investigated&sied thin film performance depending on
various properties and parameters such as phase (amorphous, crystalline), film
thickness, substrate surface condition, Si microstructure and composition, doping,

voltage range, electrolyte type, and its composition and other characteristics.
2.2 Lithiation mechanism and stresses in Si thin film

In general, the lithiation process of tBin films, investigated with the help of
conventional electrochemical testing methods and advancesitu optical and
structural techniques is similar to that determined for other types of the Si electrode
material. The electrochemical reactions in # s&art from SEI formation on the
surface of Si film that usually occurs around 0.8.5 V at the first lithiation. An
alloying mechanism in Si thin films has been found to have a stepwise behavior:
lithiation reaction onset with LiSi formation at a patial of ~0.4 V and further
lithiation with formation of Li 7Si at the potential of approximately 0.3 V3 kiSi at
around 0.2 V, LiSi (x=3.75,4.2,4.4) at the potentials lower than /18, 32 37].
However, the lithiated regions can form in Si thin films differenthig. 3
schematically shows the highly lithiated phase between Si and Cu current collector,
non-lithiated Si regions, and faslffusion paths filled by Li ions formed at the
beginning of the lithiation induced by Si deposition defects. Supposedly, Li
insertion can be originated by two sides: from an electrolyte and from a fast diffusion
path in a direction parallel to the current colle¢88].

The apparent coefficients of "Lions diffusion in Si thin films, evaluated by
several researchers, are summarized in Table 1 below. According to the data reporte

in works [38i 40], it can be supposed that the coefficient value increases with the
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thickness ofhe film. Besides, it was found that the effect of ionic diffusivity on the
cell performance is insignificant at low-1@tes and becomes remarkable with the
higher Grates (>C/10), so that, thé* ion capacity of the electrode drops faster for
low diffusion coefficients rather than for the high ones. Moreover, the effect of
standard rate constant was also observed and, in this case, treuew of diffusion
coefficient resulted in the adverse effem the capacities even at the low C
rates[42]. Li* ion permeation through thin {Si layers in a multilayer structure
between isotopically madated LiNbQ layers, serving as tracer reservoirs, was
investigated using neutron reflectometry with rapid thermal annealing instruments. It
was found that lYiions permeability wittk=0 . 1 at 2563 ATNGva%) /
m2st which is identical to thator pure aSi. Authors suggested that diffusion more
likely occurs in pure &i domains rather than along the&itrich percolation paths
[43].

i

-
#, Highly lithiated
‘
e phase

Fig. 3 Schematic view of lithiation mechanism in Si thin fi|86].

The stresses in thin film accompanying lithiation are going through sequential
steps depending on thex&i alloying level: slight iorease of compressive stress
(0.3V), high stresses (0.8 0.1V) and large stresses because of tioeg time
volume expansion at potential of around/.0Consequently, cutting off the low
voltage to 0.V was suggested in order to improve the cyclabilit the aSi film
[44]. The multiscale model developed for the Si electrochemical and mechanical
behavior prediction showed that the comphes stress induced by the volumetric

strain enlarges the migration energy barrier, thus causing accumulation redali
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the thin film surface, which results in a potential drop. Though, with further lithiation,
the mixing enthalpy increases the chemigaltential leading to uniform Li
concentration profileg[45]. Another attempt to simulate Si thin film mechanical
behavior during Liions insertion and extraction showed that the stresses appeared in
film and substrate during a huge volume changes of Si play a crucial role in
mechanical freture and delamination of Si film leading to electrode fai[4i@ 50].

The analysis of relative volume change for ation of 40 and 140 nm&i thin films
made byin operandaneutron reflectometry revealed the linear increase in volume as
a function of lithiation time and lithium content independent of current density and
the initial film thicknesg450]. Although, the SEI fomation may contribute up to 60%

of the electrode volume changéd], no effect of Si thin filmanode thickness was
noticedon the thickness of SEI layefhe SEI layer growth, together with Li atoms
trapping in the bulk of electrode can limit thé lonic transpor{52].

Tableli Summary of Liions diffusion coefficients for Si thin films

Name Thickness, nm Diffusion coefficient, cri/s Ref.
Si undoped (CVD) 507 14 000 1011 10%3 [39]
aSin-type (MS) 275 (1.471 2.16)20° [38]
a-Si:H (GD) 2507 700 440°% 1013 [40,41]
aSi (PLD) 120 1013 [53]
Si fullerene coated NA ~ 4710 [54]

2.3 Pure Si thin film anodes

Bourderau, Brousse, and Schleich made the first steps in the development of Si
thin film anodes for LIBs[28], though, their initial results demonstrated poor
performance of the anode resulted in only 20% capacity retention after 20 cycles. It
has been observed later that the cutting the lowagel limit to 0.2/ can
significantly affect capacity retention of-% thin film improving its cycling
performance. However, at the same, a practical capacity that can be delivered at

chosen potential range constituted only 408h g* during 400 cycle§54, 55]
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The first deep research of Si thin film was done by aviahi et al.[9].
Reprinted Fig. 4 shows the cross view ofdaposited thin film and its SEM top
image after cycling. The dependency of cyclability and reversible capacity on the
film thickness was reported. Significasegradation of the-&i thin film was noticed
by SEM (sedrig. 4b). The islands occurred after the 1st cycle and the gaps between
tended to expand with tim&he formation of islands is supposedly caused by plastic
deformation of the Cu foil serving as aubstrate. Electrochemical volume
expansion/contraction induced incremental plastic strain (ratcheting) results in
widening gaps between islands during cyclibglamination of the compressively
stressed filmfrom Cu has resulted from the interface impetiftetc. TEM and EDX
analysis showed that atomic intermixing has occurred between the film and substrate,
with the interfacial region expanding from 26 nm-@&posited) to 275 nm (after 30
cycles). The possible nucleation of a lithium copper silicidexl({Si) crystalline
phase weakens the interfacial region between Si and Cu, leading to the loss of

electrical contact57].

a):

Fig. 4 (a) Crosssectional TEM bright field image of aeposited 250 nm Si film on
Cu; (b) SEM morphology of Si film on Cu after 8@harge at a C/2.5 raf8].

The regularity that the decrease of Si thin film thicknesstipely affects the
cyclability has been observed later by numerous experimental works and confirmed
by computational works as wg#0, 57 61]. The best performance was reported by
Ohaa et al. for the 5@m thick Si film that retained a specific capacity of around

3100mAh g? after 1000 cycles at 12 C rate with a coulombic efficiency of 1[®o
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62, 63] In addition, in the same work the doping effect has been investigated
(intrinsic, p-type and n-type), where n-type doped Si showed the better
electrochemical performance due to higher electrical conductivity and reduced
charge transfer resistance on the surface of the doped Si eledGbHddowever,

the performance deteriorated in the ftall tests, and the-type doped 100 nm-8i

thin film coupled with lithium cobalt oxide (LiCofp cathode exhibited only 57% of
initial capacity in the 30 cycle (~ 1100 mAh ¢) [66]. Another full cell with the 330

nm thick aSi thin film and carbon(CGgoated lithium iron phosphate (LiFeRO
cathode delivered a discharge capacity of h2th g* in the 108 cycle[67].

“High densi l; ér
SN \ IS

Standard Film
" 4l

Substrate Substrate

Fig. 5 Demonstration of the crack propagation in (a) standard high density Si thin

films and (b) density modulated multilayer Si thin filjeS].

Modification of substrate surface prior to Sinfildeposition was found to be
crucial for attaining prolonged cycling stability. Roughening the surface of Cu foll
with sandpaper in order to expand the contact area with depositefiia, helped
the film to accommodate the volume chanff&g 68] Etching a substrate in FeCl
was proposed with the same goal and showed an improved capacity even for the
thicker Si thi nl7f60]lAnothér drigitahroute,3 . tréatméningf a
substrate by plasma immersion lanthanum ion implantation, afforded Si thin film
anode to achieve capacity retention of 93% &t@&@&le[59]. Electrodepositing used
to get the rough surface of Cu foil was intended to improve the performance of a
6 mm n-type doped &i, however, the anode demonstrated capacity retention of 42%

after the 1 discharge only72]. Annealing the aprepared anodest 300AC pr i or
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batterycell assembly was also reported to improve adhesi@mgth between Si and

Cu, and, consequentlyclaieve better electrochemical performafi2®.

Another successful strategy to overcome the material degradation from repetitive
volume changes were offered via the design of the density modulated muldayer
type doped i thin film anodes (seig. 5). The low dense layers served as a buffer
for expansion between the high dense layers preventing the crack propagation in the
film [68,73]

In order to dynamically simulate the cracking in the electrode materials during
delithiation, the simulation based onspringblock mode] usually used in the
mechanicsywas applied62]. It hasbeen demonstratetat the capacity fading due to
the crack formation during lithiation/delithiation can teelwced by optimization of
the characteristic size of the thin film and average cracked area (island surface area)
Two routes can be employed to design the stable anode: patterning electrode with the
pattern size smaller than the average cracked size foifisgédm thickness and
mentioned above reducing a film thickness to less than the critical thickness
(depending on a thickness of the current colledi®2). The various patterns and
structures were employed to improve the electrochemical properties. The lozenge
shaped tiles Kig. 6a,b,c), which was obtained by masking a substratengluri
deposition, allowed to retain 91% of capacity after 100 cycles owing to the excellent
stress suppression effect during lithiation/delithiation due to the space between Si
tiles (Fig. 7), a good adhesion and the enhanced mechanical stability of patterned Si
thin film anodeg[74,75] Besi des, the deidme & ofhopa
higher structural stability of the film withut its delamination from a substrd#s].

The design of the anode system with the trenches prepared by etchingcaatek

Cu foil and covered by Si thin film, shown iRig. 8, also resulted in the
improvement of electrochemical performance and exhibited 60% capacity retention
after 100 cycleqd77,78] Fig. 9a,b illustrates a structure externally similar to the
previous, but differeni its concept. The developed anode system with Si ribbons on
the soft elastomeric substrate (poly(dimethylsiloxane), PDMS) had the stretchable
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nature that helped to levitate strain stress in Si during the volume changégastLi

extraction/insertiof79].

Fig. 6 SEM images of Si thin film with lozengmatterned holes (a) flat before
cycling and (b) flat after 10 cyclg®l], (c) rough after 50 cycldg5].

Ain TOY  nonn
Current collector I:> I:>

Fig. 7 Schematic diagrams of the structural chamgeatterned Si film electrodes

during the chargéischarge (lithiation/delithiation) proce&].

The investigation and comparison of the planar and shaped Si
nanostructureslearly demonstrated the priority of a three dimensional) (3D
structured electrode, which was able to achieve high surface area, increased currer
density and provide an improved mechanical stability. For example, the low densely
packed nanopillars, prepared from thdéype monolithic doped -&i by etching,
showedan excellent cycling performance during 50 cycles with almost no capacity
loss[61]. A honeycomkstructureof a Rdoped &Si (Fig. 10a) was designed using
lithography technique for etching. Th&g. 10b shows the recorded voltage profile of
prepared anode with the inserts of SEM images corresponding to various lithiation
contents (in %). The mechanical deformation of honeycomb walls resulted from the
ocaurring internal stress during lithiation and tended to gradual conversion back
during delithiation to the nearly original hexagonal structure upon 50 dygsSi
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nanowires perform superior elemthemical properties and long cycle life attributed
to the high porosity and electron conductivity of the anf@f82]. Mathematical
model simulation confirmed that the porosity and largerepsize provide the

stabilized structure during charge/discharge prof&3js
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Fig. 8 The surface morphology of continuous, wholly covered Si thin film electrode

Si film
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and selectively covered Si thin film electrdde].
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Siribbon | _~ Cr
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PDMS l Cr

Fig. 9 (a) Si anode on poly(dimethylsiloxane) PDMS stuéite, (b) SEM images
show thebuckled Si after lithiation, after six cycles charge/discharge under the
charge rate of 1[29].
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The use of a 3D structured substriatethin film deposition was demonstrated
as one of the most effective ways to achieve a stable Si anode cycling. The
strengthened conductive framework, made from synthesized Cu nanowires with the
enhanced el ectricaclont ac h érc wdicoppplied gsiad t i
substrate for&i film. The capacity retention constituted around 90% after 60 cycles
[84]. Si thin film, deposited on a Cu foaf85] and porous Cu foil obtained by
etching in an ammonia solutig86], resulted in a high massadding and very good
cycling stability. The connected conductive network allows the Si film to facilitate

the charge collection and avoids severe pulverization and cracking of the material
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caused by the volume change. Another 3D current colléctorcobaltnanosheet
arrays Fig. 11), helped to hold 82% of the initial reversible capacity delivered by Si
thin film after 100 cycle$87].

E(V) —

Storage capacity (sAh/em?) ——b

Fig. 10 (a) SEM top and tilted view photographs ofpaepared Si honeycombs, (b)
morphological changes of the Si honeycomb strud&0k

CoOOH

CoOOH
_
deposition
Si lrcducuon

—

magnetron
—
sputtering

Fig. 11 Schematic diagram of the prepwa process of cobalt nanosheet arrays
supported Si filn{87].

Fig. 12a,b shows SEM topiew of the Si anode on Tobacco mosaic virus
covered by nickel (TMV1sys/Ni) and TEM image of a single Si coated conductive
nanowire, respectively. In order to reduce the irreversible ggpdbe authors
carried out anneal iof the elettrod® ByOpolyadyloratiiled
(PAN) with conseqguentArclaerptemared 3DSEt eledrode a t
demonstrated a reversible capacity of 2300 mAlagd a capacity of 1200 mAh'g
at the 178 cycle. In spite of the capacity fading, the 3D patterned Si film electrode
showed a good rate capability with a capacity decrease from 1818 to 985 hath g
the Crate increase from 0.25 C to 4&3].
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Fig. 12 (a) SEM image of the prepared 3D Si anode and (b) TEM immBgeingle

nickelSi coreshell nanowirg88].
2.4  Si-based thin film composites and alloys

Development of Sbased composites and alloys is a predictable approach
towards a stable electrode with a specific capacity higher than that of conventional
graphite anode. Similar to a miessale powdebased electrode technology, a
mixture of materialcan be easily employed at the nanoscale. For last decade, there
were many studies on the combinations of active Si with various components like
[88190], Mo[92], Fe [92, 93] Al [95], B [96], Y [97], Ti [98], as well as

electrochemically active carbon nanomaterials.

The formation of metal silicide (8o, S-Cu, SiB, SiTi) film was reported
to reduce electridaresistance and improve the mechanical properties due to the
existence of additional chemical bondif@gi 91, 95, 98, 99]The coatings such as
Cu [101], CwO [102], C [102 105], siliconnitride (SiN)[107] on the surface of Si
thin film are used as a protectingp layer, which in contact with the electrolyte
resulted in the mechagal stability with forming stable SEI as well as enhanced
access for the Liions diffusion, improved surface electronic conductivity and
suppression of an electrical contact loss. For exampg8, thin film with carbon
coating, containing some amourit Cu particles Fig. 13), did not show a trace of

damage after 100€ycles[106]. Si thin film coated by the 100 nm layer of fullerene
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showed the remarkable improvement of the electrochemical impedance of thin film
[108]. SiN-coated Si anode demonstrated an enhanced electrochemical performance
with a hgher capacity due to the formation of asNifilm, which resulted in
increased ionic conductivity. The low charge transfer resistance in such layers
allowed the cycles at high rates up to 10B@sides, the thinner layer of SiMas
observed to be more effective since the inert nature of SiN may prevernki
transport and redudle capacity107].

P
-y 2
C(CVD) layer with embedded Cu particles

nanoporous amorphous Si
s

Fig. 13 SEM image of sample Si+C (a) before and (b) after cycling (compare to Fig.
2(f)). The C layer covers the porous amorphous Si (1 mm thick) in a conformal way,
without breaking the film continuitjd 06].

Multilayer structured mode with Si thin film and Fg9, 70] Al [95], Y [97],
Ti [98], Ta [109], C [42,103,104,110]interlayers, which can act asonductive
components as well as mechanical buffers during volume changes, illustrated an
enhanced cycle life of the electrode. In contrast with planar multilayer electBidles,
nanostructuredhultilayer StAl film (Fig. 14) [95], the 3D system SCu-Ti thin film
with CwSi nanowires[111], Si on TiQ nanotubes[112] could effectively
accommodate the volume changes and improve the electronic conductivity,
enhancing the electrochemical performance. MultilayeredTi#si/LIPON/SNnQ
anode system prepared by sputtering demonstrated a slajteipating capacity;
however, no visible capacity loss was observed during 200 cycles. This was
explained by the LIPON/SnQOayer acting as a stable porous SEI lajilr3]. The
challenge for multilayered Siased thin film anodes is that the thickness, densiy a
amount of layers should be optimized accurately to provide enough mass of active Si

40



and positive influence on Liions diffusion kinetic property and coulombic

efficiency.
Panel Si-Al film anode Fractures

R m e e

peeeeseesssssssn Lithiation r"‘

3D Si-Al film anode Integrated structure

lw lLi* lw ¥
Lithiation
Delithiation

Fig. 14 Schematic illustration of the mechanism of 3BASElectrode for improving

the electrochemical performani@b].

Similarly to the conventional SiBased composite anodes for LIBs, the
incorporation of carb@mbased materials into Si thin film is a widespread concept to
construct higkperformance elecddes[44, 104, 118117]. Taking into account that
C materials can be intercalating by libns, they are able to contribute to the total
capacity of the thin film significantly. Graphe(@&F) and carbon nanotubes (CNT)
can reach the capacity as high as two times more than conventional giap&ite
120]. Moreover,pure graphenbased anodes were reported to achieve the capacity
up to 1116 mAh gwhen Li* ions occupy the adjacent sites of graphene sheelts a
where LIiG intercalates are formdd21]. In addition, the SEI layer on dazon
nanomaterial is more stable compared to that on pure Si, and therefore, the
combination of Si and C can be beneficial and provide high capacity and energy. For
example, multilayer graphene deposited on the nickel foam, acting as a substrate fot
Si thin film, displayed a stable capacity@2400mAh g! with the capacity retention
of 75% after 45 cycleg§114]. The effect of graphene on the cycling stability
improvement was observed due to the enhanced adhesion at-tjnepl®ne
interface[114,116,118]
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2.4.1 SiC thin film

Silicon carbide (SiC) is an amazing material wWalbwn for its resistance to
high-temperatures, radiation, corrosive, abrasive and erosive [2&d.23] SiC is
widely used in the electronics industry and draws significant attention as an
emerging energy storage technology due to its outstanding thermglhgsital
properties[124,125] For a long time SiC was considered inert towardsiams;
however, there are some wortkgat reportSiC as a very promising anode material
with the ability to store LT ions (a theoretical capacity is 2638 mAH) ¢15,126
128]. In contrast with Si anode, which suffers from rapid degradation due to the
volume changes upon lithiation/delidion cycles, a cubic polytype SiC (ZIC)
can serve as a host matrix for"liéns intercalation, which is able to reduce the
detrimental impact of expansion/contraction scengkf§]. Shiratani et al. showed
that SiC thin film having 4000 mAhgin the first cycle can save 85% of the initial
capacity up to 10 cycle[126]. However, the structural studies of SiC thin film were
not show in his paper. Introduction of the dopants to thin film surface layer is a
crucial technique to improve electrical properties of theSBC/Si anode, which is
extremely important to enable high rate* ions diffusion and charge transfer

processes in the electrode3, 128]
2.5 Electrolytes for Si thin film anodes
2.5.1 Liquid electrolytes

The SEI layer formation plays a kegle in the cycle life of the Si electrode.
The morphology of the SEI layer is important for the long cycle life and can be
dependent on the anode surface condition, especially the Si particle size. In case o
remarkable expansion of miecgized Si partids, the extensive fractures are
observed on the SEI layer surface. These fractures overgrow with the newly
occurring electrolyte decomposition or
structure which delays the "Lion transport into anode resultimg deteriorating of

rate capability andapacity decreasat high rate§25,130] On the other hand, the
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uncontrollable growth of SEI layer uses up large amounts*abhs and electrolyte

and leads to an increase irttell resistance, thus resulting in a capacity fade and an
unstable electrochemical performand81]. The initial capacity losslue to SEI

layer formationdirectly relatesto the initial content of oxygen on the fdm surface.

The oxygen atoms react with the liquid electrolyte and become a part of the
molecules constituting the SEI layé&temoval the oxide before battery assembling
leads to the decrease of the irreversible capacity as well as an enhancement o
electrode cycling stability61].

SEI layer on Si is usually a compound of several chemical components
emergng during liquid electrolyte decomposition on theb@sed electrode surface.
Fig. 15a,b shows the molecular composition of the SEI layer formirgage of the
liquid electrolyte 1 M lithium hexafluorophosphate (lPFin ethylene
carbonatdEC) : diethyl carbonat¢DEC)(1:1, v/v) at various charged and
discharged states determined by higholution Xray photoelectron spectroscopy
(XPS) analysislt can be seen iRig. 15a that Si signal disappeared at the first charge
around 0.3V, meaning the SEI layer thickness becomes thicker than XPS atsmetr
depth (~10hm). In course of time, Li carbonate tends to prevail as the amount of the

rest products decreadds2].

The comparison of the lithium bis(oxalato) borate (LIBOB) and kiPF
electrolytes with the same solvent EC:DEC (3:7, v/v) shibwiee remarkable
improvement of discharge capacity retention in case of the first electrolyte. This was
ascribed to the formation of the SEI layer with a Jessous structure. The 1 M
LiBOB electrolyte was able to increase the conductivity of #& alectrode by
approximately 3.5 orders of magnitude, which attributed to the formation of LiSi
alloy, possessing metallic propert[@83]. The investigatiomf the additivefree 1 M
lithium  bis(trifluoromethylsulphonyl)imide  (LiTFSI) in N-methyl, N-
propylpiperidinium  bis(trifluoromethanesulfonyl)imide (MPPpTFSI) electrolyte
showed that the high anodic stability of this ionic liquid may help to develop the very
high energy density systej66].
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Fig. 15 Molecular species found on the surface of the Si at different potentials as
determined fron the XPS hig-resolution scangl32].

The carbonate additives like fluoroethylene carbonate (FEC), vinylene
carbonate (VC) and propylene carbonate (PC) were reported to improve SEI layer
morphology. FEC additive (3%) introduced into an EC:DEC (3:7, v/v) elgotrat
1.3 M LiPFs is ableto improve SEI layer structure making it smooth and more stable
that provided the facilitated path to Si and led to the increase of the discharge
capacity retention by 20.6%il34]. Similarly, the effet of FEC additive in a
1M LiPF6 in FEC:dimethyl carbonate (DMC) (1:4, v/v) was studied in the fdll Li
cell composed from -&i thin film anode and a high voltage lithium nickel
manganese oxide (LidiMn1s504) spinel composite cathode. It was found thBCF
resulted in stable cycling of Si/Li cells for more than 1500 cycles. The improved
performance was explained by the good passivation of the Si anode surface anc
effective passivation of the surface of high voltage catHdad&]. In the works
[66,101,132] FEC alsowas found to remarkably improve the letegym cycle

performance of Sbased electrodes.

1% VC added into the electrolyte observed to assist the formation of a smooth
and uniform SEI layer on Si film, which significantly improved thanic
conductivity, ad a 150nm thick n-type doped Si thin film retained 97% of initial
capacity value in the 280cycle [136]. The electrochemical performance of 1M

lithium perchlorate (LiCIQ) in PC solvent was compared with the same electrolyte
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in a mixture of EC:DMC (1:1, v/iv)where finally both solvents were found to have
identical influence. However, it was recommended to use PC additive due to its low
cost andan ability to work at low temperaturd63]. In another research, the
combination of 2% VC and 10% FEC in the mixture of 1 M LiP&nd
EC:DEC:ethyl methyl carbonate (EMC) (1:1:1, v/v/v) revealed the improved
capacity retentionfi95]. The effect of the electrolyte composition on the irreversible
capacity of the Si electrodes, in peaular with PCGbased and EC:DEGased
electrolytes, did not reveal a significant difference between {h8id.

The effects of trimethoxymethyl silane (TMOS, §HOCHs]s) additive (in 1
M LiPFs in EC:DEC (1:1, v/v) electrolyte) on SEI layer formation was studied-for ¢
Si thin film electrode. It was detected that TMOS can effectively protect the Si
surface, producing a stable SEI layer composed of organics with allbdrate and
carboxylic acid metal salt functionalities, and phosphorus and fluorine containing
species, leading to stable cycling at D.1.5V vs. Li/Li* delivering 2400mAh g*
over 200 cycles. The authors reported thatBhtaining species, obtained the Si
film surface after cycling without using TMOS, are responsible for the inefficient

passivation of the Si surface, resulting in a rapid capacity] 1=383.

Another study[139] investigated the effect of lithium salt solution electrolyte
containing alkoxysilane additives. The significant overpotential growth and an
aggravating capacity for the discharge/charge process were attributed to the
sedimemation of electrolyte reduction product. Moreover, the additives of
alkoxysilane acted as a passivation agent. In general, the presence of such additive
prevented the mass accumulation to the Si electrode induced by irreversible

electrolyte reductions,ths i mpr ovi ng the el ectrodeos
2.5.2 Solid state electrolytes used in Si anoeeased LIBs

SS electrolytes provide advantages in terms of simplicity of design and
operational safety140i 142]. Solid electrolytes were proposed as a route to avoid

dendrites formation in lithium batterieand for applications where elevated
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temperatures persi§t43]. SS electrolytes also can push towards a design of safe

nontoxic lithiumion batteries with improved cycling performarjtd4,145]

In the case of Si, it is essential to avoid the formation of nonuniform SEI layer
and related capacity loss in the first cycle. Therefore, the capacity and cycling
stability are expected to be improved.3® SS LIBs with Imm LiPON as a solid
electrolyte Fig. 16a) and 50 nm Si thin film exhibited the capacity of ~3500 mAh g
with no decrease upon cyafj for 60 cycles unlike the cell with liquid electrolyte
(LiPRs in EC:DEC, LICIQ in PC) that was assembled for comparison. SEM
investigations did not reveal the SEI layer formation in the Si/LiPON interfacial

region after cyclingKig. 16b) [146].

Current
collector (9)

+
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Current
collector (a)

LiCoO, (f) Si-substrate (b)

Solid electrolyte ()
Barrier layer (c)
Si(d)

Fig. 16 (a) 3D inegrated aksolid-state battery(b) SEM image of the interface
Si/LIPON after cyclingd146].

The SS battery cell containing& thin film anode (50200 nm) with the
LIPON electrolyte and a lithiated titanium oxysulfide 1(t1iO05S.1) cathode is
shown inFig. 17. Initially, testing aSi thin film anode in a haitell with solid
electrolyte, the authors observed that the formatfdd @Sis phase differs from that
in liquid electrolyte systems, and this final reduction step occurs beMvatOthe
low constant current or initiates only after 2 hours floating @t The test results of
designed batteries assembled with the industt@ols and embedded in
mi croel ectronic packages 0.@&¥na capdcity gpére s
cycle) and ultrafast charge (80% capacity in niid7]. The incorporation of boron

(B) into LIPON electrolyte (LIPONB) led to the enhanced chemical and thermal
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stability. The Si thin film electrode with a prepared LIPONB demonstrated the
excellent cycle life and coulombic efficiency with almost no loss during 1500 cycles.
Besides, no cracks were observed in the film or at the electrode/electrolyte interface
by SBV [148]. Investigation of the electroddectrolyte interfacial region of the
microbattery system 60@m Cui 50 nmSi 1 LIPON i LiCoOdid not reveal any
accumulation of Li at the interface between anode and electrolyte, and alteration of
electrical properties of SCu layer upon cyclin¢l49].

Encapsulation layers

-
Active core
L Y

Fig. 17 FIB/SEM crosssection of a thin film encapsulated LIB comprising the
Li12TiO055./LIPON/Si active layers and titanium current collectd#r7].

Fig. 18 Schematics of a 3D SSLIBR50].

The 3D all SS LIB with 500 nm thick LIiPON electrolyte, shownFig. 18,
was assembled by deposition of corresponding layers on the designed 3D template
The battery cell demonstrated the poor power performance that was explained by the
structural inhomogeneity of the layers, coupled i low ionic conductivity of SS
electrolyte and diffusion rate in the cathode, led to a hightyumiform internal
current density distribution and poor cathode utilizafids0].

In fact, there is a challenge with the deposition of SS electrolyte on the

electrodes and assembling cell, especially if it is a 3D structure. SS electrolytes
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derived by deposition demonstrated the ionic conductivities withihi 100® S cm?
that is remarkably lower compared with liquid electroly{¢81,152] Another
guestion is related to the mechanical stress that emerges inevitalihe SS
electrolyte when Si volumetric changes occur during the processes of

lithiation/delithiation.
2.6 Si thin film preparation techniques

Various techniques have been tried so far for Si deposition such as
electrodeposition, chemical vapor depositi’acuum evaporation, electron beam
evaporation, ballistic consolidatiomagnetronsputtering, glow discharge, pulsed
laser deposition. The preparation method and its conditions have a significant
influence on the thin film microstructure, morphologyystallinity, thin film-

substrate interface/interphase purity, density, and other physicochemical properties.
2.6.1 Physical methods

Magnetronsputtering (MS) is related to physical vapor deposition and one of
the most widespread processes employed for a thin film manufacturing. In the
working chamber of MS, the plasndarived gas ions accelerate between two
electrodes in a lowpressure gas. Thens are directed towards the target surface
where atoms of the latter are ejected from the material and flying on the substrate
surface[153]. The benefits of MS are the easy control of film density, purity and
thickness by varying power type (alternating current (radio frequéncf) direct
current’ dc), gas pressure, target masdrirotation speed and deposition time, as
well as an opportunity for the psputtering cleaning of target and the further scale
up of the process. As a result, MS was quickly adapted for Si thin film preparation. A
high purity diskshaped Si is used agaaget, and argon gas is used as a working gas.
The sputtering power showed a significant effect on the value of irreversible capacity
at the first cycle. The comparison of three power vald@, 60, 85V performed the
initial specific capacity of 42003800, 3060 mAh ¢, respectively. So, the

irreversible cycle capacity of anode increases as the power decreases. The reason wi
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found to be a different Si oxide content, where a larger amount of oxygen
incorporated in the film at lower power, and thentiedhe initial capacity drop due

to the elevated amount of 0 during SEI formatiorj61]. Heating of thesubstrate

up to 2000C is found to strengthen the ai
interdiffusion of Si and Cu layers that finally resulted in the improved cyclability of
the Si anodd59]. Among the other approaches: a substrate rotation option was
added for better thickness uniformity, and deposition of Cr or Cu layer to improve
attaching Si film to the substrdie8].

lon-beam depositioIBD) is quite similar to MSapart from some differences.
There is no bias applied and no plasma occurs between the target and the substrate
IBD. So due to that, conducting andnroconducting targets and substrates and even
sensitive substrates can be applied. Finally, IBD operate much lower pressure
(< 0,013 Pa) than standard MS, so the inclusion of sputter gas atoms in the film is a
lesser problen¥3,99,12,136,154]

Unlike MS, inplasma laser depositioPLD) technique the laser is used with
high power pulses up tol®® W cnmi? in order to melt, evaporate and ionize material
from the target surface. A highly luminous plasma plume is produced and expanded
away towards the substrate, on the surface of which the volatilized material deposits
as a thin film[155]. The preparation of amorphoust8in film by PLD was reported
in several workg53,60,104,138] Different deposition pressures were exploited in
order to evaluate theinfluence of this process parameter on the
morphological/electrochemical characteristics of the resulting nanostructures. The
sample prepared at lower deposition pressure, having porosity featured by larger

average pore size and lower surface area, shbe#fer cycling performance.

Vacuum evaporatiofVE) is another effective method to prepar&iathin
films [19,63,64,71] Si powder or crushed pieces put in a tungsten heating boat
usually serves as a saer Inside a work chamber, kept under a vacuum of around

10%1 10°Pa,an electric current is passed on the tungsten boat to heat the Si source
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up to a melting point, at which Si evaporates and deposits on the proper set metallic

substrate.

Electron bean evaporatio(EBE) differs from the previous method only in the
way the source is heatédhe electron beam gun is applied for this aim. This method
was used to prepare monolithic Si films and Si/Fe multilayer thin films in the works
[93,94,133,134]

Ballistic consolidation(BC) and gasphase condensatiotechniques were
reported for Si films preparation. In the first process, the Si source was heated in a
tungsten basket and evaporated into the gaseous atmosphere. In the gas, the Si ator
were cooled rapidly, and nanocrystals were nucleated as the atoms collide. Moving
by Brownian motion in the gas, the nanocrystals formed the agglomerates. The gas
was supped through a nozzle, approaching the sound velocity, and the Si thin film
formed from the ballistically consolidated nanocrystals when they hit the substrate at
high speed. The atmosphere was a mixtureof Rband t he prePas ur ¢
The secongbrocess, GC, described in the paper was similar t(2VE

2.6.2 Chemical methods

Electrodeposition(ED) is a convenient and economically viable method for Si
films deposition156]. ED of Si films is carried out on the basis of conventional ED
procedure. The electrolyte usually contents a high purity silicon tetrachloride)(SiCl
in PC solvent. PC provides good environment for solubilizing the halide salts of
silicon due to a high dielectric constdb7]. The electrodeposition technique was
used and the effect of different frequencies (0, 500, 1000, 5000 Hz) was studied. The
analysis showed that the higher frequencies result in better stability andzserte.

So, that the Si thin films electrodeposited at 5000 Hz pulse current frequency
demonstrated the stable capacity of 808h g with a fade ~0.056% capacity loss

per cycle upon 500 cycles. However, the high first cycle irreversible loss as tlie resu
of the loss of Li ions due to the oxygen presence and the change in mechanical

integrity due to volumetric expansion remained as the main prof@&m57 159].
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The structure of the electrodeposited Si film may vary from amorphous to a
nanocrystalline structure. In contrast with the above methods, ED allows the internal
surfaces of complicatedD8structures to be covered easily with a relatively good
uniformity [85,88].

Chemical vapor depositiofCVD) [28] and its modifications like reduces
pressure CVDRPCVD) [55] and plasmarhanced (PECVD)80,89,160,161]are
based on a chemical decomposition et&ntaining gas like Sikbr disilane (SiHs)
at the high temperatures following by the adsorption of the released atoms or
molecules on the substrate surfatae main drawbacks of conventional CVD are
purity and uniformity of materials that can be successfully solved R#H@VD or
PECVD. Reducegressures mitigate undesirable -gpsse reactions and improve
film uniformity across the substrate.

For the Si film anode obtained by PECVD Si thin film anode, ffexiof the
substrate temperature on the electrochemical characteristitheobnodewas
observed by Song et ¢89]. It was found that during the deposition on Cu substrate
under the elevated temperature above 4D0the reaction between Si radicals and
diffused Cu ions took place with the formation of Cu silicide partighis the
granular shape. The thin film anode exhibited an improved cyclability thanks to the
formed phase mitigated a volume change owing to the existence of additional
chemical bonding and reduced electrical resistance.

Glow discharge (GD) plasma depostan of Si thin films isa mixed
physicochemical process. Plasma is generated when a voltage is applied between tw:
oppositely charged metal electrodes and electric current is passed through a low
pressure gad.he hydrogenated-8i films (aSi:H) isobtained by the decomposition
of silane (SiH) gas in a glow discharge plasma at the high temperatures. The
increase of the synthesis temperature has been found to decrease the residu:
hydrogen content in the films. The density of the material observesl mver at the

lower deposition temperature. TheSaH thin films obtained at the higher
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temperature (100C vs. 250 C) showed the improved electrochemical performance
[40,41,137]

For an ease comparison thfe various deposition methods, their advantages
and disadvantages are summarized infdige 2below.

Table21 The advantages and disadvantages of the methods used for the Si thin film

deposition

Method Advantages Disadvantages Ref.
High deposition rates, ease of
sputtering;High-purity films; High Nonuniform thickness of films;
MS adhesion of filmsExcellent coverage Ineffective for complicated 3D [68]

of steps and small featurdseat substrates.ow cost
sensitive substrates

High purity of film; conducting/no-

IBD conducting targets and sensitive High cost [43]
substrates can be applied
Low temperatureCombinatorial film Uneven coverage;
PLD growth; Exact transfer of complicated  Not well suited for largescale [155]
materials;Control of growth film growth.
Unevenness and inaccurate
VE High-purity films: Low cost deposition; Shofterm source

material:High heat loads within L/}

deposition system.
Controllable deposition ratéligh At low evaporation pressures:
EBE materialutilization efficiency; Structur  line-of-sight deposition proces: [134]
al and morphological control éfms.  anddissociation of compounds
Non-uniform plating;Time

ED Simplicity; Control of mechanical consumingContamination from [156]
propertiesand thickness solution; Disposal of the
electroplating solution.
. . Poor purity and niformity of
CvD Relatively low operating cost, deposited layer; Gas flow [28]
no vacuum needed )
dynamicshard to control
Lower reaction temperatures; Gooc Increased cosPossible
RPCV TS, >SN
D step coverage and uniformity; Less downstreandepletion in [55]
dependence on gas flow dynamics horizontal design.
PECVD Betteruniformity. More process variablesto 4,

controt High cost.

Simple; Easy to obtain stoichiometris
alloys and compounds coatings;  Relatively low kinetic energy;
GD . . , [137]
Low temperaturetigh uniformity Deep recesses
over complex and large areas
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2.6.3 Summary

Thus, in this dissertatioriwo main directions to design and study ob&sed
materials have been chosen. The epitaxiaB3C will be studied as a novel material
in order to deeply investigatée possibility of its electrochemical interaction with
Li* ions and estimation of the achievable capacity. The high crystallinity 8iGC
material can help to avoid/decrease possible trapping of Li ions into defectly usual

existing in a polycrystalline material.

The second object of research is the pure amorphous Si thin film which will be
deposited on a metallic substrate. On the base of the literature review, the most
optimal route to accommodate volume changes andedser the material
degradation is the deposition Si thin film on 3D substrate. Therefore, 3D substrate
will be prepared and Si with the thickness of no more than 400 nm will be deposited.
In addition, the incorporation of dopants will improve electrochehmiegformance.
Besides, one of the most promising electrolyte additives, (vinylene carbonate), will
be used for stabilization of SEI layer. Finally, the design of a novel anode, Si film on
graphene coated 3D metallic network will be performed and the awddée

electrochemically assessed.

Considering all preparation methods, MS is more preferable for the preparation
of amorphous Si thin film due to its simplicity and proven methodol&gy. the
preparation of the monocrystalline EIC, the CVD at a reded pressure has been
chosen because it is more efficient and a-bmst route to synthesize the film with

the higher crystallinity and uniformity
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3 GENERAL EXPERIMENTAL METHODS
3.1 Characterization and equipment

This chapter describes the commanethodology for the physi¢ and
electrochemical characterizationtbe electrode materialsnder the studyncluding
cell assemblingprocedure and equipment used/arious characterization methods

were used to determine the physicochemical propertidgeohvestigated materials.

Electrochemich testing. BioLogic Science Instruments (France), Neware
TechnologyLtd. (China), BT-2000 Arbin Instruments (USA), and a portable
potentiostat WaveNotX (USA) were used for the electrochemical test and analysis.

Scanning electron microscopy (SEMDharacterization of the microstructure
and morphology of samples were carried out on-FSB0OF SEM apparatus of JEOL
Ltd (Japan)AnotherSEM Crossbeam 540 from Zeiss (Germany) was alsowgkd
the focused ion beam (B) optionto observehe crosssection ofthe samples before
and after cycling for&i thin film anodes

Energy dispersive spectroscopy (EO®E uniformity of GF layer on Ni was
studied using SEM combined with energy dispersive spectroscope EDS TM3030
(Hitachi). The morphology and elemental compositiorSe€ thin film were studied
using a Quanta 3D 200i, EDAX from Thermo Fisher Scientific scanning electron
microscope (USA).

Atomic force microscopy (AFMJ. he mor phol ogy of samp
thickness of the Si films was performed using atomic force microscopy (AFM) on a
C3M SmartSPML000 (AISTHT) in a tapping mode with an Al reflective side
cantilever (NSG30 SS by TipsNano) measuring 125 mm in length and with a
resonant frequency of 20840 kHz. Tlke samples for AFM were prepared on a
polished glass with the marker line drawn on its surface prior to sputtering, which

was then easily removed with acetone.
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Raman spectroscopyhe structural features of the samples were examined by
Raman spectroscopy enLabRAM HR Evolution spectrometer (HORIBA Scientific,
Japan) using Arion excitation laser. The spectra of the films were obtained at the
wavelengths of 532 nm or 633 nm@at magnificatiors of x10, x50 or x100, laser
powerof 25-100%.

Furrier Transform hfra-Red Spectroscopy (FTIR)FTIR, Nicolet iS
(Thermofisher) was used texaminethe graphene sheets synthesized on liquid
gallium surface and for SiC thin film investigation after heat treatment with lithium

metal.

X-ray diffractometry XRD). The crystalstructures of the investigated Si
samples were analyzed usingXay di ffraction (SmartLab
radiation) over a @range from 20 to 80 X-ray Panalytical diffractometer was used
for the samples he#teatedwith Li metal.

X-ray phobelectron spectroscogXPS) is a surfacesensitive quantitative
spectroscopic technique that measures the elemental compositionpartsheer
thousandange,empirical formula chemicalstateandelectronic  stateof the
elements that exist within a material. XPS was used in this work fompm$ém

analysis of 3€SiC film.

Transmission electron microscopyas usedfor structural investigations
employing JEM2100(JEOLLtd., Japan)

The electrical propertieof aSi thin films was obtained by Hall effect
measurement system (HMS5500/AHT55TS Ecopia Co., South Korea). The thin film
was deposited on the glass (13raind the properties were registered at the current of

5 mA. The mean number of measurements was around 20 for each type of samples.

Porosimetry (AutosorbiQ, Quantachrome Inst.,, USA) was used for the

estimation of the porosity of prepared Cu substrates.

The mass increment of samples was controlled using weighyirgn ultra

microbalance MSE2.7#800-DM (Sartorius Germany.
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Preparation of pristine and cycled samples for characterizaffdre thin film
deposition techniquesor SC and Siare described in the beginning dtfe
corresponding sections in Chapter 4 @idhpter Grespectively.

The aspreparedsamplesof SiC and Si did notequireany special preparation

proceduregor characterization

Characterization o5iC and Sisamples after cycling required the thorough
cleaning of the surfaces. The electrodi®sn disassembled cells were rinsed with
DMC to remove the carbonate components of SEI layerSi& additionally was
immersed into the mixture of nitric acid (69 wt%) and hydrochloric acid (37 wt%)
diluted by deionized water (DIW) with the volumetric cali:3:50 (HNQ:HCI:H20)
for 10 min to remove oligomers, Li fluorides and hexafluorophosphates followed by
careful rinsing in DIW and dryingdowever, Si samples used for study of SEI layer

formation were not rinsed as explained above in order to savaytre |
3.2 Electrochemical testing
3.2.1 Cell assembling

For an evaluation of the electrochemical properttbs,various cells were
constructed inside an Ailled glovebox (MBRAUN, LABmaster Pro Glovebox,
<0.1 ppm HO and Q). A 1 M LiPFs EC: DEC: EMC (1:1:1, volume ratio) was used
as an electrolyte; a microporous polypropylene filbelgard 2400was used as a
separator, and metallic Li foil was used as both a counter and reference electrodes.

For long term galvanostatic cycling testgjretype CR2032 cellsHig. 19)
were used.

For thein situ Raman spectroscopic measurements, a hole was drilled in the
cell and an opticallyransparent glass window was placed onté&id.(20). To carry
out in situ/in operandaoptical studies, a test cell was designed based on a flat cell
(flat cell, Hohsen Corp., Japan). This cell was ideally suited for the planned work,

since the assembly could be reused. The scheme of this cell is shdugq 20.
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Tightness is achieved usingridgs and springs, which can be easily assembled or
disassembled [22].

Cap
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— Lithium foil

Separator
Investigated Electrode
Case

Fig. 19 Schematic view of battery parts, battery assemirsaragCoin 2032typecell.
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Fig. 20 Scheme of the flat cell.
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Fig. 21 Schematic view of battery parts and assembled battery of flat type cell

modified forin situ/in operandaneasurements.

In order for a beam to pass freely and focus orsthitace of the sample, it is
necessary to make an appropriate optical window. Therefore, the original cell was
modified. In particular, a hole was made in the lower part of thefgllZ1). To fix
the attached glass, a hole and a notch were made in the bottom of the cell. The
sealing between the glass and the cell was performed using a Ni paste; the gap:
between the edges of the glass and the cely beere filled with a PVDF polymer

dissolved in a NMP solvent.
3.2.2 Electrochemical test methods

Various electrochemical methods such agclic voltammetry (CV)
galvanostatic  charge/discharge cycling (GC), electrocremiémpedance
spectroscopy (ElSWwere used to retrieve a piece of information regarding the
interaction of Li ions with the investigated electrode materials. All the potentials
given in the work are referred to the Li/lalectrode potential.

Linear sweep voltammetry, one of the CV nuath, is a useful tool to identify
the best operation conditions for novel electrode matdfi&R®. After the set
potential is reached in the CVxmeriment, the working electrode's potential is
ramped in the opposite direction to return to the initial potential. The experimental
setup for linear sweep voltammetry utilizes a potentiostat and adlaeteode setup

to apply a potential to a solutiaand monitor the relevant electric current change.
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The threeelectrode setup consists of a working electrode, an auxiliary electrode, and
a reference electrode. These cycles of ramps in potential may be repeated as man
times as needed. The current atwoeking electrode is plotted versus the applied
voltage (I/E) (that is, the working electrode's potential) to give the cyclic

voltammogram tracesig. 22a illustrates a typical voltammogram of Si anode.

GC is a type of the chronopotentiometry methods, in which the constant
current is applied to the electrode, and the potential changes to a value, at which the
flux of the electroactive species sufficient to supply the applied current. GC
usually provides useful data on the formation of new phases when the plateaus on
potential profiles occur at certain potentials. The capacity and cycling performance
are the most important characteristaf the electrode materials for batteries. For
instance,Fig. 22b demonstrates typical potential profiles for theTigO:2 anode
material; Fig. 22c shows a cycling performance for ZEGLFP-CNT full-cell,

which is plotted as capacity versus cycle nunjbé8s].

Rate capability is another type of cycling performance test, which has always
been an important factor the design of lithiuron batteriesThe rate of charge or
discharge measures how fast the battery can be charged and discharged, typicall
called Grate. At 1 C, the battery is fully discharged releasing maximum possible
capacity in 1h. A variation ofthe Grate during the GC, the data on the capacity
delivery after the significant current changes can be obtained. For ex&igp2d
illustrates tle graph for TiG-nanotube haitell where the &@ate was changed within
a range of C/5 5C[164].

EIS is widely used to charactegithe charge carrier transfer and charge storage
process. Electrochemical impedance is the response of an electrochemical systen
(cell) to an applied potential, and the frequency dependence of this impedance can
reveal underlying chemical processes. Elfvee for two purposes: for diagnostics,
to characterize changes at a surface under specific system parameters; and fo
application, to tailor system parameters in order to obtain a desirable effect on a
surface. To describe the interface properties, thptgcal spectrum, Nyquist plot, is
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fitted by the most suitable equivalent circuit. For examplg, 22e shows the

experimental data and the equivaleintuit used to fit the EI§L65].
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Fig. 22 The examples of (a) voltammogram, (b) potential profile and (c) cycling

performance, (d) rate capability, (e) EIS spectrumditfierential capacity plots.

Differential capacity is a graphical analysis of the cell cycle life taken from the
GC data. The ifferential capacity plots, which built on the base of differential

capacity (dQ/dV) versus potential, show the changes of charge and discharge curve:
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and give information regarding both the underlying kinetics and thermodynamics of
the system. Studyingégh changes in the cell d6s el ec
the differential capacity allows predicting its failuf@6,166,167] Fig. 22f
demonstrates the exampled®)/dV graph for Si material.

In this work, CV results of Si, GF, NiO, Cu, and SiC were recorded by cycling
the assembled cells with the investigated electrodes at various potential ranges,
mostly within 0.011 3 V vs. Li/Li*, and at the different scaates in the range of 0.1
i 0.3 mV s EIS were recorded before and after galvanostatic cycling at 5 mV
amplitude signal in the frequency range of BZto 1MHz. GC tests were carried
out in a potential range of 0.013 V, and at the current densitielsosen within 1
1000 Acm? for all materials, investigated in the research.

3.2.3Ex situ/ in situ / in operandocharacterization methods

When developing rechargeable LIBs, it is extremely important to develop
electrods with high electrochemical chacteristics and to understand the nature of
the processes occurring in materials during operation. The direct monitoring of these
processes is capable to retrieve information about the electrochemical characteristics
of the electrodedn situ research atlws controlling complex chemical and physical
processes in the electrodes during the charge and discharge processes, and thu
offers the ability to directly link these processes to the electrochemical response of
the batteryj168].

ThelLatnex pr esnssitvto n | it erally means din |
research, this refers to measurements that are performed on materials in their origina
position inside the sealed device, i.e. without it disassembling. This allows
characterizing materials under more raalisconditions, contrary toexsitu
measurementsEx situ measurements can furthermore be disturbed as a result of
contamination during sample preparation and handling between battery use and
characterizationln operando characterization represents a specase ofin situ
research, where the battery is in operation, i.e. is being (dis)charged during
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characterization, allowing measurements oh-equilibrated states that cannot be
disclosed withex situcharacterizatiofil69]. In order to condudh situ experiments,
batteries must be fully operational under the circumstances imposed by the
diagnostic tool, which often demands specially designed devices and measuremen
setups, thereby hindering th&traightforward application ofn situ techniques.
Fortunately, in situ methods to characterizelBs recently experienced a rapid
development, which is evident from the increasing amount of publications on this

topic.
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4 SILICON CARBIDE THIN FILM ANODE
4.1 Introduction

This chapter comprises the resultstibastudy of new monocrystalline 38iC
as an anode for LIBsThe general information on the reasons and aims of this
research were given i n 24).¢&helariduseteclantes r e
and approaches were applied for multifaceted investigation e®i@C Here,the
resultsof the electrochemical behavior upon*Lions insertionare presentedlThe
effect of heat treatment of the samples with lithium at elevated temperatures on their
physical properties and stability is discussed.

4.2 Silicon carbide thin film preparation

CVD is widely used to deposit thin film materials on various substrasete
from solid na-volatile materials. Epitaxial growth of films is a mequilibrium
kinetic process. The reaction gases must be of high purity to reduce the degree of
contamination of the grown film. This method is widely used in semiconductor
technology to deposit singlgystal, polycrystalline and amorphous films, for
exampe, silicon, silicon nitride, and others. CVD method consists of several steps,
including preliminary mixing of the reagent gases and inert carrier gas and
introduction of this mixture into the chamber; supplying the gas mixture to the
substrate;formation of growth species by chemical reaction in gas phase and/or
adsorptionof the speciegkagents oithe substrate surface; formation ofalid thin
film on the substrate surface; and removal of gaseous reactiproycts from the
chambef170i 172]. The scheme of the equipment with process is shoWwig. 23a.

SiC thin film wasepitaxially grown on an maxis, 10 cm 525 em th
(001)waferby Reduced Pressure CVD (RR/D) in an LPE ACIS M8 reactor using
trichlorosilane (SiHG), ethylene (@Hs) and hydrogen (k) as theSi precursor,
carbon precursor and gas carrier, respectively. An initial carbonization step was done
at 1140 AC followed by g(183W74hThermagetoh e S

thefinal SiC thin filmon Si wafetis shown inFig. 23b.
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Fig. 23 (a) Scheme of equipment and process of RFD technique
and(b) SiC film on Si wafer

4 3 Characterization of SiC thin film

The multifaceted characterization has been performed in order to analyze the
SiC material properties such as crystallinity, morpholagyd topology using various
available methods.

The XRD spectrum of SiC thin film on Si wafer is showrFig. 24a, where
three intensive peaks can be observed. The one with the highest intensity is locatec
around3 4 . 3gAwhich is the typical for Si and arises from the substrate the film
was grown on. Two peaks with a slightly lower intensity are are obsenzed & a n d
45A. These pe ak092 and AUCO0Lwithaatcebit lattice (3IC)C (
[175,176] No any other peaks were observed confirming that a monocrystalline and
high quality SiC film was prepared.

Fig. 24b shows the obtained Raman spectrum, which was fitted by Gauss
function (sedrig. 25). One can see that the left peak consists of three bands at 766,
794 and 812 crh The peak on the right side also comprises three bands located at
the shifts of 943965and987cmt. The last one is related to the secomder

Raman scatteringn Si.The peaks appeared around 794 and @®5' correspond to
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a transverse optical (T) and longitude optical (LO) modes of the cubic lattice,
respectively{1771 179]. Thus, Raman and XRD analysis showed thaS8C grown
on Si(004) is a higlguality monocrystal.

) b) ———————— _
. Si (004) ]
Z | 3C-SiC (002) : Z
£l 3C-SiC (004) | z |
= =
= =
I L L L L 1 n L L 1 "
20 25 30 35 40 45 50 700 800 900 1000
©-20 (°) Raman shift / em!

Fig. 24 (Q XRD spectrunof 3C-SiC and(b) Raman spectrum of 38iC.

In order to investigate topology of 3&IC samples AFM studies in the tapping
mode were performedig. 26a represents the measurement in height (topography)
i magi ng. Considering the results, it
nonuniform with the longitudinal areas with elevated and lowered heights occurring
alternately with the step of 280 nm Fig. 3b shows the AFM image taken from a
cantileverodos amplitude modul ati on. The
however, the surface is seen more clearly than in the previous image. One can se
that 3CSIC thin film does not possess an absaiuflat surface. There is a slight
roughness with a presence of hemispherical growths with the dimension no more
than 150 nm.
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Fig. 25 The fitting results of Raman spectrum of-S@C film.

FromFig. 27, the EDS elemental mapping showed the uniform distribution of

Si and C. A small peak at 0.3 keV kg. 27a corresponds to carbon, while the
intense peak at 1.7 keV is a signal from silicon.

Fig. 26 AFM images of 3€SiC thin film surface (a) high mode, (b) amplitude
modulation mode.
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Fig. 27 EDS of 3GSiC on Si wafer.

For a further detailed study of samples morphology, SEM investigation has
been performedrig. 28 demonstrates the surface image ofSiC at low and high
magnifications. It can be seen frdfig. 28b-d that the surface does not have only
hemispherical growths which were detected previously by AFM but also there are
thin straight grooves with the length around 100 nm. In fact, the hemispherical
growths are SiC crystals grown slightly &eoa film surface. It was proposed that
such areas served as nucleation §it88,181] During the growth, the crystals from
adjacent O6seedsd formed a common [1&pund
Usually, such defects annihilat@th time; however, taking into account the low
thickness of the 3GiC film; thus, the defects did not have a chance to disappear.
Fig. 28e,f shows tk crosssectional images. The best view of-S€C can be found at
the higher magnification as a top thin layer on the sample. The thicknessSXC3C
was estimated from the SEM images to be about3&80nm. Thus, the performed
investigation of SiC allowedletermining the cubic lattice of the thin film and its

morphology features.
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Fig. 28 SEM images of pristine 3SiC (a,b,c,dpt different magnification

and (e,f) crossectionof the samples
44 Ex situthermal studies of SiG Li interaction at various temperatures

The thermal experiments were conducted in order to investigate the interaction
of 3GSi C with Li met al at var i oand podssielanp e |
alloying of these two componentk is known, that Si material experiences fast
degradatioruponthe continuougycling, i.e.lithiation/delithiation reactiondue to
the material volumevariation uporalloying and dealloyingvith Li. Finding the new
materials, which can be stable andahle upon cycling, i®ne ofthe main airs of
scientists in the field of LIBs. Taking into account outstanding mechanicalitgtab
of 3C-SIiC andpossilility of Li intercalationinto its structurgupon itssuccessful
developmentsuchanodecould be useth batteries fola wide range of applications.

The idea of conducting this kind of research has come due to the fact that at
this moment very little datavailableon the mechanism of lithiation of 38C.
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When performinghesepreliminary studies, the data was ambiguous and difficult to
analyze. It was obvious that the possible mechanism ebi@0nteraction with Li
should be confirmed or rejected. Elevated temperatgelsi help to accelerate such
interaction. Monocrystallin&i(001) wafer has been taken for the comparison due to

its alloying with Li is beyond doubt.
44.1 Preparation for an ex situthermal studies of SiQ Li interaction

For the heating experimenthe cell was adapted from a split cell (BJC,
MTI Corp.) byremoving all plastic partsF{g. 29). The samples were preliminary
cleaned with ethanol ianultrasonic bath and dried. Then, pure metallic Li foil chips
(Li, 99.9%, MTI corp.) were placed and slightly pressed on the topeo§amples as
illustrated inFig. 2%. The cells with samples were tightened in an mfgled glove
box (99.9%6, HO < 0.1ppm, @ < 3 ppm). The experiment was carried out as
follows. The sealed cell was heated up tertain temperature for 60 min in a muffle
oven ELF 11/14 from Carbolite Gerbi§. 29a). Then the cell was disassembled and
Li metal was taken off from the sample surfdeig. 29c shows the appearance of Si
wafer after [Sevaaa sampips veete prépared fok @ch type of heating

conditions.

Fig. 29 Images of sample a) heating cell, b) sample with covered metallic Li and (c)

without it after keating.
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4 4.2 Results anddiscussionof ex situthermal studies

As it was mentioned above, the possibilitytefnperaturenducedalloying of
monocrystalline Si and 3GiC with metallic Li was investigated at the elevated
temper at ur e Fig. 80mlemorstraDtide images of the samples on which
the changes can be observed after their heat treatment with Li metal from room
temperature to@® A COne can see fromig. 30 thatthe samples looHifferently at
various temperatures. The first linefkig. 30 shows that Li loses a gloss aatinost
disappearsafter 225AC. Thi s is due tAC.i tHser mel ti
experiments, Li mel ted at the temper a;
from nan-uniform heat distribution over the heating celk. ithe temperature was
lower in the center of the cell comparing to its case. The surfaces of Si samples
altered in areas where they touched with the Li metal. At the temperatures above
225 AC, the Si s a-8Q (line 8 inFigr 30) ntHe detedoratioR of r 3
the surface occurred ahigher temperaturabove2 50 AC. At a cl ose
seen that the unchanged islands of SiC still remain after heating at DA C .
Besides, the mechanical stability of al58C samples wasnuch better after heating

in contrast with Si samples, which tended to crush.

Fig. 31 shows the XRD coupled scans of Si and SiC. The plots in the upper
part of Fig. 31a,b demonstrate the overall XRD spectra measured within a range from
15A to 55A, whi IFig. 31t,d presents the magnifiedr peaksotd
demonstrated their detailed features. Fiéign 31 a,b, the presence of an intensive
peak around 35A can b o Siabkswas diseussed inttei ¢
previous paragraph. It can be seen that the Si peak shapes are different for the
differently annealed samples, and the peak shape chantietheviemergence of a
new shoulder above 100 AC followed by
changes could be related to an obvious degradation of the Si crystal structure upor
heating to higher temperatures. New peaks start to appear uponiranmeahe
patterns for Si wafer, at 41A (from 10
that the intensities of these peaks are higher for the samples annealed at the highe
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temperaturedrig. 31c,d shows the XRD patterns thie 3C-SiC thin film on Si wafer.

The magnification of the peaks revealed that there is no rearrangement of the Si anc
C atoms in SiC happening during the reaction with rietal This indicates that, in
contrast with Si, 3€SiC does not react with Li, which cannot permeate through the
3CSi C cryst al |l attice. However, after

signal disappeared.

Fig. 32 displays the RSMs of the samples measured after annealing with
metallic Li at 100, 200, and 308 CFig. 32a shows the results for Si wafdig.
32b,c shows the results for 38IC on Si waferOn the first row Fig. 32a), one can
see a reflection from the 804) wafer at 0.73A(Q,), which changes from a
typical circular form to a diamonrshaped reflection with a lateral elongation. This
indicates the deformation of the Si crysfalom the last two rowsHg. 32b,c), for
the 3GSiC epitaxial film, the relaxation was observed at arou8®20A(Q,). We
can see tha&8C-SiC persisted on Si wafer after all heating experimddtsvever, the
reflection of SiC was found to be much wealor the samples annealed with Li at
300A C.

25°C
(before)
- -
Li : ‘ ' No visible Li No visible Li No visible Li

Fig. 30 Imagesof Si and SiC samples upon heating at various temperatures.
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Fig. 33 shows the FTIR spectra of the investigated samples. Fign83a, it
can be notethat Si does not absorb at the wavelengths above 2000Tdm peaks
appearing around 3000 cdmare due to €4 symmetrical stretches and those
appearing around 3600 cnare due to €H stretching. These peaks might appear
because all Li left on the samarface after removal of the Li foil reacted with air
and oxidized forming LiIOH, O and, reacting with COof air, the carbohydrate
residuals. As the temperature of plating with Li increases, it can be observed that
these peaks intensify around 2&5 and cease a bit upon the further temperature
increase. This might indicate that Si reacts with Li even more at this temperature. For
the frequencies below 20001, some peaks appear around 1108, 866, 740, 1425,
610 cmt, and can be seen for Ftig. 330) with no Li plating. This could be an
indication that these peaks are not due to Si, but due to the background spectra. Si(
exhibits an intense S stetch at around 806m™ as can be seen from the spectra
for the bare SiCRig. 33c). However, with a further temperature increase to/&25
this peak disappears completely. As for Si, this could reflect the reaction of Si and Li.
The fact that we observe-i& absorption for the bare SiC can be explained by the

impurities of hydrogen in the material.

The morphology of the samples was invgated by SEMFig. 34 illustrates
the series of the SEM images of the seé
five temperatures: 100, 200,225 250 and 300 AC. The i nc
magnified view of a corresponding image. The first columifrigf 34 is related to
the Si samples, the second column shows the SEM images of {BEC3Each row
corresponds to the certain temperature which is pointed in the left side. For the Si, we
can notice the residuals of metallic Li attached to the Si surfacedShbachanges
near Li flakes possibly indicating the formation of another phase at those places.
With the increase of the temperature, the surface formations become more isolated
For the | ast Si sample (300 AC)aremokte c
likely resulted from the difference of stresses appeared in the Ssumdace regions

during the formation of new alloys. SEM images of the SiC samples revealed the
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different morphology. Reviewing the SiC microimages (second column), theaesid

Li stay on the 3€SiC surface and no spots around them can be detected. However,
for other3GSi C sampl es annealed with Li-Liabo\
reaction is not that obvious. Moreover, from the SEM image of the last SiC sample
heattre at ed at 300 AC, I tsurfaca egion ef the sampéedvast h
broken, and some fragments were on its surface after the heat treatment at this
temperature. We suppose that Li could penetrate into thesndace region 3GiC
through difuision near the defects or through crystal boundaries without the intense
chemical reaction. The stresses occurred in the material could result in its fracture in

the neassurface region.
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Fig. 34 SEM images of samples after heat treatment with metallic Li at different
temperaturega-€) Si and {j) 3C-SiC.

75



45StudyontheSiCby O6singl ed particle measurem

A fAsi ngl €EB)mgasurementcid ame of the advanced methods which
allows investigating the intrinsiglectrochemical propertieg single particles of
electrode materials forLIBs. The measurement allows the evaluation of
electrochemical properties of a single particle of material without other supporting
additives such as conducting agents or polymeddss) which ensure exding an
effect of any side processes on the results of the measurda®3jtsAlong with the
electrocherital properties, the expansiofisingle particles can be estimated as well.
The study is usually carried out in th&r-filled glovebox inorder to avoid the
oxidation reactiondrig. 35 shows thescheme of experimental sap on the left and
the process of tip landing on the surface of theSBC sheet on theight. The
microscope, manipulator and portable potentiostat were usszhtml andperform
the electrochemical measuremente tip landing is a sophisticated process which

requires thettention and caution.

Microscope ch

Nickel 3c-sic
sheets

Paper

“~ Lithium metal

Fig. 35 (a) Image and (b) scheme of BRRasurement system.
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This outstanding SP method was used to deeply investiba Li* ions
insertion/extractiorproperties of monocrystalline 38IC. For these measurements,
~10m t hi ck sSi€¢hi filsmwith dimeBsdnof around 10 20e mwere
used. The 3&IC sheets were separated from Si wafer using a conventional
lithography procedure described elsewh§t&3]. CV of the 3CGSiC using SP
method was obtained for the first time.

The CV plotof the initialthreecycles ofthe 3C-SiC thin film is shown inFig.
36a. The CV plotshowed thedollowing positions of the peak$our redox peaks at
0.6,1.1,1.5, and 1.% and twooxidation peaks at 2.0 and 2/4(shoulder) The
lithiation peak atl.8 V (Fig. 36c) shifted t01.86V in the second cycle. This can be
related to theincrease of surface resistance dueat&EI layer formation. The
reversible redox peaks are due to the lithiation/delithiation reactions in #&CC
electrode when Liions permeated/extracted into/fraime material.lt can be seen
that the shape dirst delithiation peak othe 3u-SiC thin film increased acutely
Such sharpness of thHehiation/delithiation CV peaksmight be the sign othe

intercalation mechanism of Lions insertion intdhe material[184,185]
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Fig. 36 Results of theSP measurements 3C-SiC (a) CV, and(b) potential profiles

The CV curves and peak positions recorded forS3C film absolutely differ
from that of Si[186] but are slightly similar to that of kTisO12 (LTO) [187]. This

suggests that investigated -88C can be used as a negative electrode coupled with
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the high potential electrodes or as a positive electrode with the low potential

electrode materials.

Fig. 36b shows the potential profiles for 38C samples measured using GC.
The plateas can be noticed within 1.5 1.3V during discharge (lithium insertion)

and around 2 V during charge (lithium extraction).

In the usual case of SP measurements, the spherical particles of material are
used, the volume and mass of which can be easily estimated. In our case; the 3C
Si Cds shape wthesunevehedgess-ig.8%, that limited hhe ability to
accurately calculate the samplebs mass
Thus, using SP method for this particular material, the exact specific capacity of 3C

SiC could not be assessed.
4 6 Electrochemical test of3C-SiC thin film
4.6.1 Electrode preparation

Before battery assemblingareful cleaning ofthe 3GSiC sample surface is
mandatory in order to avoid the side readtiam the sample surface duririge
electrochemicalests The 3GSiC samplesvere cleanedy sonication in ethanol for
1 h in order to remove organic impurities; then, the samples were immersed into the
mixture of hydrofluoric acid and nitric acid witla volumetric ratio 1:3:50
(HNOs:HF:H20) for 5 min to remove the rest of contaminations and native oxide
layer onthe Si wafer. Afterthis, the samples were rinsed with distilled water and
dried.

The schematic view of the 350 nm3C-SiC sample is illustrated iRig. 37a.
In the initial experiments, a met al h o
of stainless steel foil, was used as a current collector. The holder was wrapped
arownd the sample. Since the open sides of a-domductive Sisubstratecould
directly affect the electrochemical performance, tisre coated by an isolative

epoxy However, it has been found that despite an epoxy coating, the Si substrate
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couldreact withLi* ions and contribute to the overall capacity. In order to avoid this
processthe Si substratavas removedy etching with HF acidand separated 3C

SiC wasglued to a steel disk by PVDBiFased conductive glu€ig. 37b shows the
sample without the Si substrate, which was used for the rest of the electrochemical

experiments.

a) : b)

350 nm Sic
Metallic disk

525um glue

Sic

Fig. 37 Schematic view of (a) 3GiC thin film on Si substratend(b) 3C-SiC thin

film on ametallic substrate.
4 6.2 Electrochemical test results and discussion

The investigation 08C-SiC was carried out using CV a@L. Fig. 38a shows
the CVscansregisteredunder 0.1 mV 3 conditions ina potential range 0 3 V. It
can be seen that the first cyclata represerst less ordered character ththat ofthe
otherscycles Most likely, ths is due to the loss of Lions during the formation of
SEI on the surface of the electrode. The main anodic peaks@nadl.4, 0.7 and
0.02 V;the cathodc peaks ppear athe potentias of about 117 V and 2.13 Vit is
worth noting that some electrochemical similarities with @& scans obtained by
SPmethod have been preserved, in particular, the same peaks in the cédid@i
15V and0.57 0.7V uponlithiathion and 2V when lithiumis extraced However,
the overall shape of the hysteredmnged, and new cathodicags appeared at 0.13,
0.32 andl.17 V, the latter of which immoreintensive It can be suggested thiese
peaks could beue tothe other reactions of Lions with 3GSiC. Probably, durig
the film transfer, the structure of 3&C was damaged in some regions and defects

could occur, which in turn could participate in thé ibins adsorption and release.

Fig. 38b shows potential profiles of 38iC, measured at a current of QOA
79



cmi? in a potential range of 0.0l 3 V. The observed potential plateau situation
corresponds to peaks on the CV scan fa& ffaimple. Fronkig. 38b,c, it can be seen
that the capacity of the electrode in the first discharge cycle reach®dA3am?,

and then dropped to K& A bni2. However, considering the charge profilesFig.

38b, one can see that the capacity on theygle becomes greater than the capacity
of the seconatycle. Over time, the capacity of the electrode continues to increase
gradually, reaching 248 Abm? and 25 cn in@hk 184" discharge and
charge, respectively. The coulombic efficiency of the samples throughout the cycling
was in the range of 80 96 %, which indicates the loss of*libns during the cell
operation of the cell. Unfortunately, the electrochemical tests obtained in the coin
cell showed a very low areal capacity of the electrode.
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Fig. 38 Results of electrochemical tests of-S@C in coin cell: (a) CV, (b) potential

profiles, and (c) cycling performance.

Considering the results of thiF6 measurements, it has been suggested that
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the Li" ions insertiorcan goes via their intercalation inBG-SiC. However, after the
electrochemical test in the coin cell, it was suggestedstiat behavior of th8C-

SiC can bealso caused bya Nonfaradaic, or capacitive, reacti¢h88,189] Such
process is a case whare redox reactiolmappenst all, or the redox reaction at the
electrodeinvolves some atom#é the electrodestructure, or when the reaagin
species is axized/reduced at the electrode, but then stays thererder to make a

final decision on the observed reactions, the study of the electrochemical interaction

of 3C-SiC with Li* ions has to be continued.
4.6.3 Postmortem analysis of 3GSiC

After the electrochemical test, the pasgtling or secalled posimortem
analysis has been performdthe study of alterations in the electrode material during
its continuous testing is an important step for obtaining information on degradation
rate, mechanical strength afmaterial, properties afs crystal structure. This data
canbe used for lifetime predictions. To obtain new data on the properties-8iGBC
samples after cyclinghe postmortem analysis was carried out using the methods
such as Raman, SEM, XRD, and XPS.

The ex situstudyof 3C-SiC anode wscarried outusing Ranan spectroscopy
(detailsarepr ovi ded i n C Hhednvestigatiod of sak®les2dur®g .
severalinitial cyclesdid not reveal thehange otrystalstructure Therefore, it was
decided to register the spectra wittaegercycle numberstep.Fig. 39 showsRaman
spectra of 3€SiC before cycling, after 20and 208 cycle (in the delithiated state)
Starting from the 20cycle it was found, that the peaks around 965 emd 987 cm
! become more intensiv@aking into account that the peak at 987'dmrelated to
the second order scattering of Si (d€g. 25), the increase in intensitgan be
explained by changes in Si waf@ponthe interaction with Liions. However, the
reason for intensity increase of the peak at 965 ceguires further studies. We
suppose that itould be relatedto reaction which causettie fractureof SiC heated
with lithium above 22% CFig(34).
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SEM was used to study the morphology of shefaceand cross sections of the
3C-SiC thin-film electrode before and after electrochemical cyc(ugfithiated after
200 cycles) Fig. 40a,b show the morphology of the 3IC surface at various
magnifications after charg#ischarge cycling. Comparing with the SEM images of
the pristine samples shownhig. 28, it can be noted that, in general, the appearance

of the surface did not change much after cyclifig.(40a, b).

—  pristine
= 20 cycles
= 200 cycles

Intensity

700 750 800 850 900 950 1000
Raman shift / cm!

Fig. 39 Raman spectra of 36iC before cyclingandafter 20" and 208 cycle.

FromFig. 40ap the hemisphericdbrmations and straightly elongatgctboves
still can be observed on the surfabla mechanical failurer delaminationof the
thin film can be noticefig. 40c shows the crossection of a cycled sample taken at
the center of the 3GiC anode. It can be seen that the&C thin film remained
almostintact after the many cycles of lithiation and delithiatibig. 40d shows the
crosssection image taken at the edge of the cycled sampbtre thesignificant
damage of Skubstratewith ubiquitous cracksan be observed, while SiC film
remained almost unharmebhe cracking of Si wafer from the edge can be explained
by its intensive reaction with theLions.

Fig. 41 illustrates theXRD spectra of 3€SiC thin film on Si substratbefore
and after200 cycles (delithiated)n the right side insets, therystal restructuring
was not observed in ¢i3GSiC film. On the contrary, Si had a peak shift to the right

side indicating the changes happeneditincrystal lattice after electrochemical
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cycling. Considering the XRD results for Si presenteBig 31c, it can be detected

that the changes during thermal alloying and electrochemical cycling have the same
trend; in particular, the occurrence of new peak looking like a shoulder can be seen
in Fig. 31c.

Fig. 40 SEM images 08C-SiC after cycling(a,b) top surfaceand €) crosssectionin
the middle of sample(d) theedge of sample.

Fig. 42 presentghe results of XPS study of 38IC samples after cycling. The
investigation focused on measurithg Li contenton the 3GSiC surface after the®1
lithiationi mp | ement ed at a s!| ow?2 amongotherthings,e ns
the presence of a large number of other diverse elements was observed on the scan
which is a result of the presence of traces from thid&g€r. The significant Li peak
on the sample surface after lithiation was observed at 56.5 eV; however, after milling
the sample, it became relatively weak. This observation indicates that Li is more
concentrated on the surface than in the bulk of thiemad in spite of the fact that
the dimensiosof Li* ions (radius R= 0.74) is less than botmiplane (a||) and out

of-plane (&) lattice parametersfor38i C (a| | =U44.3BHBB3P. | an
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Fig. 41 XRD spectra oBC-SiC before and after cycling.
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Fig. 42 XPS spectra of 3€SiC after cycling before and after milling

In this chapter, the study dhe ability of 3C-SiC to interact with lithiumwas
The

SiC in this case SEM and TEM analysis revealetiechanical stability after

i s i mepulte showedalhre telectrdcheemical activity of 3C

electrochemical cycling. XRD and Raman confirmed that tlaeesno significant
structural changes of 36iC after theheattreatmem with lithium and during
electrochemical lithiation and delithiation. XPS of samples after full lithiation

showed that Liions were concentrateéd thenearsurface layersf 3C-SiC.



This can be explainety the two possible reasons. Firstlyhe observe
activity of the 3CSiC canoccuras a result of the Liion in thenearsurface layers.
From the other hand, such behavior can also be due to the capacitance when there |
no charge transfer in the material. In both case, the further atedsequires. The
capacity values obtained for 3&C are rather low and comparable to the capacities
achieved by commercially successful anodes based on graphitic ma@esities,
even this fact cannot make &IC to be competitive with conventional cale
materials in LIBs to power the energgnsuming portable electronic devices and

electric vehicles.

However, the use of 3GiC can be quite convenient and commercially
rational in microbatteries that do not require significant endvipreover,epitaxia
growth of 3GSIiC directly on Si substrate can be easily integrated with the
processing technology of electronic microdevices due to the fact that the processes o

creating electronics have been already scaled and automated.
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5 PREPARATION OF SUBSTRATESFOR SI THIN FILM ANODE

5.1Introduction

Substrate for LIB electrodes plags essential role due to it has to collect and
conduct electrons released during the
called current collector (CC). Another regament to CC is a provision a good
adhesion for electrode materials.tie case of alloying anode materials such as thin
film, the problem appears when Si expands several times after lithiation leading to
the loss of the bonding with CC following by tdelamination of active material.
That is why thedesign andoreparation of the substrate as important step in the

improvement of the anode performance.

As it wasnoticedin the Introduction (Chapter 2), the appropriately chosen
and/or designed substeatan improve the mechanical and electrochemical stability
of Si thin film anode. The substrates roughened prior to Si deposition was reported to
enhance adhesion of Si film as well as increase the surface of the film which resulted
in the rise of the cuent rate delivered by battery cell. For this reason, within a
framework of the dissertation, the preparatiortt@ porous Cu substrate has been

performed.

Another alternative approach was performed for the preparation of large
surface graphene sheeGF can be used as an active anode material with a low
discharge potential and a high theoretical specific capacity that was meniioned
Chapt er Ingpired Bygrevibusly reporteavorks[190], we made the attempts
to grow GF as a substrate playitig role of the electrical conductor for Si thin film
and the electrochemicallyctive anode material simultaneousligesides, GF
experiences an intercalation mechanism ofituns insertion meaning that it can act
as a buffer stress suppressor for Si filring the volume change of the latter
Finally, a growth of GF ona 3D substratewas performedn order to develop

compositional SIGF electrode.
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5.2 Preparation of porous substrates for Si thin film

As it wasnoticedin the Introduction chapter (Chapter 2), the appropriately
chosen and/or designed substrate can improvendehanical and electrochemical
stability of Si thin film anode. The substrates roughened prior to Si deposition was
reported to enhance adhesion of Si film as well as increase the surface of the film
which resulted in the rise of the current rate deligddrg battery cell. For this reason,
within a framework of the dissertation, the preparatiotheporous Cu substrate has
been performed.

A commercial Cu foil with a thicknessof®m and 99. 99% pur |
was usedsreferenceplanar and rougkubstrategor thin film deposition since one

side of the foil is polished, and the other side is rough.

A porous substrate was prepared from the same Cu foil (polished side) using
the procedure based @m etching by ammonia solution. This method wadiasil
forthegr owt h of Cu nanowires on 25191 t hi
order to obtain a desirablemus structure, some modifications were made into a
procedure since Cu foil used in our work was thinner and tended to be destroyed at

the longer etching times.

The preparation of the porous substrate is shown schematicédig.i#h3. The
Cu foil was cleaned in the acids mixture HNBGIF+H.O and rinsed byleionized
water(DIW). Then the Cu foil was immersed indm ammonia solution (5%) for 23
hours. Asa result ofa chemical reaction, the copper hydroxide was formed on the
foil surface. After the etching, the foil was thermally treated in a tubular furnace STF
1200(Across InternationalJSA). Thesampleannealing was carried out in two steps:
dehydrat ivam at diu8® u.Ahe AniH,(BA) das fldw was kept
at a constanelvel of 150cn®min’. Finally, the residues of the etching products were
easily removed from the surface and pores by ultrasonication for 10 min followed by
rinsing in DIW and drying for 60 min & Ou [26].
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Fig. 43 Schematic procedure for porous Cu foil preparation.

SEM imageselow describe the morphology and structure of the Cu substrates.
Fig. 44 illustrates the tofview images of Cu substrates with different surface
conditions. The smooth surface for the flat Cu fBig( 44a) and hilllike formations
on a surface of the rough fofFig. 44b) can be observeétig. 44c demonstrates the
porouslike structure ofthe obtained CCThis resulting network witthe microscale
ledges and caves @aused byhe reaction betweeGu and ammonia solution within
the original solid structure; a slightly rough surfaceéh&fsample can be detected on
the inserted image at higher magnificatiofhe dimension of ledges of the
substratedés s u-bf @wdethe cages hase awit widerisiaes. The
analysis of porosity of the ggepared porous samples showed the average size of
pores of around 3 nm, which indicates that the main porosity does not locate in a

deep bulk but mostly on the visible surface.
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Fig. 44 SEM images of (a) flat, (b) rough and (c) porous substrates

5.3 Growth of grapheneon the surface of liquid gallium

50 g of pure liquid Ga was placed into a crucible inside a glove box filled with
argon. The surface of Gaas covered by a thin layer of cyclohexaneHG) to
protect its top layer from oxidation during the transportation into the furnatlk. C
evaporated during heating at 1D and flew away with argon. SinceH is alsoa
carba-contained substance, tfiest experiments were carried out to investigate its
role as a carbon precursor. The second batch of the experiments was done witt
methane (Ck) as a precursor, and the third experimental sergstavinvestigate

the capability to the secondary use mpeated Ga without precursors.

A high temperature split tube furnace was used as a readBl synthesisA
detailed sequence of the experiments was as follows: the crucible with catalyst was
placed in the middle dhefurnace which was first heatéol 200 C and annealed for
30 min to remove all gas residues. Then the furnace was heated toCLAOB a
heating rate of 10C minl. For the experiments with methane, the mixture of the
gases Ar CHa (7%) was supplied intthe furnace for 30 min at this temperature.
The flow rateof gas mixturewas 100cm®min? throughout the experiments. The
cooling occurred naturally. The technical conditions of experiments with
cyclohexane and prieeated Ga were identical to the procedutescribed above, but
without methane supply in both cases. The dark film was formed on the surface of
pure Ga with cyclohexane and methane as well as on the surface of-theaijge
Ga after experiments as it can be seen firagn45 below.
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Fig. 46 SEM images of (a) the graphene from the surfacecatalyst;

(b) carbon from the crucible wall.

The transfer of the GF was slightly modified in comparison with that described
in the literature mentioned above. The top layer of GF was protected frakirgre
with the capping of the carbon film surface by polymethyl methacrylate (PMMA,
5%). Before application of the PMMA coating on the surface of the carbon film, Ga
was frozen in a refrigeratoré®8 0 AC f or sever al hours t
film during operation and to obtain carbon film with a greater surface area. After
drying of the PMMA layer in an oven ELFL/14 at 60A C f loand dradual
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thawing of catalyst, the detachment of the film from the Ga surface was done
mechanically with its areful transfer on the glass substrate. Then, the film with
PMMA coating was again placed in the oven for 2 hours vertically to let the rest of
Ga droplets to roll off the surface. Then, the residual amount of Ga was etched in
HCI solution (18%) for 2 host PMMA layer was removed carefully with hot
acetone (80 AC). Eventual |l ¥192. GF was r i

At the initial stageSEM investigation of the samples obtained wigHGand
collected from the surface of Ga and from the surface of crucible were made with the
purpose to see the difference between their structures. The wrsuisown irFig.

46. One can see that morphology of the sample f@asurface and the sample from

the surface of crucible dasignificant differences. Ikig. 46a the distinct transparent
layers with some inclusions can be observed. The thickness of the layers is a few
nanometers only. The imagEig. 46b) demonstrates that the sample collected from
the surface of a crucible islayer with much higher thickness, which is more than
several hundreds of nanometers. This film has mhwmmogeneous structure and
comprised of many connected spherical particles. These data allow a suggestion tha
Ga exhibits catalytic properties and provides an opportunity to obtain a very thin
carbon material on its surface.

Raman spectroscopy is one bketmost effective methods for determination
and characterization of carbon materials. There are the typical peaks of graphene, the
so-called G band, appearing at 1582' éand the 2D band at about 2700'énif the
graphene sample has disorders or laseudes on its edge, the-iand occurs at
about half of the frequency of the 2D band (around 1353)dih93). From Raman
spectra shown iffrig. 47, for the graphene samples obtained on the surface of pure
Ga with methane supply (the internal side of thebon film faced to the catalytic
surface) the spectrum of the Raman sliig(47a) shows the presence of the D band
at 1350cm?, the G band at 1580, 2D band aR700cm®. Actually, for graphite,
there are two bands (2and 2D) near the Raman shift of 2700 €pwhile in our
spectrum single 2D peak persists. The presence and high intensity of the D band

points on the disorder of structure andtoe presence of defects in the sample. For
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single and biayer graphene a ratio of the intensities of the 2D to G bands is more
than 3 in accordance with literature dft84]. Our obtained spectrum has the 2D/G
ratio of around 0.5. An estimation of the exact layer number based on the calculation
of this ratio is argued. Anyway, the ratio lower than that mentioned aboga{pe

and btlayer graphene can help to suppose that we have obtained multilayered
graphene. The fullvidth half maximum (FWHM) of the G band for single layer
graphene is within 280 cnt!, while the FWHM of the same band for feand five

layer graphee is over 70 crh[195]. In our spectrum, the magnitude of FWHM
equals 91 crrt. Thus, the analysis of the D, €
of the carbon filmsynthesizedn the Ga surface, allows supposing that the samples
are multilayered graphene with disorders. Raman spectrum on the internal side of
pretreded Ga is identical to the spectrumFkig. 47a. The top side of the samples
(external side) was also investigated by Raman spectroscopy, and the nspectru
shown inFig. 47b. Existing of shifted G band and a very wide 2D band points on the
amorphous phase of the top sjdie6].

a) 1350 4580 b) 1350
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Fig. 47 (a) Raman spectrum dieinternal surface of the carbon film (faced to Ga);
(b) Raman spectra tiie external surface dhecarbon film.

TEM was used to investigate graphene microstructure. The TEM image of the
sample from the Ga surface is shownFg. 48. It can be seen that the synthesis

resulted in a thin layered structure with several hundred nanometers dimensions.
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Fig. 48 TEM image of graphene Fig. 49 FTIR spectra of the carbon film.

FTIR spectroscopy is the method for the material analysis, in particular for
identification of chemical bonds. Usually not graphene, but graphene oxide is
investigated by this technique. On thaethand, this technique can give an

opportunity to control the purity of synthesized material. In the FTIR spectrum of the
graphene sample growth on the Ga surface (interf@)49) the following peaks
are taking place: C=C peaks around 1600 ¢8O stretching of carboxylic and/or
carbonyl moiety functional groups at 1730temd 1630 cm respectively, the GO
stretching vibrations at 1226 chfil97,198] As can be understood a significant
amount of oxygen persists in our samfitie presence describes the disorder of
graphene that found a reflection in the high intensity of the D band in the Raman

spectrum ig. 47
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Fig. 47).

To sum upthis part, the catalytic propertiesf Gain respect to carbon atoms
were demonstrated. Three different series of experiments were carried out. In all
cases the dark thin carbon films on the Ga surface during experiments formed.
According to the features of the G, 2D, D bands in the Raman spectra, the internal
sides of the carbon film samples, obtained on the Ga surfac€withs a precursor
and on the suace of prereated Ga, have a hexagonal structure with sp
hybridization related to the multilayered graphene. The intensive D band corresponds
to the disorder and/or the presence of impurities. Particularly, FTIR characterization
has approved this, showgnthe significant presence of oxygen in samples. The
obtained graphene film on the pure and-fpeated Ga surface appeared to be
identical according to Raman spectra. Besides, the top side of carbon film (external)
appeared to be amorphous. It can be espg that graphene growth on the Ga
surface limited by several layers after that the amorphous phase starts to form.
Microscopic investigations by SEM, TEM have demonstrated the layered structure
with disorders. Therefore, further experimental investigatiwill be aimed at the

improvement of the morphology and purity of graphene.

The secondary use of the catalyst is important in the point of view of the
rationalization of the synthesis processha future. Regardintipe evaporation of Ga
atoms, the sigficant mass loss was not observed after experiments. Most, ltkely
GFfilm protects the Ga atoms on the surface from evaporation. Thus, liquid Ga can
be used and recycled many timesfortunately a use suclGF substrate foSi thin
film was not foundo be applicable due to the small amouantd low surfacef GF

sheets.
5.4 Preparation of graphenecoated Ni foam

Ni foam served as a 3D substrate for the GF growth and for the Si film
deposition. Ni foam was purchased from Goodfellow Inc. and had tloaviiog
parameters: the thickness of foavas1.6 mm, the porosity of more th&@%% with
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the mean hole diameter of 0.2#n.

The CVD growth of GF was implemented onto Ni foam, a 3D interconnected
substrate Ni is known for itscatalytic activity towards carboratoms facilitating
them to arrange into a hexagonal lattice in the spaces between Ni[a&3hsNi
foam is able to produce defdcee GF layers as it was reported befldr@0] with an
increased surface area of the shetgor to CVD, heat treatment of Ni foam was
carried out in the STF1200 furnace in a mixture of Ar an@b) with preheating at
200 AC during 30 min to remove the moi
1020 AC to remove the rest of contamir
Ni. After this, the precursor gas, a methaoataining gas mixture Ar + CH7%),
was injected into the furnace. In order to obtain a few layer GF, the inlet of gas lasted
for 5 minat theambient pressure. Carbon atoprscipitated at the surface Nf and
segregatedduring cooling forming a high quality few layer GRO00]. The
experimenal conditions are sumarized inTable3. The mass increment of samples
was controlled using weighting by an uliracrobalance and constituted around
0.41N0.02mgcm? andalmost equal for all samples. Prior to CVD and magnetron
sputtering all Ni foam samples were cleaned by diluted HCI (1:1, v/v), followed by

rinsing with DIW.

Table31 Technical conditions of CVD processes of graphene growth

Gas Gas flow Precursor Steps Cooling

Annealing Annealing Deposition
1020 1020 UC

Ar + H, 60 min, 220cm’min®
100 CHs+ Ar 200U
(5%+ , _ 300  (Ar+CH4)+300 Naturally
cm’min?  (7%+93%) 60 min _ ’
95%) cm’min? cnPmin'?
(AI’+H2) (AI’+H2)

Fig. 50 shows the Raman spectra of the grown carbon film which was

measured at different points thie sample All three spectra display similar scattering
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patterns presented by two peaks at aroun® 67 and 2696&cmassigned to the G
and 2D bands of carbon materials, respectively. A missing D band (~ 1390 cm
evidences a high purity and weltdered structure of the synthesized GF. In order to
determine the number of the graphene layers, thetrsp@ere analyzeoh the same

way asin previous paragraph for GF sheets grown on Ga surface

The records of scattering response from three different points on GF on Ni
foam have resulted in various intensities consequently leading to various 2D/G ratio
from 0.75 to 3.2. As it was already mentioned above, for a monolayer of GF, a
FWHM constitutes 280 cm?, while for four and five layered graphene this value is
around 7@m? [195]. The calculated FWHM for our sample is within a range af 20
80 cm!. Thus, acording to Raman spectroscopy plots, we can suppose that the

carbon film synthesized on Ni foam is a few layered GF with high purity and quality.

_ 2696
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Fig. 50 Raman spectra of GF on Ni foam.

The microstructural morphologies of the@spared samples were revealed by
SEM. The results of these studies are presentédgirbl, which demonstrates the
surface of Ni foam and its cells walls/wires after cleaning with acetone. In higher
resolution images, incorporated inkbg. 51ab, one can see the distinguishable

surface grain boundariekig. 51c,d illustrates the sample taf CVD, on which a

96



dark film, consisting of numerous GF sheets, can be detected on the Ni foam surface

GF layers replicate the shape of boundaries over the Ni foam surface.

The SEM/EDX scans demonstrate the surfaces-oepssited GMNi samples
and theC and Ni elements distribution malig. 51e). It can be seen that carbon and
nickel are uniformly distributed in the sample. In the EDX results, only CNand
peaks could be recorded. From the distribution map of carbon, one can see some dar
spots with no carbon, which might be an indication of delamination of GF sheets

from the substrate within these spots.

Fig. 51 SEM images of (@) Ni foam (c-d) GFNi foamand(e) EDS of GFNi foam.
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6 DESIGN OF SILICON THIN FILM ANODE

6.1 Introduction

This chapter comprises the results on design and study of amorphous Si thin
film anode prepared by means of magnetron sputtefing.generalnformation on
the reasons and aims of this research were given in the literature review (Chapter 2
A2.4). The Si thin ftypesofcumeatsolledi@piroosdertoe d
reachthe energyncreaseand improvea battery cellperformanceThe effects othe
surface condition, dopants incorporatiaand the additiorof electrolyte additive
were investigatedBelow, the results of studies are presented, includiyngthesis
method characterization results obtained by variotechniques analis of

electrochemical test data and discussion.
6.2 Silicon thin film deposition

Magnetron sputtering method was chosen for the deposition of Si onto the
various substratdsecausehis method allowfor obtainingthe amorphous phase Si.
LAB-18 MagnetronSputtering System (Kurt J. Lesker Inajas used During
sputtering, arundoped (>MWAam), p-type doped (0.068.020W&mM), n-type doped
(<0.1WAam) Si targets (99.9%%, Kurt Lesker Ing. were hit by Af plasmagenerated
between two magnets. This process ledhtemission of target atoms and their
deposition on the substrate. The main advantage of MS is easiness of the proces
along with a capability taget an amorphous Si with high purity, as well as easy
cortrol of film thickness. The synthesis conditions were chosen based on the
literature data. In particular, the power modg &énd magnitude of 80 W employed
in this work weretakenover from [61] where anoptimal power to prepare Si thin
film with the certain density and low oxygen conteras optimized The sputtering
was carried out alértoenswe thamntte ltasget atdms Bighh bei r
able to reach the innermost whisks of the porous substrates. The mass increment c
Si was determined by weighing the samples before and after sputtering by an ultra

microbalanceand constituted within 0.Gi70.09 mg
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Table4 i Technical conditions of MS processes for deposition of Si thin film

Pressure&Temperat _ ) _
Gas Target Power Rotation Time Postannealing
re
Si .
15 0 -60Qin,
(99.99 %), .
Ar 5 mTorr, rf, 80 60 3 0 0 -60Qin,
. undoped, 5 rpm ) )
99% 25 UC W min 150 cnimin'?
p-type,
(AH‘Hz)
n-type,

rotation

-
"Si atoms
/.y @

I /Afr ions

~>
R >

Si on substrate

Fig. 52 Schematic view o08i thin film deposition process by MS

Before assembling the cells, the materials were annealed in a mixture gas
Ar + Ha (5%) (the flow rateof 150 cni min) in a high temperature tubular furnace
at 150 ACin brder toréndve nondensed moisture from the surface, and
then at 300 AC for 60 (see Table ltwasrreperted t o
[38] that such heat treatmesirengthens the adhesiahthe Sisubstrate interfac8i

film thatpositively affecs the performance of the batteries.
6.3 Characterization, dectrochemical test resultsand discussion
6.3.1 Study of the effect of surface condition on Si thin film cycling performance

Before theelectrochemicalcycling, the Si thin film wascharacterizedoy
various techniguedor the identification of thecrystal structure,topological

propertiesand materiamorphology. The AFM imaging is showm Fig. 53a-c. The
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plot in Fig. 53a,b illustrates the 3D image thfefilm edge and th&eightprofile of Si

thin film deposited on the polished glass, respectively. The Si film thickness values
were checked for several chosen points at the edge of Si thin film and found to be of
around350-400 nm.It worth to notice, that otthe different substratefe thickness

was not absolutely uniform and varied within 20600 nm. On the base of AFM

profiling, the average roughness of Si thin film surface also was estimated to be

wi t h25%25fin (widtt height).
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Fig. 53 (a) 3D AFM image of Si film(b) the AFM height profile (c) AFM top-view
image (d) TEM image of Si thin film.

Fig. 53d shows theTEM results ofthe structural analysis of Si thin film
according totheimage,the obtained Si thin filndoesnot exhibit the crystal patterns

indicating completly amorphous phase.

SEM was used to describe the morphology of the Si thin fitig. 54a-i
illustrates the togview images of Si thin films deposited on tharious substrate
acting as current collectors (C®xom the first view,tican be seen that the thin film
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tends to repeat the substrate strucimreachcase. For the porous Si samglesthin

film fills the pores (se€ig. 54g-i). From the images at higher magnificagam Fig.
54c,f,i, the spherical shape of the Si particles with the particle size up to ~ 100 nm
can be observedbesides each such particle is kindaaflusterbuilt by many smaller
particles

Fig. 54 SEM images of Sat different magnifications orfa-c) flat CC, @-f)
roughCC, (gi) porous Cu.

The responsible factor for spheroidal agglomerates originated from the force of
Coulomb repulsion. Si particles, negatively charged, that able to overcome Coulomb
repulsion, and minimize the surface free energy adopt the spherical shape. In othel
words, tle particles grow by accretion, i.e., a collection of neutral or ionic species of
atoms and molecules, leading to the growth of spherical partj2lés] Therefore,
broccolilike Si film comprises the separate clusters whbeelatter cannot accrete
with the adjacent ones. The visible boundaries between the clusters probably can
indicate the lowest surface free energy preventing further accretion. In fact, this
observation differs from that for the 38IC thin film, preparedy RRCVD, where
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crystallinity become more perfect due to neighboring grains can merge into a single
crystal with timeg[180].

In order to evaluate the electrochemical performanadtinedSi thin film as
the anode material, CV was used first at a scan rate of 0.1'in\épotential range
0and3V. As expected,latestedhalf cells with Si thin film anode demonstrated the
similar lithiation/delithiation behavior on CV plot&if. 55a). Considering the first
cycle scans, onean see that thenitial electrochemical reactiomappenedat
discharging potential ofaround 0.47 0.5V, which is usually ascribed to the
decomposition of electrolyte on the Si electrode surface resulting BEh layer
formation[202]. This process usually happens in the fingial cycles and then SEI
layer remains on the surface being transparent for thimhs and simultaneously a
barrier for electronsThe cathodic peaks at OVl and 0.02V/ indicate the first
reversible lithiationreaction of Si and LBiy alloys formation. The corresponding
delithiation reaction of LiSiy back to Si takes place at the anodic peaks of ¥.41
and 0.53V.Obt ai ned peaksd positions are 1in
data for Si thin film anoeks[33i 35].

Fig. 550b-d illustrates the potential profiles tfe investigated anodes recorded
at a curr ent cmfahe potential mriige &.Di 1P Observing the
chargedischarge curves fdahe flat (seeFig. 550) and rough (seEig. 55¢) Si thin
films, we can detect the initial discharge capacities of ardl8@DmAh g! and
2100 mAh g?, respectively. The SEI formation processnd other irreversible
reactionsconsume the high amount of Liions in the first cycle. Therefaréhe
irreversible capacitjoss constitutearound500 mAh g and700 mAh gfor the flat
and rough Si film anodesespectively FromFig. 55d for porous Si anodewve can
observe that the initial discharge capacity increasedol@?00 mAh g?, and the
irreversible capacity constitutearound 800 mAh g, which was the highesbne
within threetestedinvestigated anode$he increased irreversible capacity loss in
thefirst cycle in case otherough and porousould be due to amcreased surface
areaof electrode The extended surface area possibly contamgher amount of Cu
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oxide leading to the formation of higher amount of lithium oxide in the first lithiation
that happensn parallel withthe process of the SEI laygrowth This assumption
can be confirmed by the noticeable plateau atvl(8eeinset inFig. 55d), which
correspond to the reaction of Liions with Cu oxide with the reduction of CuO to
Cu with the formation of LiO [203]. ConsideringFig. 55b-d, one can observe that
the charge capacityalueis more close to discharge capacity for the porous Si thin
film samples in contrast with two other indicating better capacity retention.
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Fig. 55 Electrochemical test results (a) CV plot of Si thin filmidjkpotential
profiles of Si thin film anode (b) flat, (c) rough and (d) porous substrates; (e) cycling
performancef the flat, rough and porous Si thin film anodes
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From Fig. 55e, the cycling performance of the investigated samples can be
compared. The flat anode retained the stable charge capacity of around 133 mAh
during initial 25 cycles following by a graduaéctease up to 508Ah gt in the
200" cycle. The rough Si thin film showed the slightly better stability standing more
or less constant up to 8xycle, after which the charge capacity also faded up to
around 400mAh g?in the final cycle. The &i film on a porous CC exhibited the
obvious improvement in capacity retention. The designed porous Si anode retained
the specific charge capacity within 120800 mAh ¢ up to 116" cycle and then
had a slow climb down up to 500 mAh @ the 208" cycle. Accarding to SEM
images ofSi onporous substraté=(g. 44c), Siexperienced the partial pulverization
of the material. However, the remained Si filmlstdn be noticed othe wallsof
ledges and caves indicating a good adhesion at tsalStrate interface even after
many cyclesThe coulombic efficiency (CHpr the investigated Si thin film anodes
is shown in the top part d¥ig. 55e. CE values varied within 96.6 99.5% upon
cycling for the samples

Fig. 56a-c illustrates the postycling SEM images of the samples. The post
mortem investigations of the flat Si anodEig( 56a) revealed the extensive
delamination of Si thin film frontheflat substrate with the remained Si islands with
the dimension of around 15 Om in |l engt
touch the substrate indicating the electrical contact lessn SEM images of the
rough anodeHig. 56b), it was detected that the sputtered Si thin film experienced the
intensive cracking forming islands with approately the same dimension as for Si
on the flat substrate. However, the distances between islands are asofevd
microns and the edges e islands were not spoiled in contrast with the first anode.
The Si film deposited on the porous substrate shiowkig. 56¢ did not exhibit the
significant mechanical failure dhe thin film. Despite the crackand pulverization
were noticedin the porousanodeas well, no total delamination of film fronthe

substrate watoundfor this type of anodes comparingttee flat and rouglsamples.
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From the insets ifrig. 56¢, Si particles can be noticdidiat Si is still on the walls of
the ledges/caves indicating the improved adhesion at thestibstrate interface.

Thus, the increasing of the surface area ofthsstrate for Si thin film allowed
enhancing significantly its performance in terms of cycle life with the improvement
of the duration of stable cycling from 25 up to 110 cycldmt could happen owing
to severalreasos. First, theporousstructured sustrate has accommodated the
volume changes more effectivejuet o enough room for m
Secondly, the soft flexible structure of the porous substrat®@9 t hi ck) al
bending together with the Si material during expansion/compressid, therefore,
experienced less strain stress at the-filterphase region. Thirdly, thienproved
adhesion, formed due to the treated at nanoscale surface, mitigated the problem o

the material delamination.

Fig. 56 SEM imagef Si thin film anodes after cycling (a) on flat CC,
(b) on rough CC and (g@orous CC.

6.3.2 Study of the doping effect on Si thin film cycling performance

The incorporation of dopants intine material camoticeablyincrease its
electrical conductivity which is essential for the high mobility of the electrons in
material bulk It was repord in the literature thab-type Si thin film hasa better
cycling performance thap-type one[64]. Unfortunately any graphicalpieces of
evidenceor analysis of ths fact were not provided. Therefore, thpart of thesis

researclwas devoted to theesearch of tlsi phenomenan
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Threevariously dopedypesof the Si thin film were sputtered on the porous
CC, prepared as e X pl aiandernvestigated Wy Hiergnt e r
characterization techniques before, duingafter cycling

Before electrochemical characterization, the investigation of electronic
properties of Si thin film wakde5pelow f or
provides the obtained data. From the table, it can be seen that the bulk and shee
carrier concentratioms higherfor doped samplesvhile the value fomp-type Si is
higher than that fon-type. It can be explained by the fact that the infitafpe taget
was doped up to higher levels (0.00920Wcm) thann-type Si (<0.1Wcm). The
results for resistivity, conductivity and mobility turned against the expectations. The
resistivity was higher for the doped samples, while conductivity and mobility
decreased. The strange behavior can be explained as folovsw doping, the
carrier concentration rises directly with doping concentration while the mobility
reduces with doping hence the conductivity increases with the doping. At heavy
doping, an increased fraction of the dopants does not experience ionization
remaining inactiveg204]. If the impurity content exceeds some limit, the dopants
create the clusters in the material and the electron concentration stop to rise. Thes
atoms do not behave as dopants (do not provide free electrons or holes) but as defec
This causes the additional scattering of electrons leading to a delay of mj@biGity
207]. The obtained values of the conductivity in the Si thin film can be compared
with the ones existing in the literatz08].

Table571 Electrical properties of the various doped Si thin film

Si type Bulk concentratiowconfgﬁt?;tiO Resistivity  Conductivity Mobi!it)_/
(cnr®) (cn?) (Wcm) (Wcm)? (cm?V-is?)
undoped 35 A% 0 9.1A 130 0.02 56.9 1149
p-type 65 A% 0 28EAT0 0.03 352 50.38
n-type 49EA 180 15A 10  0.05 232 35.51

Fig. 57 below shows the results of the electrochemiestt cycling of the

undoped,p- and n-type Si thin film anodeson the prepared porous CChe
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galvanostatic cycling was performed within a potential range 0.Q1V at the
current density~ 15 O Acm?. In order to check the ability of designed anode to
deliver higher capacityhe lower cut off voltage was extenda@ to 0.01V in a
contrast withthe test conditions of the results presented in the previous paragraph.
Considering voltage profiles iRig. 57a for undoped Si thin film, the maplateaus
can be observed whiatorrespond to CV described in the previousection(Fig.
55a). The process othe SEI layer formation can be seentbadischarge curve as a
slight tilt betweenthe potentiad 0.47 0.5V. It also can be observed ithe
differential capacity plo(dQ/dV) (Fig. 57b) as a sharpooking down peakon T
cycle curvepositionedat 0.52V indicatinga new phase appearancetlas potential
According to voltage piides, undoped Si thin film anode delivered two times less
capacity in the second cycle. It means tinaversible reactions in the first cycle
consumed a high amount oflions and elecans but did not return it bacRhe
absence of the correspondidglithiation cathodic peak and no equivalent peak in
the second cyclat 0.52V in dQ/dV confirmed its irreversibility as well

The rest of lithiation reactions can be seen as plaieahe potential profiles
and asdown peaks in the differential plot the around 0.25 \and 0.1 V with
formation different LiSiy alloys described in théiterature review (Chapter 2)
During charging, the delithiation takes place when the formed alloys decompose onto
lower ratio alloys and then separate Li and Si. Theesponding plateaus can be
observed at around O\8and 0.5 Vin the cathodic (upper) part of dQ/dV plditig.
57d). In fact, the potential profiles aride achieved capacity of around 1500 mgh
are the same for undopeg;type doped andh-type doped Kig. 57ac). The
differences are in cycling performance which can be observed even up tyde

in the potential profiles.

The capacity delivered by undoped Si anode is gradually decreasing up to
1402mAh g* for the discharge and 1356 mAHR épr the charge in the S0cycle.
The p-type Si retained the capacities 1450 mAhagpd 1350nAh g2, while then-
type Si exhibited 1510 mAh’gand 1482 mAh g in the last cycle for charge and
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discharge respectivel In other words, the initial capacity was almost the same for

undoped and doped samples; however, the capacity retention behavior changed witt

time.
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Fig. 57 (a-c) Potential profiles and {f) Differential capacity plots for

variously doped Si thin film anode.

The same trend can be observed on dQ/dV plbig. 67d-€) where the
differential capacity for the undoped sampteg( 57d) significantly reduced in the
250" cycle indicating the weakening reaction and the humber of forming LiSiy

phase alloys. Frorfig. 57e, the reaction still occurs in the 256ycle for thep-type
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doped Si, however, it is noticeably less than that in thd" t96le. For then-type
doped Si thin film Eig. 57), the slight decrease in the differential capacity in the last
cycle can be also observable but it is still high in contrast with two other samples.

Fig. 58 shows the performance of the samples upon the whole lithiation. From
Fig. 58a, the better capacity retention can be seen-fgpe doped as a consequence
of the observed cycling features described above. iFhge doped Si anode
exhibited stable capacity up to $76ycle, after which it went down similarly to-

type and undoped samples.
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Fig. 58 (a) Cycling performance and (b) CE ptdtvariously dopedsi thin film.

Consideringthe graph ofthe coulombic efficienciesKig. 58b), which is the
percentageatio of charge to dischargmpacitiesthe n-type Si possesses the most
stable CE andhe highest value 98.5% up to 2D@ycle. The CE ofthe p-type
sampleis similar with slightly lower values around 98.3%. However, the Cthef
undoped sample had the lowest value of around 97.3%. After that, each material hac
the obvious CE fluctuations during the rapid capacity fading betweef20B0ydes.

After that, the CE ofhe n-type sample returned to its initial average value; wile

type and undoped films exhibited the increasing of CE up to 400 cycles. The
undoped Si thin film anode had the most significant increase of the CE up to 99.5%
in the 400" cycle. It means that almost all*lions consumed in the dischargeuld

be nr e cormgechaegthg. Usually, the increase of CE over chdrgeharge
cycles is explained by thiact thatSEI formation delays further parasitic reactions
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and sthilizes electrode. Taking to account that speed of the capacity fading of
undoped ang-type samples in the second half of cycling reduéeg. 68a), we can
assume that CE significantly increased due to the material degradatiann a |l i z a
and no new SEI formation occurred on freshly opened Si surfaces becaise of

material expansion.

Fig. 59 demonstrates the morphology of the samples after cychiigof the
samples experiencebe significant capacity fading@n their surface, we can see the
extensive net of crack$ig. 59a,c,e). From the magnified picturdsiq. 5%,d,f), it
can be seen that Si particles lost their initial spherical sfsgeé-ig. 54g-i) and the
irregular morphology prevails in its bulRespite the pstmortem SEM images of
variously doped Si films look nearly similar, the noticeable porosity can be observed

in the both doped Si samples, while the undoped one does not show any porosity.

Fig. 59 Postmortem SEManalysis of Sthin film after 400 cycleq(a,b)
undoped, ¢,d) p-type doped ande(f) n-type doped

Fig. 60 demonstrates the FIB/SENMhagesof n-type Si thin filmbefore and
after cycling. From the presented figuresSi expanded several timéFig. 60c,d)
from its original thicknesgFig. 60a,b) We @n notice on the cross section the

vertical cracks and a partidelamination ofSi in the film-substrate interfacafter
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