SILICON ANODES FOR LITHIUM-ION BATTERIES

A Dissertation

by
KASTURI SARANG

Submitted to the Office of Graduate and Professional Studies of
Texas A&M University
in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

Chair of Committee, Jodie L. Lutkenhaus
Committee Members, Yossef A. Elabd
Perla B. Balbuena
Svetlana A. Sukhishvili
Head of Department, Arul Jayaraman

May 2021
Major Subject: Chemical Engineering

Copyright 2021 Kasturi Sarang



ABSTRACT

Silicon anodes are promising for high energy density lithium-ion batteries because
of their high theoretical capacity (3579 mAh/g) and low potential of ~0.2 V vs.
Li/Li*. However, silicon undergoes >300% volume changes during cycling. This causes
delamination from the current collector and unstable solid electrolyte interphase (SEI)
build-up, leading to rapid capacity fade during battery cycling. To address these issues,
binder and conducting carbon, are added to the silicon anode. In this dissertation, we
explored a new binder, conductive additive, and anode architecture, and also identified the
interactions between the anode components that led to improved cycling performance.

Binders improve cohesion between anode components and adhesion to the current
collector. We demonstrated the use of tannic acid, a natural polyphenol, as a binder for
silicon anodes. Tannic acid was explored as a small molecule binder with abundant
hydroxyl (—OH) groups (14.8 mmol of OH/g of tannic acid). This allowed for the specific
evaluation of hydrogen-bonding interactions without the consideration of particle bridging
that occurs otherwise with high molecular weight long-chain polymers. The resultant
silicon anodes demonstrated a capacity of ~850 mAh/g at 0.5 C-rate.

Along with huge volume expansion, silicon has poor conductivity which requires
the addition of hydrophobic carbon, thus effectively diluting the active silicon material.
To address this issue, we used minimal amount of MXene nanosheets (4 wt% in the entire
anode) to maximize total silicon anode capacity. We made silicon anodes using a
composite binder of sodium alginate and MXenes that demonstrated capacities of ~900

mANh/g at 0.5 C-rate. The stable anode performance even with a minimal MXene content



is attributed to homogenous electrode formation with improved interactions due to high
conductivity, hydrophilicity, and large lateral size of MXene nanosheets.

To stabilize SEI build-up, the contact between silicon and electrolyte should be
minimized. Thus, we made a yolk-shell type structure by crumpling MXene nanosheets
around silicon particles via a spray-dryer. Our electrodes made using crumpled MX/Si
capsules demonstrated decent cycling capacities, while minimizing the electrode’s
through-plane expansion. An in-house comparison of crumpled with uncrumpled anode

showed that crumpling does improve cycling stability due to stable SEI formation.



ACKNOWLEDGEMENTS

| am eternally grateful for my thesis advisor, Dr. Jodie L. Lutkenhaus, whose
expertise and guidance was invaluable in formulating my research topics. She has been
an amazing mentor to me, always guiding me in my research and my professional
development. | would like to thank her for being patient with me, caring for me, and
motivating me to bring out my skills and abilities. She has very unique technical,
communication, and managing skills which I hope to incorporate in my future professional
life.

| would also like to thank my committee members, Dr. Yossef A. Elabd, Dr. Perla
B. Balbuena, and Dr. Svetlana A. Sukhishvili, for their guidance and support throughout
the course of this research. | have highly valued your inputs during committee meetings
and preliminary exams.

| am very grateful to Dr. Micah Green, Dr. Miladin Radovic , and their team
members, Xiaofei Zhao, Dustin Holta, Huaixuan Chao, for providing me with MXenes
and for their constant guidance on MXenes-based projects.

| am also thankful to our collaborators, Dr. Rafael Verduzco (Rice University), Dr.
EunOSuok Oh (University of Ulsan), and Dr. Andrea Miranda (now at Applied Materials,
Inc.) for teaching me about silicon anodes. | am also thankful to Dr. Eun-Suok Oh for
teaching us the basics of electrochemistry, as it has helped me in the long run.

| highly appreciate my Ph.D. mentor, Dr. Hyosung An, who gave me valuable

learnings during my two years in my Ph.D. | thank my amazing lab colleagues and friends,

iv



Dr. Pilar Suarez-Martinez, Dr. Anish Patel, Dr. Shaoyang Wang, Dr. Ting Ma, Dr.
Junyeong Yun, Dr. Yilan Ye, Dr. Josh O’Neal, Paraskevi Flouda, Alexandra Easley, lan
Echols, Dimitrios Loufakis, Suvesh Lalwani, Suyash Oka, Chikaodinaka Eneh, Ratul
Mitra Thakur, Natalie Neal, Ahmed Emara, Sabrina Pickert, Selena Li, Nutan Patil,
Naveen Mishra, Niranjan Sitapure, Rushant Sabnis, Saloni Raina, and Sushrut Kaul for
constantly being there throughout my Ph.D. You all have not only helped me with
technical difficulties, but have also held my hand in difficult times and helped me move
ahead in my life.

| would like to thank the staff, Ashley Henley, Terah Cooper, Bridgette Gray, Su
Liu, and Louis Muniz, of the Artie McFerrin Department of Engineering for their help in
making sure | graduated. | highly appreciate the training Dr. Yordanos Bisrat and Dr. Jing
Wu provided on SEM and XPS equipment.

Finally, I would like to thank my Mom (Mohini Sarang), Dad (Tulashidas Sarang),
my twin brother (Kaustubh Sarang), and Rohan Bhirangi for always supporting me. They
have always cheered and cared for me, and | thank them for having their blessings

showered on me all the time.



CONTRIBUTORS AND FUNDING SOURCES
Contributors

This work was supervised by my graduate advisor and thesis committee: Dr. Jodie
Lutkenhaus (advisor) of the Chemical Engineering Department, Dr. Yossef Elabd
(committee member) of the Chemical Engineering Department, Dr. Perla Balbuena
(committee member) of the Chemical Engineering Department, and Dr. Svetlana
Sukhishvili (committee member) of the Materials Science and Engineering Department.

Chapter Il and Chapter Il was in collaboration with Xiaoyi Li (Department of
Chemical and Biomolecular Engineering, Rice University), Andrea Miranda (Department
of Chemical and Biomolecular Engineering, Rice University), Tanguy Terlier (ToF-SIMS
instrument Manager, Rice University), Eun-Suok Oh (School of Chemical Engineering,
University of Ulsan), Rafael Verduzco (Department of Chemical and Biomolecular
Engineering, Rice University), and Jodie L. Lutkenhaus (Department of Chemical
Engineering, Texas A&M University).

Chapter 1V was in collaboration with Xiaofei Zhao (Department of Chemical
Engineering, Texas A&M University), Dustin Holta (Department of Materials Science
and Engineering, Texas A&M University), Miladin Radovic (Department of Materials
Science and Engineering, Texas A&M University), Micah Green (Department of
Chemical Engineering, Texas A&M University), Eun-Suok Oh (School of Chemical
Engineering, University of Ulsan), and Jodie L. Lutkenhaus (Department of Chemical

Engineering, Texas A&M University). In addition, the authors thank Tan Nguyen for his

Vi



assistance with the Attenuated Total Reflectometry Fourier Transform Infrared
Spectroscopy analysis.

Chapter V was in collaboration with Xiaofei Zhao (Department of Chemical
Engineering, Texas A&M University), Dustin Holta (Department of Materials Science
and Engineering, Texas A&M University), Huaixuan Cao (Department of Chemical
Engineering, Texas A&M University), Paraskevi Flouda (Department of Materials
Science and Engineering, Texas A&M University), Miladin Radovic (Department of
Materials Science and Engineering, Texas A&M University), Micah Green (Department
of Chemical Engineering, Texas A&M University), and Jodie L. Lutkenhaus (Department
of Chemical Engineering, Texas A&M University).

Funding Sources

Graduate study was supported by the Artie McFerrin Department of Chemical
Engineering with their graduate student assistantship. This work was supported by the
National Science Foundation (grant numbers 1604666, 1604682, and 1760859).

This work’s contents are solely the responsibility of the authors and do not
necessarily represent the official views of the Texas A&M University Office of Graduate

and Professional Studies and National Science Foundation.

vii



TABLE OF CONTENTS

Page

ABSTRACT ..ottt bbbt b ettt b e bttt i
ACKNOWLEDGEMENTS ..ottt sttt sbe e ane s iv
CONTRIBUTORS AND FUNDING SOURCES........ccocoiiiiiieiieniisenieieee e Vi
TABLE OF CONTENTS ..ottt et viii
LIST OF FIGURES. ......coiiiiiiitiieee ettt ettt Xi
LIST OF TABLES ..ottt anennnane s XiX
CHAPTER I INTRODUCTION ...ccuiiiiiiiie ittt 1
Rechargeable [ithium-10n DAErY .........c.cooveiiiieiiee e e 1
ANOAE AN CALNOUE ...t 3
EIECIIOIYLE ... 4

Y= 0T L= (o TSP 5

ST ot = o o[- OSSR 5
Properties Of SHHCON.........ccociiii e e 7
Energy Storage in SHHCOM ......c.coiiiiiiieiesiesee e 8
Stress generation iN SHHCON ..........ccciiiiiie e 9
Drawbacks of SIICON ANOUE ........covveeiiieciee e 10
IVIXEINES ..ttt b et bbb et b e nne e nnne s 14
WHhat @re IMXENES? ...ttt re et e esneenreeneenreeeeans 14
Synthesis of TizCoTx MXeNne NANOSNEELS .......ccveiviiieriiiiiisieeee e 16
Synthesis of TiIsAIC2 MAX PRASE ........ooiiiiieieee e 17
Synthesis of TizCoTx MXENE Clay .......ccceiveiriiiieiieieee e 18
Intercalation and delamination of TizCoTx MX Clay ........ccccovvvviiiiiiinccieee 18
Characterization of TizCaTx MXene Nan0oSheets .........cccovvveeriiienieneec e 19
DiSSEItaAtiON OVEIVIEW ... ..evieieeiieiieesieesiesiee e e e siae e esee e e steaseessaesteeneesseesseeneesneesseeneennes 21
RETEIBNCES ...ttt et nre e enes 24

CHAPTER Il ANALYSIS OF POLY(FLUORENE-ALT-NAPTHALANE DIIMIDE)

AS A BINDER FOR SILICON ANODES™ ..ottt 28
I OAUCTION . 28
IV BEBITALS ...t 31



IVBENOOS ...ttt e e e e e e e ettt e e e e e e e et e e e e e e e e e eeeaaeeaaaas 32

PENDI polymer charaCterization.............cceoverereniniiisieieeeee e 32
Silicon anode PreParation ...........ccvcveieeriesiesiee e see e 32
PENDI electrode preparation...........cocveeeeeererenese st 32
Electrochemical charaCterization ...........cccovevviiiiiii i 33
RESUILS AN TISCUSSION......uviiiiiiriie ettt et e e s s eab e e e s sbb e e e s s eabaeeas 34
(00 o1 [V 1] o] o SRR 38
e e (T Lo 39

CHAPTER Il TANNIC ACID AS A SMALL MOLECULE BINDER FOR

SILICON ANODES  ......oooieeeeeeeeeeeeee et ees e e e es st e et s s eee e en e 41
INEFOAUCTION ...ttt bbbt nes 41
LT g oSSR 44
IMIBENOUS ...t bbbttt bbbt 45

SIliCON aN0UE PrePATatiON ......ccveiviviiiiieiieieeee et 45
Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(=105 OO OO 45
Time-of-flight (ToF-SIMS) ion Mass SPECLrOSCOPY .....covververrreireerieeiesireseeevesreeneeans 46
X-ray photoelectron SPECIIOSCOPY .......veiirieieieie ettt 47
Electrochemical charaCterization ...........c.cooveieienene s 47
RESUILS aN0 AISCUSSTION......vveiiiiieiiie e see ettt et sreeneeenes 48
CONCIUSIONS ... bbbttt et bbb b e nes 71
[ LE =T =] 0TSSR 72

CHAPTER IV MINIMIZING TWO-DIMENSIONAL TI3C2Tx MXENE

NANOSHEET LOADING FOR CARBON-FREE SILICON ANODES* ..................... 78
T oo [0 od 1 o] o RS S 78
LT g =SSR 81
IMIBENOUS ...ttt ettt bbb e e 82

TisC2Tx MXene nanosheet synthesis and composite binder preparation.................. 82
Silicon anode PreParation ...........cccccueieeiesieiee s 82
Four-point probe charaCterization ..........c..ooeeieieiene s, 83
Fourier transform infrared SPECLIOSCOPY .....ccvvivveiiieriiiicitiesie e 83
Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(=151 ) PSSRSO 84
X-ray photoelectron SPECIIOSCOPY ......c.uiiiiiieiiie ettt 84
Electrochemical charaCterization ... 85
Specific energy and power calculations ...t 86
RESUILS aNd AISCUSSIONS ......eeuviiiieiiieiieeie ettt 86
(00T 0 0d 1115 [ S SR 104
RETEIBNCES ...ttt ettt r e b e e be e nreas 105



CHAPTER V CRUMPLED TI3C2Tx MXENE ENCAPSULATED SILICON

PARTICLES . ...ttt sttt et st be s teeneene e e e e e 110
T (0T [Tt A o] o OSSO 110
MEAEEITAIS ...ttt et be e nneenreas 113
MEENOUS ...t e st e e r e s e e re e aneenre s 114

Preparation of TizC2Tx MXenes crumpled around silicon nanoparticles............... 114
Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(1515 ) SRS 115
X-ray photoelectron spectroSCOPY (XPS) ......ccoviveiiiiiiieiieie e 116
SIliCON aN0de PreParatioN .........ccooiiiieiiei e 116
Electrochemical characterization .............ccccceiveii s 117
RESUILS aNd AISCUSSIONS ......eevieriiiiiesieeie e siee e sie et e e s sre et sraesreeneesneenreas 118
(070 0 10d [V [0 S SR 148
RETEIBINCES ...ttt e ettt et e re e reereeneenreas 149

CHAPTER VI SUMMARY AND FUTURE DIRECTIONS.........ccooeiiiininieieienen, 154
SUMMIBIY .ttt b bttt b e nb e e s 154
FULUPE AIFECTIONS. .....eiiecic ettt et sre e ra e reeneesnnenreas 158
RETEIBNCES ...ttt et nte e teera e reeteaneenres 161



LIST OF FIGURES
Page

Figure 1-1. (a) Applications of lithium-ion battery. (b) Working of a basic lithium-ion
battery. Reprinted with permission from reference 3. Copyright (2004)
American Chemical SOCIELY. ........ccoiiiiiieii e 2

Figure I-2. List of cathode and anode active materials used in lithium-ion batteries
and their respective electric potential and capacities. Reprinted with
permission from reference 4. Copyright (2015) Royal Society of Chemistry. ...2

Figure 1-3. Schematic open-circuit energy diagram of an electrolyte. @a and &c are
the anode and cathode work functions. Eg is the electrolyte’s
electrochemical stability window. xa and uc are the redox potential of the
anode and cathode, respectively. Reprinted with permission from reference
7. Copyright (2010) American Chemical SOCIELY. ..........cccvevevvrrirerireereeeeeeeenns 4

Figure I-4. Structure of crystalline silicon. Reprinted with permission from reference
20, CopYright (2015) EISEVIET........c.cvcveeieeeeeeieveeee e 8

Figure I-5. (a) Two phase lithiation reaction of silicon nanowire. The sharp reaction
front between crystalline silicon (c-Si) and amorphous silicon (a-LixSi) and
is visible. Reprinted with permission from reference 22. Copyright (2012)
Springer Nature. (b) Preferential expansion of silicon particle at <110> face.
Reprinted with permission from reference . Copyright (2011) American
Chemical SOCIELY. ....cviiieiice et 9

Figure 1-6. Galvanostatic charge-discharge voltage profiles obtained with a 10 um
diameter sized silicon powder anode. The gravimetric current density was
100 mA/g and the voltage cut-off range was 0-2 V vs. Li/Li". Reprinted
with permission from reference 33, Copyright (2004) The Electrochemical
SOCIBLY. ettt 10

Figure 1-7. (a) Pristine round silicon particles with diameters of 80 and 180 nm
(labelled). (b) Core-shell structure during the lithiation. The smaller silicon
particle had a hexagonal core. (c) Cracks (marked by the red arrows)
formed when the LixSi shell was thickened. (d) Fully lithiated silicon
particles. Reprinted with permission form reference *. Copyright (2012)
American ChemiCal SOCIELY. ......c.ccuiiiiiiiie e 11

Figure 1-8. Three representative failure mechanisms of silicon anodes: pulverization,
delamination, and unstable solid electrolyte interphase (SEI) layer
formation. Reprinted with permission form reference 3. Copyright (2018)
Royal Society 0f ChemMISIIY. ..o 12

Xi



Figure 1-9. (a) Working of a lithium-ion battery with silicon as an anode. Zoomed in
image shows silicon anode with binder and carbon additives. (b) Typical
range of composition of silicon anode reported in published literature ........... 14

Figure 1-10. Elements used to build MAX phases and MXenes. Reprinted with
permission form reference “°. Copyright (2019) John Wiley and Sons............ 16

Figure 1-11. (a) Step-by-step description of TisC2Tx MXene synthesis from TizAIC;
MAX precursor. Reproduced with permission from reference . Copyright
(2020) Elsevier. (b) SEM images of (i) MAX phase, (ii) non delaminated
MXene, and (iii) delaminated MXene. Reproduced with permission from
reference %°. Copyright (2017) American Chemical Society............c.cccovvn... 17

Figure 1-12. (a) X-ray diffraction spectra (XRD) of TizAIC2; MAX phase and TizC2Tx
MXene nanosheets (b)-(e) X-ray photoelectron spectroscopy (XPS) spectra
of Ti 2p, O 1s, C 1s, and F 1s for the MXene nanosheets. ..........ccccceevvevvennne. 20

Figure 1-13. Atomic force microscopy (AFM) image of MXene nanosheets. MXene
nanosheets had a lateral size of around 1 um and a thickness around 1.2 nm. 21

Figure I1-1. (a) Structure of poly(fluorene-alt-naphthalene diimide) (PFNDI) showing
the redox active NDI unit (blue) and the conjugated fluorene unit (purple).
(b) Doping of a naphthalene diimide (NDI) unit with Li* ions. Upon the first
reduction, one carbonyl oxygen is doped with a Li* ion, and upon the
second reduction, a second carbonyl oxygen is doped. The reverse process
takes place during oxidation. VVoltages are vs. Li/Li*........c.ccccccovvevievireirennane, 30

Figure 11-2. (a) Galvanostatic charge-discharge and Coulombic efficiency of
Si/PFNDI/CB=65/15/20 wt% electrode at 0.1 C. (b) Cyclic voltammogram
of the same electrode at 0.1 mV/s for three cycles. (c) Cyclic
voltammogram of pure PFNDI electrode at 1 mV/s for 3 cycles and (d)
galvanostatic charge-discharge at difference C-rates from 0.1 Cto 1 C (5
cycles each). (e) Nyquist plot obtained via electrochemical impedance
spectroscopy (EIS) analysis of pure PFNDI at different potentials in 0.01 V
to 1 V vs. Li/Li*. The AC amplitude was 50 mV. The frequency range was
from 100 kHz to 5 mHz. All tests were carried out in 0.01 V to 1 V vs.
Li/Li™ VOItage WINGOW. ........cceciiierieicice ettt 35

Figure 11-3. Cyclic voltammograms of PFNDI at scan rate of 1 mV/s in various
voltage windows: low voltage region (LVR, 1.7 V to 3.7 V), high voltage
region (HVR, 3.7 V to 5.2 V), and the full voltage region (FVR, 1.7 V to
5.2 V). Tests were conducted in a three-electrode cell, with PFNDI as the
working electrode, Ag/AgCI as the reference electrode, platinum wire as the
counter electrode, and 0.5 M lithium perchlorate (LiCIO4) in acetonitrile as
te BIECTIOIYTE. ... 38



Figure 111-1. (a) Molecular structure of tannic acid (TA). (b) Schematic for
preparation of homogeneous composite silicon electrodes. ..........ccccccevviinnen. 43

Figure 111-2. (a) Cyclic voltammogram of Si/TA/CB=70/10/20 electrode at 0.1 mV/s
for three cycles. The peak at 0.17 V represents the formation of lithiated
silicon, and the peaks at 0.4 V and 0.5 V represent the delithiation of
silicon. (b) Cyclic voltammograms at different scan rates. ..........c.ccccceeveenneee. 49

Figure 111-3. Galvanostatic charge-discharge of (a) different compositions of
Si/TA/CB electrodes, (b) Si/TA/CB=70/10/20 electrode for 200 cycles.
Inset in Figure 111-3b shows a plot of Coulombic efficiency vs. cycle
number for first 75 cycles. (c) Galvanostatic charge-discharge of
Si/TA/CB=70/10/20 electrode for 650 cycles (in black) without changing
lithium metal. Galvanostatic cycling was performed on another electrode (in
red) that had its lithium metal changed after the 150" cycle to eliminate any
limitation from the lithium itself. Galvanostatic charge-discharge was
performed at 0.1 C for the first five cycles in constant current-constant
voltage (CC-CV) mode followed by 0.5 C for the remaining 195 cycles. ....... 50

Figure 111-4. Nyquist plot of Si/TA/CB electrodes with different compositions (a)
before and (b) after 50 cycles. Electrochemical impedance spectroscopy
(EIS) was performed on fresh and cycled electrodes at a potential of 0.2 V.
The AC amplitude was 10 mV. The frequency range was 100 kHz to 5
mHz. (c) Peel test of Si/TA/CB=60/20/20, Si/TA/CB=80/20/20, and
Si/TA/CB=70/10/20 electrodes. A 3M tape was used here, and it was
pressed on the samples for 5 seconds with equal force before peeling it off. ..53

Figure 111-5. (a) Voltage profile of Si/TA/CB=70/10/20 electrode for different cycle
numbers. (b) Picture of Si/TA/CB=70/10/20 electrode before and after
cycling for 200 cycles. The picture for the cycled electrode was taken after
it was washed with dichloromethane and dried inside the glovebox................ 54

Figure 111-6. X-ray photoelectron spectroscopy (XPS) characterization (a) survey
scan, (b) Si 2p spectra, and (c) C 1s spectra of silicon nanoparticle and TA
mixture before and after washing with Water. ...........cccocoeiiiinniniceee, 59

Figure I11-7. (a) Galvanostatic charge-discharge of Si/TA/CB=70/10/20 electrode at
different C-rates. (b) Voltage profile of the same electrode at different C-

Figure 111-8. Scanning electron microscopy (SEM) images of (a) the surface and (b)
cross-section of a Si/TA/CB=70/10/20 electrode before and after 50 cycles
of charge-discharge. (c) Energy dispersive spectroscopy (EDS) mapping of
Si/TA/CB=70/10/20 electrode before 50 cycles of charge-discharge. The
scale bar on the EDS images are 1 M. .....ccooeveririninieieerese e 62

Xiii



Figure 111-9. Overlap of time of flight-secondary ion mass spectroscopy (ToF-SIMS)
surface profile images of selected electrode components of
Si/TA/CB=70/10/20 electrode (a) before and (b) after 50 cycles of charge-
discharge. Here, we used SiO>" to represent the silicon nanoparticles,

CeHs03 to represent TA, C to represent carbon from Super P carbon black
(CB), and RO-COOL.i to represent one component of the SEI. ....................... 63

Figure 111-10. X-ray photoelectron spectroscopy (XPS) spectra of (a) C 1s, (b) Si 2p,
and (c) F 1s of Si/TA/CB=70/10/20 electrode before cycling, after 1 cycle,
and after 50 cycles of charge-discharge.........c.ccccevveiiiiiiicic s 65

Figure I11-11. (a) Nyquist plot of Si/TA/CB=70/10/20 electrode before cycling and
after 5, 10, and 50 cycles of charge-discharge. EIS data were collected after
different cycles to determine the change in electrode impedance due to
cycling. Inset shows an expanded view of the high frequency region. EIS
was performed at a potential of 0.2 V (lithiation). The frequency range was
from 100 kHz to 5 mHz, and the amplitude was 10 mV. (b) Equivalent
circuit used to model the after cycling EIS data. The dotted lines represent
the experimental data and solid lines represent the equivalent circuit model
FIL L0 the data. ....oceeeeeee e 67

Figure 111-12. In-house comparison of cycling performance of Si/TA/CB electrode to
Si/Alg/CB, Si/PAA/CB, and Si/PVDF/CB electrode. Here, similar active
material loading, same battery assembly, and cycling conditions were used
t0 Make @ direCt COMPATTSON. ....ccvviviiiieiiiieiei ettt 71

Figure 1V-1. (a) Scanning electron microscopy (SEM) image of TisC2Tx nanosheet,
(b) schematic of sodium alginate (Alg), (c) schematic of a MXene
dispersion in aqueous Alg solution, (d) schematic of electrode fabrication
process by simple slurry casting method, and (e) FTIR spectra of MXenes,
silicon nanoparticles, Alg, 90 wt% Alg + 10 wt% MX, 80 wt% Alg + 20
wt% MX, and Si/AIG/IMX=80/16/4 WIY0. ......cccveveieriieesiese e 87

Figure 1V-2. (a) Digital image of freeze-dried MXene nanosheets in 1 wt% sodium
alginate solution in water. A minute of bath sonication is enough to form a
stable dispersion of MXenes in water. (b) Digital image of super P carbon
black (CB) in 1 wt% sodium alginate solution in water. Sonication and
stirring for 30 minutes was required to somewhat disperse the Super P
CArDON DIACK. ....ccvee e s 88

Figure 1V-3. (a) Cyclic voltammogram at 0.1 mV/s (3" cycle for each). Before CV,
conditioning was performed at 0.1 C for three cycles. (b) Galvanostatic
charge-discharge at 0.1 C in constant current-constant voltage (CC-CV)
mode for 1% five cycles followed by 0.5 C in CC mode for the remaining
195 cycles. Electrodes with different MXene content were compared.

Xiv



Electrode with 4 wt% MXenes showed higher capacities than the one with 2
WEYD IMIXEINES. ..ttt ettt eennne s 89

Figure 1V-4. Cyclic voltammograms of Si/Alg=80/20, Si/Alg/CB=80/16/4, and
Si/Alg/MX=80/16/4 at scan rate of 0.1 mV/s (third cycle is shown here).
Cyclic voltammetry was performed for five cycles at 0.1 mV/s and the third
cycle for each is shown here. Before CV, conditioning was performed at 0.1
C TOr thre CYCIES. ..o 91

Figure 1V-5. (a) Comparison of galvanostatic cycling performance of Si/Alg=80/20,
Si/Alg/CB=80/16/4, and Si/Alg/MX=80/16/4 electrodes. Inset shows plot of
Coulombic efficiency vs. cycle number for 50 charge-discharge cycles.
Voltage profiles at the 6™, 101", 50", 100" , and 200" cycles (all at 0.5 C)
for (b) Si/Alg=80/20, (c) Si/Alg/CB=80/16/4, and (d) Si/Alg/MX=80/16/4
electrode. The digital images are of electrodes before and after 200 cycles
of charge-discharge. Voltage profile for first cycle at 0.1 C is shown in
FIGUIE TV=B. .ottt re et et e e e ae e nre s 92

Figure IV-6. Voltage profile of Si/Alg=80/20, Si/Alg/CB=80/16/4, and
Si/Alg/MX=80/16/4 for the 1% cycle at 0.1 C. Selected remaining cycles
from 6 to 200" cycle at 0.5 C are shown in Figure IV-5b-d..........cccceunen.c.. 93

Figure 1V-7. Nyquist plot for (a) Si/Alg=80/20, (b) Si/Alg/CB=80/16/4, and (c)
Si/Alg/MX=80/16/4 electrode. Electrochemical impedance spectroscopy
was performed with a frequency range from 100 kHz to 5 mHz with an
amplitude of 10 mV at potential of 0.2 V. Equivalent circuits used for fitting
the Nyquist data obtained from EIS (d) before cycling (one time constant)
and (e) after cycling (two time constants). The dotted lines represent the
experimental data and solid lines represent the equivalent circuit model fit
LEO TN L0 - - VSRS 95

Figure 1VV-8. Scanning electron microscopy (SEM) images (both surface and cross
section) of Si/Alg=80/20, Si/Alg/CB=80/16/4, and Si/Alg/IMX=80/16/4
electrodes before and after 50 cycles of charge-discharge. ............cccoevvvenneane. 98

Figure 1V-9. Energy dispersive X-ray spectroscopy (EDS) of Si/Alg=80/20,
Si/Alg/CB=80/16/4, and Si/Alg/MX=80/16/4 electrodes before and after 50
cycles of charge-diSCharge...........ccuoveeiiiiiei e 99

Figure IVV-10. X-ray photoelectron spectroscopy survey scans for Si/Alg=80/20,
Si/Alg/CB=80/16/4, and Si/Alg/MX=80/16/4 electrodes (a) before and (b)
after 50 cycles of charge-discharge. ... 100

Figure 1V-11. (a) Rate performance of silicon electrodes at different C-rates ranging
from 0.1 C to 5 C. The C-rate was brought back to 0.1 C again to determine

XV



the capacity recovery. Voltage profiles for the 1% cycle at every C-rate for

(b) Si/Alg=80/20, (c) Si/Alg/CB=80/16/4, and (d) Si/Alg/MX=80/16/4
electrode. The voltage profiles at 2 C and 5 C for Si/Alg are not shown
because very few data points were collected at those C-rates. ..........c.ccoen..... 101

Figure 1V-12. (a) Ragone plot of specific energy vs. specific power (W/kg). (b) 3D
plot with specific energy, specific power (both based on total electrode
mass), and MXene CoNtENt (WEY0). ....c.ccoveveereeieiee e 103

Figure V-1. Schematic of spray dryer assembly used to crumple MXene nanosheets
around silicon nanoparticles and a SEM image of the crumpled product. A
mixture of MXene nanosheets and silicon nanoparticles is spray dried to
obtain crumpled product at the end of cyclone separator. ...........c.ccccccuvrvennenn 115

Figure V-2. (a) Scanning electron microscopy (SEM) images of three different sets of
spray-dried mixtures; MX/Si=68/32, MX/Si=50/50, and MX/Si=32/68. The
values represent the weight% of that component in the dispersion before
spray drying. Inset shows histograms of crumpled particle sizes. (c) Energy
dispersive X-ray spectroscopy (EDS) of the crumpled particles.................... 119

Figure V-3. X-ray photoelectron spectroscopy (XPS) survey scan of crumpled
MX/Si=68/32, MX/Si=50/50, and MX/Si=32/68 crumpled product. The
table shows the atomic% of elements present in these crumpled product......120

Figure V-4. Deconvoluted C 1s, O 1s, F 1s, Ti 2p, and Si 2p peaks of crumpled
MX/SI=68/32 WY POWET.......c.eeivieieceiecie et 121

Figure V-5. Galvanostatic charge-discharge of MX/Si=68/32, MX/Si=50/50, and
MX/Si=32/68 electrodes with (a) 20 wt%, (b) 10 wt%, and (c) 5 wt%
PVDF. The electrodes were made using a simple slurry casting method
using NMP as the solvent. No additional Super P CB was added.
Galvanostatic charge-discharge was performed at 0.1 C in constant current-
constant voltage (CC-CV) mode for first 5 cycles, followed by cycling at
0.5 C in CC mode for remaining 195 CYCIES. ........ccooeiiriiieiiiineieeceees 123

Figure V-6. Nyquist plot for a representative MX/Si=50/50 electrode for PVDF
content of 20, 10, and 5 wt% obtained from electrochemical impedance
spectroscopy (EIS) performed after 100 cycles of charge-discharge. EIS was
performed with a frequency range from 100 kHz to 5 mHz with an
amplitude of 10 mV around a potential of 0.2 V. (b) Equivalent circuit
model used to fit the EIS data. The points represent the experimental data
and solid lines represent the equivalent circuit model to fit to the data. ........ 125

Figure V-7. (a) Galvanostatic charge-discharge for 200 cycles MX/Si=68/32,
MX/Si=50/50, and MX/Si=32/68 electrodes with 5 wt% PVDF. Inset

XVI



shows plot of Coulombic efficiency vs. cycle number for 50 charge-

discharge cycles. (b) Nyquist plots (after 100 cycles of charge-discharge).

The solid lines represent the equivalent circuit fit to the data. The inset

shows a zoomed-in image of the green box. (c) SEM images of electrodes
(surface and cross section) before and after 100 cycles. The cross-section

SEM images also shows the electrode thiCKness. .........cccooceviveveiieneeniiiiecns 127

Figure V-8. (a) First cycle voltage profiles of MX/Si=68/32, MX/Si=50/50, and
MX/Si=32/68 electrodes at 0.1 C. Initial columbic efficiencies (ICE) are
also shown on graph. Voltage profiles at 61, 20", 50™, 100", and 200" cycle
of (b) MX/Si=68/32, (c) MX/Si=50/50, and (d) MX/Si=32/68 electrode......128

Figure V-9. (a) Peel test on MX/Si=32/68 electrode for different mass loadings. Here
mass loading is based on mass of MX/Si capsule. (b) Galvanostatic cycling
of MX/Si=32/68 electrode for different Si/MXene capsule loading. For
loading of 1 mg/cm?, we cycled the electrode in CC-CV mode for first cycle
at 0.1 C, followed by cycling at 0.5 C for remaining cycles. For loading
greater than 1 mg/cm?, we cycled electrodes at low C-rates of 0.1 C (first
cycles iNn CC-CV mode at 0.1 C). ..oovevriieiieie e 133

Figure V-10. (a) Galvanostatic cycling and (b) voltage profiles at different C-rates
ranging from 0.05 C to 3 C for MX/Si=32/68 electrode. Voltage profile for
the third cycle at each C-rate is shown. The electrode was cycled three times
at 0.05 C-rate and five times each at the remaining C-rates. The C-rate was
brought back to 0.05 C to determine capacity recovery. (c) Long-term
galvanostatic cycling of MX/Si=32/68 electrode at C-rate of 0.1 C for first
five cycles in CC-CV mode, followed by cycling at 0.5 C in CC mode for
195 cycles, and then cycling at 0.1 C in CC mode for the remaining 800
CYCIBS. bbb 134

Figure V-11. SEM image of (a) crumpled rGO/Si=32/68 powder and (b) the slurry-
cast crumpled rGO/Si=32/68 electrode on Cu foil. (c) Galvanostatic charge-
discharge of rGO/Si=32/68 and MX/Si=32/68 electrode for 200 cycles. Inset
shows a plot of Coulombic efficiency vs. cycle number for 50 charge-
discharge cycles. (d) Nyquist plot of rGO/Si=32/68 and MX/Si=32/68
electrode after 100 cycles of charge-discharge obtained by EIS.................... 137

Figure V-12. (a) Cyclic voltammogram of MX/Si=32/68 electrode at different scan
rates of 0.1, 0.2, 0.3, 0.4, 0.5, and 0.7 mV/s. Cells were conditioned at 0.1 C
for three cycles before performing cyclic voltammetry. (b) b-values at
selected different potentials. (c) Cyclic voltammogram at 0.1 mV/s.
Faradaic and non-Faradaic contributions are shown in brown and cyan,
respectively. (d) Contribution ratio of the Faradaic and non-Faradaic charge
storage at different SCaN rates. ........cccveiveeieeiii e 138

XVii



Figure V-13. (a) Galvanostatic charge-discharge of MX/Si=32/68 crumpled and non-
crumpled electrode for 200 cycles. Inset shows a plot of Coulombic
efficiency vs. cycle number for 100 cycles. (b) EIS (after 100 cycles of
charge-discharge) of MX/Si=32/68 crumpled and non-crumpled electrode.
Inset shows zoomed in part of the Nyquist plot. (c) Cross-section SEM
images of MX/Si=32/68 crumpled and non-crumpled electrode before and
after 100 cycles of charge-discharge. .........cccooveviiieiicieic e 140

Figure V-14. Surface SEM images of crumpled and uncrumpled electrode before and
after 100 cycles of charge-discharge. .........cccooveviiienicie e 141

Figure V-15. Survey scan and deconvoluted Si 2p, C 1s, and F 1s peaks obtained
using X-ray photoelectron spectroscopy for (a) crumpled and (b)
uncrumpled MX/Si=32/68 electrode before and after 100 cycles of charge-
ISCRAITE. ...ttt te et e e e e nre s 142

Figure V-16. Deconvoluted O 1s and Ti 2p before and after cycling, and P 2p and Li
1s after cycling for (a) crumpled and (b) uncrumpled MX/Si=32/68
] [T 0o USSR 144

Figure V-17. (a) 3D plot of cycling electrode capacity (at n™ cycle) (mMAh/grotal),
current density (A/gotar), and silicon content in entire electrode comparing
(a) yolk-shell type electrode architectures available in literature and (b)
Si/MXene electrode architectures. (c) 3D plot of rate performance
comparing yolk-shell type Si/MXene architectures available in literature.
Here mass of total electrode is considered. .........cccocevvviievenieneenn e 147

Figure VI-1. Summary of cycling data form Chapter I, IV, and V. .........c.covevvenennnn. 157

Figure VI-2. Galvanostatic cycling performance of silicon electrodes with different
DINTEIS. ..ttt 159

XViil



LIST OF TABLES

Page

Table I-1. Properties of some commonly studied anode materials. .............c.ccocervriiiennen, 6
Table 111-1. Comparison of different silicon anode binders..........ccccoevvvevviieieenicciennnn, 56
Table I11-2. The results of fitting an equivalent circuit to the EIS data. ..............cccoeueee. 69
Table 111-3. Comparison of different binders and the millimoles of hydroxyl (-OH)

and carboxyl (-COOH) functional groups per gram of the binder. For

polymers, the molecular weight is that of the repeat unit..............c.ccooeevenenen. 70
Table IV-1. Equivalent circuit fit values for the Nyquist plot obtained from EIS

performed on Si/Alg=80/20, Si/Alg/CB=80/16/4, and Si/Alg/MX=80/16/4

electrodes before cycling, after 10 and 50 cycles of charge-discharge. ........... 96

Table V-1. Equivalent circuit fit values for the Nyquist plot (Figure VV-7b) obtained
from electrochemical impedance spectroscopy performed on crumpled
MX/Si=68/32, MX/Si=50/50, and MX/Si=32/68, and uncrumpled electrodes
All WIth 5 WE%0 PVDF ...ttt 129

Table V-2. Atomic% of different elements in crumpled and uncrumpled
MX/Si=32/68 electrode before and after cycling. .........cccoceveniiiiiiiiiicienn, 145

XiX



CHAPTER |

INTRODUCTION

Rechargeable lithium-ion battery

Our world was transformed in the last three decades by the invention of a device
that nearly everybody on earth carries in their pockets today. That device is, of course, the
humble lithium-ion battery. The first successful commercialization of a rechargeable
lithium-ion battery was done by Sony in 1991.1 They made the world’s first high power
density, light weight, portable size, and long-life lithium-ion battery based on a carbon anode
and lithium cobalt oxide (LiCoO>) cathode which exhibited an open circuit voltage of over 3.6
V, and an energy density of 150 Wh/kg.! The energy density of commercial cells has almost
doubled since their introduction in 1991. Now, lithium-ion batteries have wide variety of
applications ranging from consumer (electronic devices, power tools, electric vehicle etc.)
to industry (wind and solar grid scale storage), Figure 1-1a.2 Tremendous research effort
has been undertaken, and considerable progress has been made in developing the material
systems and different components of lithium-ion batteries.

Lithium-ion battery consists of four major components; anode (negative
electrode), cathode (positive electrode), electrolyte, and separator, Figure I-1b and the

description of each is provided in the following sections.
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Figure 1-1. (a) Applications of lithium-ion battery. (b) Working of a basic lithium-ion
battery. Reprinted with permission from reference 3. Copyright (2004) American
Chemical Society.

>

- Positive electrode materials (Note: Electric potential - lue to Ui (OV).)
o : LIMno_,Mo,,O. Splnels . ote: tiectric potential Is a relative value to o
i 5 .— | T ; { F T

e | - UMn,0 Spinel § M: metallic element

p : LiCoO, :

e+ LINIO,

2 | Cr,0

% 4 V,0.-based materials

= | ™~ MnO,-based materials

£ LiFePO,-based materials

= 2 P R an EEEEEEEr -= Negative electrode materials
= : : i
§ . } Sno glass Co0, Co,0, nano-particles .Metalllc T
a R Si alloys !
o . Graphites !
E . | «@» Hardcarbons Li, ,Co, , nitride =3 /;
TN e e s s M s e
w 0 200 400 600 800 1000 3800 4000

Discharge capacity density (Ah/kg)

Figure I-2. List of cathode and anode active materials used in lithium-ion batteries and
their respective electric potential and capacities. Reprinted with permission from reference
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Anode and cathode
In a lithium-ion battery, anode is the negative electrode and cathode is the positive
electrode. Several materials for anode and cathode have been explored (Figure 1-2).
Cathode active material have high electric potential and anode active material have low
electric potential. The cathode active materials include LiCoO, lithium iron phosphate,
lithium manganese oxide, lithium nickel oxide, and vanadium oxides. The anode active
materials include graphite, carbon-based materials, silicon, and lithium metal. However,
in a commercial lithium-ion battery, the most commonly used anode is graphite and
cathode is LiCoO,. Both these materials store energy via an intercalation mechanism.® The
working of a lithium-ion battery represents a rocking chair mechanism wherein the lithium
ions move from cathode to anode during charge and back from anode to cathode during
discharge.® The following reactions takes place in the graphite anode and LiCoO> cathode:
Cathode: LiCoO, < Li,CoO, + xLi" +xe” ...1.1
Anode: 6C + xLi"+ xe” > Li,Cg 1.2
The electrons travel in the external circuit and the balanced Li* ions travel in the electrolyte

system back and forth between anode and cathode.
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Figure 1-3. Schematic open-circuit energy diagram of an electrolyte. @a and &c are the
anode and cathode work functions. Eqis the electrolyte’s electrochemical stability
window. ua and uc are the redox potential of the anode and cathode, respectively.
Reprinted with permission from reference 7. Copyright (2010) American Chemical
Society.
Electrolyte

The electrolyte serves as a medium that enables movement of only lithium ions
between anode and cathode. The electrolyte is typically a liquid that consist of lithium
salts (e.g. lithium hexafluorophosphate (LiPFe)) dissolved in mixture of organic solvents.
The organic solvents used in the electrolyte are combination of a cyclic carbonate (e.g.
ethylene carbonate (EC)) and a linear carbonate (e.g. diethyl carbonate (DEC)). They
cyclic carbonate is highly polar solvent that assists in the dissociation and dissolution of

lithium salt, and the linear carbonate assist in the migration of Li* ions.®2 For an

electrochemically stable battery, anode must have lower electrochemical potential ()
4



than the lowest unoccupied molecular orbital (LUMO) of the electrolyte, otherwise the
electrolyte will be degraded, and cathode must have higher electrochemical potential (uc)
than the highest occupied molecular orbital (HOMO) of the electrolyte to prevent the
oxidation of the electrolyte (Figure 1-3).8
Separator

The separator physically separates the anode and cathode to prevent short-circuit
and allows Li* ions to pass through it. The main characteristics/parameters that affect the
performance of a separator are permeability, porosity/pore size, electrolyte absorption and
retention, chemical, mechanical and thermal stability.® Typically, Celgard polypropylene
based separators are used in a battery.
Silicon anode

The growing lithium-ion battery markets require increased levels of performance
in terms of energy density, fast charging properties, and be lighter in weight, more so than
the current generation of lithium-ion batteries.!® Over the past 30 years, lithium-ion
batteries based on intercalation electrode materials have been utilized in consumer
electronics and electrical transportation; however, intercalation-type electrode materials
have reach their performance limit.! There is a need to increase energy density of
electrodes by modifying the cell chemistry, specifically anode and cathode chemistries.
Tremendous research is being done in the area of cathodes which is provided in some great
reviews. 1214

To replace the conventional graphite anodes in lithium-ion batteries, several high

capacity anode materials are explored; for e.g., silicon (Si), germanium (Ge), lithium



titanium oxide (LTO), tin (Sn) etc. Among a variety of emerging anode materials for

substituting the conventional graphite, silicon has been considered as the most outstanding

candidate because it has one of the highest theoretical capacity of 3579 mAh/g (10 times

the gravimetric capacity of graphite.® ¢ Table I-1 and Figure 1-2 show several anode

materials studied for a lithium-ion battery.

Table I-1. Properties of some commonly studied anode materials.

Theoretical
Anode Lithiated Lithiation Delithiation Volume
capacity
material phase potential potential change
(mAh/g)
Graphite LiCs 375 0.07,0.1,0.19 0.1,0.14,0.23 10%
Si Liz7sSi 3579 0.05,0.21 0.31,0.47 300%
Ge Lis4Ge 1625 0.2,0.3,0.5 0.5, 0.62 240%
Sn Liz4Sn 994 0.4,0.57,0.69 0.58,0.7,0.78 255%
LTO Li7TisO12 175 1.55 1.58 0.2%

Silicon react with lithium via an alloying mechanism, which involves breaking the

bonds between host atoms. This mechanism is very different than intercalation mechanism

observed in graphite. The large difference in capacity between silicon and graphite arises

because a silicon atom can bond with upto about four lithium ions while it takes six carbon

atoms to bond with only one lithium ion.?® Eqgns. (1.3) and (1.4) are the half reactions for

the silicon and graphite anodes, respectively.



6C+Li +e o LiCq .13

Si+3.75Li +3.75¢" <> Li; 15sSi  ...1.4
Some papers have shown that one silicon atom can accommodate upto 4.4 Li* ions giving
capacities upto 4200 mAh/g.1” 1 The lithiation potential of silicon is higher than that of
graphite which further minimizes the issues of lithium plating that occurs at potentials
close to 0 V vs. Li/Li*.*® But, the potential is low enough such that when paired with a
cathode can provide a huge potential difference that can ultimately increase the energy
density of the battery. Silicon is a second most abundant element on the earth and the
large-scale production has been well developed for decades.*®
Properties of silicon

Silicon is a chemical element with symbol Si and atomic number 14. Despite being

the eighth most common element in the universe by mass, silicon very rarely occurs as a
pure free element in the Earth’s crust. Silicon has been widely applied in solar cells and
semiconductors and thus large scale production of silicon is a matured technology. Silicon
can either be crystalline or amorphous in nature. Silicon is a fourfold coordinated atom
that is tetrahedrally bonded to four neighboring silicon atoms with lattice constants of
5.431 A (Figure I-4). In crystalline silicon (c-Si), this tetrahedral structure continues over
a long range, thereby forming a well-ordered crystal lattice. Amorphous silicon (a-Si) is
the non-crystalline form of silicon, which has no long range order. c-Si is easy to

synthesize and is extensively studied as compared to a-Si.



Figure 1-4. Structure of crystalline silicon. Reprinted with permission from reference %.
Copyright (2015) Elsevier.
Energy storage in silicon

Silicon undergoes almost 300% volumetric expansion during lithiation.?! In order
to understand the reason behind this volumetric expansion, it is essential to understand the
energy storage mechanism of silicon. c-Si is electrochemically lithiated via a two-phase
mechanism in which the silicon is consumed to form lithiated amorphous silicon (a-LixSi),
and the two phases are separated by a sharp reaction front of nanometer scale thickness
(Figure 1-5a).2% 2 The formation of highly lithiated silicon at the reaction front causes
almost 300% volume expansion. The huge volume expansion occurs because of breakage
of Si-Si bonds to form Li-Si bonds.?* 2 It was shown that most of the expansion occurs at
the <110> face of silicon due to difference in interfacial mobilities of the crystallographic

planes (Figure 1-5b).2% 26



Figure I-5. (a) Two phase lithiation reaction of silicon nanowire. The sharp reaction front
between crystalline silicon (c-Si) and amorphous silicon (a-LixSi) and is visible. Reprinted
with permission from reference 2. Copyright (2012) Springer Nature. (b) Preferential
expansion of silicon particle at <110> face. Reprinted with permission from reference 6.
Copyright (2011) American Chemical Society.

Stress generation in silicon

There were a few computational studies that calculated modulus and stress during
lithiation and delithiation of silicon.?”-% It was reported that as the lithiation progressed, a
drop in modulus is observed, which implies that silicon becomes softer on lithiation
because the strength of Li-Si bonds is much lower than that of Si-Si bonds.?” This Li-
assisted Si-Si bond breaking and re-forming is largely responsible for plastic flow.3!
Sethuraman et al. multi-beam optical sensor technique to experimentally study in-situ
stress generation in silicon thin films during lithiation and delithiation.*® They observed
that as the lithiation progressed, a transition from elastic loading to plastic deformation
occurred in silicon film. During delithiation, the same behavior was observed but with

tensile instead of compressive stress. The high stress of ~1 GPa that occurs in silicon
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anode during lithiation and delithiation causes changes in electrochemical potential (as
high as 100-125 mV/GPa) which results in voltage hysteresis.>> The compressive stress
during lithiation would decrease the voltage from the equilibrium value and the tensile
stress during delithiation would increase it.
Drawbacks of silicon anode

Silicon anode stores upto 4 Li* ions during lithiation which gives very high
capacities, but in order to accommodate those Li* ions, silicon undergoes huge 300%
volume expansion. This volume expansion causes extreme instability in silicon anode
resulting in drop in capacities during cycling. Figure 1-6 shows an example of the charge-
discharge curves of silicon powder with an average size of 10 um.® High capacity is
achieved on the first lithiation, but capacity quickly fades with cycle number, with only

30% capacity retention at the end of five cycles.
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Figure 1-6. Galvanostatic charge-discharge voltage profiles obtained with a 10 um
diameter sized silicon powder anode. The gravimetric current density was 100 mA/g and
the voltage cut-off range was 0-2 V vs. Li/Li*. Reprinted with permission from reference
33, Copyright (2004) The Electrochemical Society.
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Volumetric expansion causes stress generation in silicon particles which results in
pulverization, i.e. breakage into smaller-sized particles (Figure 1-8).3 This is caused
because of hoop tension generated on silicon surface due to two-phase electrochemical
lithiation. However, Liu et al. used in-situ TEM analysis to show that silicon particles of
size<150 nm do not undergo pulverization as the stresses generated during volumetric
expansion do not overcome the strain fracture (Figure 1-7a-d).3® Additionally, smaller

sized particles shortens the ion diffusion.

Figure 1-7. (a) Pristine round silicon particles with diameters of 80 and 180 nm (labelled).
(b) Core-shell structure during the lithiation. The smaller silicon particle had a hexagonal
core. (c) Cracks (marked by the red arrows) formed when the LixSi shell was thickened.
(d) Fully lithiated silicon particles. Reprinted with permission form reference 3. Copyright
(2012) American Chemical Society.
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Figure 1-8. Three representative failure mechanisms of silicon anodes: pulverization,
delamination, and unstable solid electrolyte interphase (SEI) layer formation. Reprinted
with permission form reference 3. Copyright (2018) Royal Society of Chemistry.

Even though the pulverization issue is minimized by using silicon particle of
size<150 nm, they will still undergo volumetric expansion. This causes delamination of
silicon particles from the current collector, and they also separate from each other which
disrupts the path of electron flow (Figure 1-8).%® This also causes formation of irreversibly
lithiated silicon particles that cannot undergo delithiation due to loss of loss of electronic
contact.

When the potential of the anode is below ~1 V vs. Li/Li*, the electrolyte
decomposes and the products are deposited on the anode surface to form a layer called as
the solid-electrolyte interphase (SEI).*” Briefly, the SEI film is a multi-layered structure—

an inorganic inner layer near the electrode/SEI interface which consist of lithium
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carbonate, lithium fluoride, lithium oxide, lithium silicates etc., that allows Li* transport;
and an organic outer layer (ROCOOLI, R depends on solvent), which is heterogeneous,
porous, and permeable to both Li*and electrolyte solvent molecules, near the
SEl/electrolyte interface.® The SEI layer is electronically insulating, but ionically
conducting, and thus it prevents further decomposition of electrolyte.*® However, the huge
volumetric expansion occurring in silicon causes the SEI layer to break down thus
exposing more silicon surface to the electrolyte and causing excessive SEI buildup during
cycling (Figure 1-8).34 This causes drop in capacities because the Li* ions that should
ideally be utilized by silicon for energy storage are instead getting irreversibly consumed
during SEI formation. Excessive SEI buildup also unnecessarily increases electrode’s
resistance causing further drop in capacities. One important term to monitor SEI stability
or growth is the Coulombic efficiency (CE). CE is the ratio of delithiation capacity to
lithiation capacity, and thus more the SEI formation, lower is the CE value.

Silicon has poor electrical conductivity (10" S/cm) and low ion diffusivity (104-
10 cm?/s) which further hinders transport of ions and electrons throughout the
electrode.?!

To address the issues of delamination, unstable SEI buildup, and poor
conductivity, binders and conductive additives are utilized. The binder will improve the
cohesion of electrode components and adhesion to the current collector. The conductive
additives will maintain electronic conductivity throughout the electrode. Thus, silicon

anode is actually a composite of silicon particles, binder and conductive additives as
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shown in Figure 1-9a. A typical distribution of these components in silicon anode reported

in literature is shown in Figure 1-9b.
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Figure 1-9. (a) Working of a lithium-ion battery with silicon as an anode. Zoomed in image
shows silicon anode with binder and carbon additives. (b) Typical range of composition
of silicon anode reported in published literature

MXenes
What are MXenes?

MXenes (pronounced as “maxines”) are a new category of two-dimensional (2D)

metal carbides, constituted by transition-metal carbides, nitrides, and carbonitrides. They
14



were recently discovered by Gogotsi and group in 2011.%° They are synthesized from a
MAX phase where M can be any transition metal, A can be any group A element, and X
can be either C or N (Figure 1-10).*° In other words, the MAX phase structure can be
described as 2D layers of early transition metal carbides and/or nitrides “glued” together
with an A element. To make MXenes, the A layer is etched out from the MAX phase so
as to get a layered structure. The general formula of MXenes is Mn+1XnTx, Where n is the
no of layers (typical n is 1 to 4) and Tx are the surface functional groups (-OH, -O, -F, ClI,
etc.). The distribution of surface functional groups are highly dependent on the synthesis
method.** These polar terminal groups result in strong hydrophilicity and
electronegativity, which allow them to be dispersed in water and form a suspension. In
addition, the types and distribution of terminal groups can have a strong impact on the
properties, stability, and functionality of MXenes.*? Controlling the M and X elements as
well as the number of layers makes it possible to tune the physicochemical properties of
MXene. Prior studies have highlighted MXenes’ hydrophilicity, excellent electrical and
thermal conductivities, ease of processability, and in-plane stiffness.** These materials
hold promise for a wide range of applications in batteries, supercapacitors, electronic
sensors, electromagnetic interference shielding, and electrocatalysts.** > The most studied
MXenes to date is TisC2Tx because it is easier to synthesize and has the highest electrical

conductivity (10* S/cm).*
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Figure 1-10. Elements used to build MAX phases and MXenes. Reprinted with permission
form reference “°. Copyright (2019) John Wiley and Sons.
Synthesis of TisC2Tx MXene nanosheets

Several methods have been reported in literature to synthesize the TisC2Tx MXene
nanosheets.*® However, we used the mild acid etching method consisting of lithium

fluoride and hydrochloric acid (Figure I-11a-b).
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Figure I-11. (a) Step-by-step description of TisC2Tx MXene synthesis from TizAIC; MAX
precursor. Reproduced with permission from reference 4. Copyright (2020) Elsevier. (b)
SEM images of (i) MAX phase, (ii) non delaminated MXene, and (iii) delaminated
MXene. Reproduced with permission from reference “6. Copyright (2017) American
Chemical Society.
Synthesis of TizAIC, MAX phase

TisAlC2 MAX phase was synthesized from Ti (with a particle size of 44 um and
99.5% purity), Al (with a particle size of 44 um and 99.5% purity) and TiC (with a particle
size of 2-3 um and 99.5% purity) powders which were mixed in the molar ratio of Ti: Al:

TiC=1.2:1.2:1.8. All chemicals were used as received from Alfa Aesar, MA, USA. The

bulk high-purity TizAIC, samples were synthesized by heating up the Ti+Al+TiC powder
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mixture in a tube furnace to 1510 °C at 10 °C/min and being kept for 4 hours. After
sintering, the highly porous bulk TisAIC, samples were drill-milled to obtain TizAlC:
powder, which was then sieved to obtain the powder with particle size less than 45 um.
Synthesis of TizC2Tx MXene clay

TisC2Tx MXene clay was obtained by etching the Al layer from the sieved MAX
phase by a wet etching method. 50 mL of 6 M hydrochloric acid (HCL) solution (ACS
reagent, Sigma-Aldrich) and 3 g of lithium fluoride (LiF) (with the purity of 98+%, Alfa
Aesar) were first mixed in a polypropylene bottle until all LiF was dissolved. The solution
was heated to 35 °C before 5 g of as-prepared MAX powder was slowly added into the
solution over 15 minutes to prevent overheating. The mixture was continuously agitated
and reacted for 40 hours. Deionized water was used to wash the MXene clay repeatedly
until pH of the water effluent reached a minimum value of 6.
Intercalation and delamination of TisC2Tx MX clay

MXene clay was intercalated with dimethyl sulfoxide (DMSO) (>99.5%, Sigma-
Aldrich) with agitation for 20 hours. After washing the DMSO away by distilled water,
the MXene clay in water dispersion was bath sonicated for 60 mins to exfoliate into
nanosheets. The delaminated dispersion was centrifuged at 3500 rpm for 1 hour to separate
the unexfoliated MXenes and other heavier components. The supernatant containing the
Ti3CoTx nanosheet dispersion was collected after centrifugation, while the sediment after

centrifugation was discarded.
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Characterization of TisC.Tx MXene nanosheets

To confirm the successful synthesis of MXenes we used X-ray diffraction (XRD)
and X-ray photoelectron spectroscopy (XPS) analysis. The XRD in Figure 1-12a shows a
shift in (002) peak from 9.7° for TisAIC; to 6.5° for TisC2Tx, which suggests increase d-
spacing and decreased thickness of TizC,Tx layers.*® The XPS spectra revealed Ti 2p, O
1s, C 1s, F 1s peaks attributed to MXene nanosheets. AFM was used to measure thickness
and lateral size of MXene nanosheets. The sample tested using AFM was prepared by
dropping casting the diluted MXene dispersion on a freshly cleaved mica substrate. The
sample was dried overnight under vacuum at 40 °C. Height profiles of nanosheets were
obtained in tapping mode (Bruker dimension icon AFM). The thickness and lateral size of

the as-synthesized MXene nanosheets was around 1 nm and 1 pm, respectively.
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Figure 1-12. (a) X-ray diffraction spectra (XRD) of TizAIC2 MAX phase and TizC2Tx
MXene nanosheets (b)-(e) X-ray photoelectron spectroscopy (XPS) spectra of Ti 2p, O
1s, C 1s, and F 1s for the MXene nanosheets.
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Figure 1-13. Atomic force microscopy (AFM) image of MXene nanosheets. MXene
nanosheets had a lateral size of around 1 um and a thickness around 1.2 nm.
Dissertation overview

Silicon has a great potential to be used as anode material in lithium-ion battery.
However, its three major intrinsic drawbacks of delamination, poor conductivity, and
unstable solid electrolyte interphase (SEI) formation has set a roadblock to its
commercialization. All these issues can be minimized by adding appropriate binder,
conductive additives and, and electrode engineering to protect silicon particles from direct
exposure to electrolyte. In this dissertation, we focused on these three parameters
independently: (1) effect of density of functional groups on a binder and its architecture,

(2) effect of conductive additives, and (3) effect of electrode architecture. Our aim was
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not to make the best performing silicon anode, but instead it is to fundamentally
understand the interaction between electrode materials and fill the gap in literature.

Chapter | provides a brief introduction to lithium-ion batteries and motivation to
study silicon anodes, followed by challenges associated with it. Chapter I also introduces
MXenes, which are newly developed, highly conductive, two dimensional transition metal
based carbides. It details the synthesis and characterization methods.

Chapter 1l and Chapter Il focusses on binder for silicon anode. Chapter 1l
introduces a polymer named as poly(fluorene-alt-naphthalene diimide) (PFNDI). We
investigated its performance as a binder in silicon anode. As a binder for silicon anodes,
PFNDI exhibited poor performance, which was attributed to its poor adhesion to the
silicon particles and its non-redox activity within silicon working potential window of
0.01 Vto 1V vs. Li/Li*. Chapter Il introduces a small molecule, tannic acid, as a binder
for silicon anodes. Tannic acid is natural polyphenol with abundant hydroxyl groups. To
the best of our knowledge, nobody has explored small molecules as binder for silicon
anodes. We did an in-house comparison of tannic acid with other long chain, high
molecular weight polymeric binders, such has poly(vinylidene fluoride), sodium alginate,
and poly(acrylic acid). This comparison showed that along with density of functional
groups, the binder architecture affects its performance; more branched the structure, better
is the performance.

Chapter IV focusses on incorporation of MXenes into silicon anodes. In a typical
silicon anode, additives (binder + conductive material) account for almost 30-60 wt% of

the weight. These additives do not store energy and are regarded as “dead weight”.
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Excessive dead weight dilutes the silicon active material which overall reduces the total
energy density of the anode. To address this issue, we showed that the dead weight in
silicon anode can be reduced by replacing the less conductive and hydrophobic Super P
carbon black with much lower of amount of highly conductive and hydrophilic TizCTx
MXene nanosheets. We used only 4 wt% MXene nanosheets, 16 wt% water-based sodium
alginate, and 80 wt% silicon. These electrodes demonstrated stable capacities around 900
mAh/gsi (720 mAh/grwotar) at a high C-rate of 0.5 C, which was higher than a comparable
electrode made in-house containing 4 wt% carbon black. The stable electrode performance
even with a minimal MXene content is attributed to several factors: (1) highly uniform
silicon electrodes due to the dispersibility of MXenes in water, (2) the high MXene aspect
ratio that enables improved electrical connections, and (3) hydrogen bonding among
MXenes, sodium alginate, and silicon particles.

Chapter V also focusses on mixing TisC2Tx MXenes into silicon anodes, but in the
form of a different electrode architecture. We used spray-dryer to wrap MXene nanosheets
around silicon particles. Such an electrode architecture (crumpled electrode) minimized
direct contact of silicon particles with electrolyte. An in-house comparison of crumpled
architecture to the uncrumpled architecture revealed the advantages of effective wrapping
of silicon particles by MXene nanosheets which minimized SEI formation and improved
cycle life of anode. XPS and EIS analysis showed that large amounts of SEI had formed
on cycled uncrumpled electrodes as compared to the crumpled electrodes.

Chapter VI summarizes the thesis work and proposes directions for future work.
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CHAPTER II
ANALYSIS OF POLY (FLUORENE-ALT-NAPTHALANE DIIMIDE) AS A BINDER
FOR SILICON ANODES*

Introduction

Silicon is an abundant, stable, and non-toxic material with a high specific capacity
for lithium storage, and it is therefore an attractive target for use as an anode active
material in lithium-ion batteries.! However, developing silicon anodes that outperform
commercial graphite anodes is a significant challenge. While silicon has a specific
capacity more than 10 times that of graphite, the silicon undergoes >300% volumetric
expansion during lithiation which gives rise to several challenges such as pulverization,
delamination , and unstable solid electrolyte interphase (SEI) formation.? The polymeric
binder added to the silicon anode maintains the structure of the anode, serving as a glue to
hold the various components of the electrode together and maintain contact with the
current collector. Binder contents of 3-5 wt% are used in commercial graphite electrodes,
while silicon and alloy anode materials are typically fabricated with 10 wt% binder or
more.* Therefore, in order to develop a superior silicon anode, irreversible capacity losses
have to be reduced while also decreasing the content of polymer binders used.

Effective polymeric binders for silicon and other alloy anodes perform multiple
functions. This includes maintaining strong adhesion to silicon, conductive additives, and
the current collector, facilitating repeated and large volume changes of the silicon

particles, and enhancing the transport of charges or ions through the electrode.®

*Reprinted with permission from “Poly(fluorene-alt-naphthalene diimide) as n-Type Polymer
Electrodes for Energy Storage”, by Kasturi Sarang, Xiaoyi Li, Andrea Miranda, Hyosung An, Eun-
Suok Oh, Rafael Verduzco, and Jodie L Lutkenhaus, ACS Appl. Polym. Mater., 2019, 1, 5,1155-
1164. Copyright (2019) American Chemical Society.
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Redox active polymers (RAPs) are a class of polymers that store energy by a
reversible chemical conversion mechanism called doping.> 7 RAPs offer several
advantages such as excellent electrode processability, simple redox reaction, and fine-
tuning of electrochemical properties by modifying the chemical structure.® There are two
main types of RAPs; p-type RAP that becomes positively charged upon oxidation and
doping with anions and the n-type RAP that becomes negatively charged upon reduction
and doping with cations.® n-Type RAPs are an interesting class of polymers that can be
potentially used as binders for silicon anode. Liu et al. synthesized poly(9,9-
dioctylfluorene-co-fluorenone-co-methylbenzoic ester) (PFFOMB) by adding carbonyl
(C=0) and methylbenzoic ester (MB) functional groups to a conjugated polyfluorene (PF)
unit'® for use as an n-type conductive binder in silicon electrodes. The carbonyl group
lowered the lowest unoccupied molecular orbital (LUMO) of the PFFOMB polymer,
which improved the ability of PFFOMB to be reduced. These results highlight the growing
interest in redox-active conjugated polymers in which a redox-active group reversibly
stores energy and a conjugated unit assist in electron conduction.

One such polymer with both redox-active and conjugated units is poly(fluorene-
alt-napthalene diimide) (PFNDI) (Figure 11-1a). Although not yet studied in the context of
energy storage, PFNDI is of interest because of the dual nature of the fluorene and
naphthalene diimide units. The NDI unit accepts 2 Li* ions per repeat unit at a potential
of ~2.5 V vs. Li/Li* and exhibits battery-like behavior— Figure I1-1b.1** However
polyNDIs are generally insulating, so large amounts of carbon are required to facilitate the

energy storage. On the other hand, PFs have conductivities around 10#-10"2 S/cm (when
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doped with a base such as potassium or tert-butoxide),*® and modest redox activity above
4V vs. Li/Li*.**1® As an alternating co-polymer, PFNDI has a LUMO level of -3.61 eV
and a highest occupied molecular orbital (HUMO) level of -5.93 eV, and this high HOMO
energy level is indicative of its possible stability in a reducing environment.® 3

Here, we investigated n-type PFNDI as a binder for silicon anode. Our approach
used cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and
electrochemical impedance spectroscopy (EIS). We used PFNDI as a binder for silicon

anodes and characterized the battery cycling performance.
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Figure 11-1. (a) Structure of poly(fluorene-alt-naphthalene diimide) (PFNDI) showing the
redox active NDI unit (blue) and the conjugated fluorene unit (purple). (b) Doping of a
naphthalene diimide (NDI) unit with Li* ions. Upon the first reduction, one carbonyl
oxygen is doped with a Li* ion, and upon the second reduction, a second carbonyl oxygen
is doped. The reverse process takes place during oxidation. VVoltages are vs. Li/Li".
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Materials

For the PFNDI synthesis, 9,9-dioctylfluorene-2,7-diboronic acid bis(1,3-
propanediol) ester and (4,9-dibromo-2,7-bis(2-
octyldodecyl)benzo[Imn][3,8]phenanthroline-1,3,6,8 (2H,7H)-tetraone were acquired
from Sigma Aldrich and SunaTech Inc. Tetraethylammonium hydroxide, 20 wt% solution
in water was acquired form ACROS organics. Indium tin oxide (ITO) coated glass
substrates were purchased from Delta Technologies (7 mm x 50 mm x 0.7 mm, resistance
5-10 Q, one side coated). Dichloromethane, isopropyl alcohol, acetone, and anhydrous
chloroform were purchased from VWR. Super P carbon black (CB) (0.04 um particle size,
62 m?/g surface area) and stainless-steel substrates (15.5 mm diameter x 0.2 mm thick)
were purchased from MTI corporation. Anhydrous lithium perchlorate (LiClOa),
anhydrous acetonitrile (MeCN), 1-methyl-2-pyrrolidinone (NMP) and the electrolyte
composed of 1 M lithium hexafluorophosphate (LiPFg) in ethylene carbonate:diethylene
carbonate (EC:DEC) (1:1 v/v) were purchased from Sigma Aldrich. The reference
electrode used was a saturated silver/silver chloride (Ag/AgCl) electrode purchased from
Pine Research Instrumentation. Lithium metal foil (0.75 mm thick x 19 mm wide) and
Aliquat 336 were purchased from Alfa Aesar. Polypropylene separator (Celgard 3501) (19
mm diameter x 0.025 mm thick) was purchased from Celgard. Silicon nanoparticles
(98+% purity, 20-30 nm size, 80-120 m?/g surface area) were purchased from US

Research Nanomaterials.
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Methods
PFNDI polymer characterization

Polymer molecular weights and polydispersities were determined using an Agilent
1200 module equipped with three PSS SDV columns in series (100, 1000, and 10,000 A
pore sizes), an Agilent variable wavelength UV/vis detector, a Wyatt technology HELEOS
Il multiangle laser light scattering (MALLS) detector (A = 658 nm), and a Wyatt
Technology Optilab reX RI detector. This system enables GPC with simultaneous
refractive index (GPC-RI), UV/vis (GPC-UV/vis), and MALLS detection. THF was used
as the mobile phase at a flow rate of 1 ml/min at 40 °C. Proton-NMR (1H NMR) spectra
were recorded using tetramethylsilane as the internal standard in (ds-chloroform) CDClI3
on a 400 MHz Bruker multinuclear spectrometer. Samples were placed in 5 mm outer
diameter tubes and the concentration was ~10 mg/ml.
Silicon anode preparation

To make a silicon electrode with PENDI as the conductive binder, 65 wt% silicon
nanoparticles, 15 wt% PFNDI, and 20 wt% CB were dispersed in NMP by sonicating the
mixture for 30 minutes to form a slurry. This slurry was then drop-cast onto a stainless
steel substrate, dried in air, and then dried in a vacuum oven at 120 °C for 3-4 h to remove
the residual NMP. The active material loading of Si/PFNDI/CB electrode was around 0.3-
0.4 mg/cm? with total areal loading of 0.5 mg/cm?.
PFNDI electrode preparation

ITO-coated glass and stainless-steel substrates were cleaned by sonicating

sequentially in dichloromethane, isopropyl alcohol, distilled water, and acetone. They
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were then dried using nitrogen gas. Furthermore, the 1TO-coated glass substrates were
cleaned using ozone plasma treatment (Harrick PDC-32G) for 20 minutes. PFNDI was
dissolved in chloroform (2 mg/ml) and drop-cast on the conducting side of cleaned ITO
or the stainless-steel substrate to yield an active material loading of approximately 0.3—
0.4 mg/cm?. The PFNDI polymer electrode was dried in a vacuum oven at 75 °C for 6 h
to remove residual chloroform.
Electrochemical characterization

A two-electrode half-cell was also used to study Si/PFNDI/CB=65/15/20 working
electrodes with lithium metal as the counter and reference electrodes, Celgard separators,
and 1 M LiPFs in EC:DEC (1:1 v/v) as the electrolyte. The Solartron
Potentiostat/Galvanostat Instrument (Solartron, Electrochemical Interface 1287) was used
to perform cyclic voltammetry at 1 mV/s and galvanostatic cycling at 0.1 C. For these
experiments, the C-rate was calculated using the theoretical capacity of silicon (3579
mANh/qg).

For the PFNDI/silicon polymer anode, the voltage window was 0.01 V to 1 V vs.
Li/Li*, and a two-electrode half-cell was used. PFNDI coated stainless-steel was used as
the working electrode and lithium metal was used as the counter and reference electrode.
Celgard separators were used between these two electrodes and 0.5 M LiClO4 in MeCN
was used as the electrolyte. The Solartron instrument was used to conduct cyclic
voltammetry at 1 mV/s and galvanostatic cycling at different C-rates (0.1 C, 0.2 C, 0.5 C,

and 1 C). A Gamry Potentiostat/Galvanostat Instrument (Gamry Interface 1000, Gamry
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Instruments) was used to perform electrochemical impedance spectroscopy (EIS) with 50
mV amplitude and 100 kHz to 5 mHz frequency range.

A three-electrode electrochemical cell was used to perform electrochemical
measurements on PFNDI electrodes. PFNDI drop-cast onto 1TO-coated glass was the
working electrode, Ag/AgCl was the reference electrode, platinum wire was the counter
electrode, and 0.5 M LiClO4 in MeCN was used as the electrolyte.

Results and discussion

Synthesis of PFNDI was adapted from a prior report.!* PFNDI as-synthesized had
a molecular weight of approximately 41.0 kDa and a dispersity index of 1.7. We added n-
type PFNDI as a polymeric binder in silicon anode to evaluate its performance as a
conductive binder. The electrode was prepared following a mass ratio of Si/PFNDI/CB =
65/15/20 wt% in NMP, which was drop-cast onto stainless steel. This electrode was used
as the working electrode in a two-electrode half-cell with lithium metal as the
counter/reference electrode and 1 M LiPFg in EC:DEC (1:1 v/v) as the electrolyte. Figure
I1-2a shows the cycling performance of the silicon electrode at 0.1 C for 10 cycles and it
can be observed that the capacity of the silicon electrode is very low (10 mAh/g) as
compared to theoretical capacity of silicon anode (3579 mAh/g). The current magnitude
in the cyclic voltammogram plot at 0.1 mV/s (Figure 11-2b) was also low which implies
that the extent of electrochemical reaction was low. Also, the cell failed within a few
galvanostatic cycles, which implies that the electrode suffered from volume changes

attributed to silicon.
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Figure 11-2. (a) Galvanostatic charge-discharge and Coulombic efficiency of
Si/PFNDI/CB=65/15/20 wt% electrode at 0.1 C. (b) Cyclic voltammogram of the same
electrode at 0.1 mV/s for three cycles. (c) Cyclic voltammogram of pure PENDI electrode
at 1 mV/s for 3 cycles and (d) galvanostatic charge-discharge at difference C-rates from
0.1 C to 1 C (5 cycles each). (e) Nyquist plot obtained via electrochemical impedance
spectroscopy (EIS) analysis of pure PENDI at different potentials in 0.01 V to 1 V vs.
Li/Li*. The AC amplitude was 50 mV. The frequency range was from 100 kHz to 5 mHz.

All tests were carried out in 0.01 V to 1 V vs. Li/Li" voltage window.

35



To analyze the reasons behind failure of battery made using Si/PFNDI/CB
electrode, we did analysis on the pure PFNDI binder itself. For that, we drop-cast PFNDI
onto stainless-steel substrate and used that as a working electrode in a half-cell assembly
vs lithium metal. We observed no redox peaks in the cyclic voltammogram at 1 mV/s,
which implies that PFNDI was not redox-active in the silicon working voltage window of
0.01-1 V vs. Li/Li* (Figure 11-2c). We also did rate performance study on pure PFNDI in
silicon working volage window and it showed very poor capacities (Figure 11-2d). EIS
analysis showed that the PFNDI had very high charge transfer resistance (diameter of the
depressed semi-circle) and this could be a reason for poor electrode performance (Figure
[1-2e). Thus, we showed that PFNDI is not redox-active in 0.01-1 V vs. Li/Li* window,
which made it highly resistive that overall led to poor performance as a binder in silicon
anode. Also, PFNDI did not possess the essential hydrogen bonding functional groups that
improve the binding ability to silicon, and thus PFNDI did not do failed to main electrode’s
structural integrity during volume changes. Lastly, we observed non-unform distribution
of PFNDI binder in silicon anode after drop-casting probably due to aggregation of binder.

We further analyzed pure PFNDI in detail to evaluate its redox-activity. For that,
we drop-cast PFNDI on ITO substrate to use as a working electrode in a 3-electrode
assembly with Ag/AgCl as referee electrode, Pt wire as counter electrode, and 1 M LiClO4
in acetonitrile as electrolyte. Figure I1-3 shows a cyclic voltammogram at 1 mV/s with
three different voltage regions explored: low voltage region (LVR, 1.7 V to 3.7 V), a high
voltage region (HVR, 3.7 V to 5.2 V), and the full voltage region (FVR, 1.7 V t0 5.2 V).

The reference electrode was Ag/AgCl, and the electrolyte was 0.5 M LiCIO4 in
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acetonitrile. Krtil and Novak showed that LiCIO4 in acetonitrile was stable up to 5.5 V vs.
Li/Li*.?° The electrochemical activity appears in the LVR and FVR scans, with the LVR
showing higher specific current than the FVR. There is not remarkable electrochemical
activity in the HVR scan. Two pairs of peaks occurring at different potentials were
observed, indicating the presence of two redox reactions (Figure 1l1-1b). Upon the first
reduction (2.53 V), a carbonyl group on the NDI unit gains an electron; for charge
neutrality a Li* cation dopes the negatively charged NDI unit. As the voltage decreases
further, a second reduction occurs at the NDI unit (2.32 V); resulting in another carbonyl
group’s reduction and doping with Li*. The peak current of the second reduction peak is
notably less than that of the first reduction peak. When the potential is reversed, oxidation
and first (de)lithiation of the NDI unit occurs (2.54 V). Upon increasing the potential
further, a second oxidation event occurs at the NDI unit (2.75 V).This showed that PFNDI

was redox-active within potential window of 1.7-5.2 V vs. Li/Li".
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Figure 11-3. Cyclic voltammograms of PFNDI at scan rate of 1 mV/s in various voltage
windows: low voltage region (LVR, 1.7 V to 3.7 V), high voltage region (HVR, 3.7 V to
5.2 V), and the full voltage region (FVR, 1.7 V t0 5.2 V). Tests were conducted in a three-
electrode cell, with PENDI as the working electrode, Ag/AgCl as the reference electrode,
platinum wire as the counter electrode, and 0.5 M lithium perchlorate (LiCIO4) in
acetonitrile as the electrolyte.

Overall, n-type PFNDI was a poor binder for silicon as compared to other
polyfluorene-type binders'® poly(9,9-dioctylfluorene-co-fluorenone) (PFFO) and
PFFOMB.° Here, the poor performance of PFNDI as a binder for silicon may be attributed

to the poor adhesion of the PFNDI to the silicon particles.? 2 Therefore, PFNDI is more

suitable for use on its own or blended with carbon black as an n-type polymeric electrode.

Conclusions
N-type poly(fluorene-alt-naphthalene diimide) (PFNDI) was synthesized via

Suzuki coupling and its performance as a binder in silicon anode was investigated. As a
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binder for silicon anodes, PFNDI exhibited poor performance, which was attributed to its
poor adhesion to the silicon particles and its non-redox activity within silicon working
potential window of 0.01 V to 1 V vs. Li/Li". Instead, PFNDI was redox active within 1.7-
5.2 V vs. Li/Li*. Future work should address these issues by increasing the molecular
weight and/or installing adhesive groups, such as hydroxyl groups. PENDI’s reversible
charge storage points to its possible application as a battery anode either by itself or with
carbon black as an additive.
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CHAPTER IlI
TANNIC ACID AS A SMALL MOLECULE BINDER FOR SILICON ANODES*

Introduction

Increasing energy demands have advanced the development of high energy density
lithium-ion batteries.! 2 Lithium-ion batteries have been used as energy storage devices in
a wide variety of applications, ranging from consumer electronics to industrial solar/wind
energy storage, and electric vehicles.® Several electrode materials for lithium-ion batteries
have been studied previously,*® however the need to improve the cost, performance, and
energy density of lithium-ion batteries has spurred the interest in developing stable, high
capacity electrode materials.” Anode materials that can form intermetallic compounds
with lithium have attracted attention due to their much higher capacities relative to
conventional graphite anodes.® Specifically, silicon holds great promise due to its low
discharge potential, abundance, and high theoretical capacity of 3500 mAh/g (ten times
higher than that of graphite).® However, silicon has >300 % volumetric expansion upon
lithiation and low electrical conductivity.’® The limited conductivity can be addressed
through conductive additives,' ¥ but the volumetric expansion during lithiation generates
stresses in the electrode that result in capacity fade from electrode fragmentation and loss
of electrical contact.1® 13

To mitigate this issue, significant research efforts have focused on designing
nanostructured silicon particles!* and synthesizing carbon/Si composites.’®> However,

these methods require multi-step processing conditions and are thus expensive or

*Reprinted with permission from “Tannic Acid as a Small Molecule Binder for Silicon Anodes”,
by Kasturi Sarang, Xiaoyi Li, Andrea Miranda, Tanguy Terlier, Eun-Suok Oh, Rafael Verduzco,
Jodie L Lutkenhaus, ACS Appl. Energy Mater., 2020, 3, 7, 6985-6994. Copyright (2020)
American Chemical Society.
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complex.® One alternative route is to develop polymeric binders that can accommodate
silicon’s volume changes. Silicon anodes typically contain a binder that adheres the
electrode components together, including the silicon particles, conductive additives, and
current collector.r” Poly(vinylidene fluoride) (PVDF) is a commonly used polymeric
binder, but it has poor adhesion to silicon due to weak van der Waals forces, which lead
to poor battery cycle life.*®1° Also, PVDF (along with many other binders) require organic
solvents for processing, which can lead to detrimental environmental impacts relative to
water-based binders for silicon anodes.*® A systematic study by Kwon et al., demonstrated
that binder performance depends on the type of chemical bond formed with the silicon
surface and that strong non-covalent interactions, such as hydrogen bonding, are
preferred.?® Examples of such water-based binders include poly(acrylic acid),? 2
carboxymethyl cellulose,®® alginate,®* and galactomannans.’® Not only the type of
chemical bond, but also the polymer architecture, affects the binder performance for
silicon anodes. Specifically, a branched structure offered an advantage over a linear
structure by providing more anchors to the silicon nanoparticle surface.!’” Researchers
have explored hyperbranched polymers,?: 26 graft polymers,?” 2 and network polymers.?®
30 Small molecules such as tannic acid (TA) have not been explored as binders for silicon
anodes. Tannic acid is a water soluble natural polyphenol that contains multiple 3,4,5-
trihydroxybenzoyl (galloyl) groups arranged in a branch-like architecture as shown in
Figure 111-1a.3! This structure provides a number of groups that potentially bond with the

silicon surface.
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Motivated by this, we sought to understand how a small molecule with hydrogen
bonding functional groups, specifically TA, would behave as a binder for silicon anodes.

We hypothesized that evaluation of TA binders would isolate the effects of hydrogen

(a) OH

HO OH HO oH O
OH
HO o
OH
(o]
(o] 9 o] OH
o (o]
HO (o] OH
o (o] o]
HO o} 4 (o]
o o
HO o OH
o]
HO OH HO OH
o HO OH
HO (o] OH
(o]
HO
HO OH

(b)
Ball milled Doctor bladed on
N using water copper foil and dried

Silicon : :
Tannic acid Super P )
nanoparticles carbon black H%?‘;%igzgsf;:m

Si/TA/CB slurry
in ball miller tube

Figure 111-1. (a) Molecular structure of tannic acid (TA). (b) Schematic for preparation of
homogeneous composite silicon electrodes.

bonding without the effects of large-scale particle-to-particle bridging caused by high
molecular weight polymers. Tannic acid itself has been explored as an anode material, but
not as a binder for silicon. Xu et al. demonstrated that TA’s abundant oxygen-containing
functionalities could store charge via Li* doping around 1.1-1.5 V vs. Li/Li* with a

discharge capacity of 100 mAh/g.*? Researchers have also explored the hydrogen bonding
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capabilities of TA with different polymers.®® 34 Recently, Zhang et al., demonstrated a 3D
cross-linked tannic acid/polyethylene oxide binder for a sulfur cathodes.®

Here we present small molecule tannic acid (1700 g/mol) as a water-processible
binder for silicon anodes. Our approach used cyclic voltammetry, galvanostatic cycling,
and electrochemical impedance spectroscopy (EIS). We first performed cyclic
voltammetry on the electrode to evaluate reversible lithiation of the silicon particles.
Galvanostatic cycling and rate capability experiments were conducted to determine
cycling stability and performance. Scanning electron microscopy (SEM) captured the
changes in the morphology upon cycling. Time-of-flight ion mass spectroscopy (ToF-
SIMS) and X-ray photo electron spectroscopy (XPS) was performed to characterize solid
electrolyte interphase formation (SEI). EIS related electrode impedance to the electrode’s
performance. Overall, we show that tannic acid’s abundant hydroxyl groups can
effectively bond with silicon nanoparticles to maintain a cohesive electrode that
withstands repeated cycling. This is unique because most other binders are high molecular
weight polymers and some require organic solvents for processing.
Materials

Silicon nanoparticles (98+ % purity, 20-30 nm size, 80-120 m?/g surface area)
were purchased from US Research Nano Materials. Tannic acid (TA) (1701.2 g/mol), 1
M lithium hexafluorophosphate (LiPFes) in ethylene carbonate (EC):diethyl carbonate
(DEC) (1:1) v/v, and fluoroethylene carbonate (FEC) were purchased from Sigma Aldrich.
Lithium foil (0.75 mm thick x 19 mm wide) and fluoroethylene carbonate (FEC) were

purchased from Alfa Aesar. Super P carbon black (CB) (0.04 um particle size, 62 m?/g
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surface area) and copper foil (length x width x thickness = 170 m x 280 mm x 9 um) were
purchased from MTI corporation. Polypropylene separator (19 mm diameter x 0.025 mm
thick) was purchased from Celgard
Methods
Silicon anode preparation
To make electrodes, silicon nanoparticles (Si), TA, and CB with a mass ratio of
Si:TA:CB = 70:10:20 were ball milled together in water to form a homogenous slurry.
The resulting slurry was doctor bladed onto copper foil using an automated film applicator
(Elcometer 4340 Automatic applicator) with a blade thickness of 200 um. (Figure I11-1b)
Electrodes of two other compositions (Si/TA/CB=60/20/20 and Si/TA/CB=80/10/10 by
mass) were also fabricated for an initial screening experiment using the slurry casting
method. Blade thicknesses of 220 um and 180 um were used to cast Si/TA/CB=60/20/20
and Si/TA/CB=80/10/10 electrodes, respectively. These electrodes were air dried at room
temperature for 1 h, then at 40 °C overnight, followed by vacuum drying at 80 °C for 3 —
4 h. After drying, 16 mm electrodes were punched. The electrode thickness after drying
was measured using Zetasizer (TESA p-Hite) instrument. The loading of active material
in all electrodes was controlled to around 0.7 — 0.8 mg/cm?.
Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS)
SEM was carried out on a JEOL JSM SEM equipment with an accelerating voltage
of 5 kV and a working distance of 15 mm. The samples before cycling were dried in
vacuum oven at room temperature for 24 h before analysis; and the samples after cycling

were washed with dichloromethane to remove excess lithium salt. They were then dried
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inside the glovebox for two days followed by drying in vacuum oven at room temperature
for one day. EDS was performed on JEOL JSM SEM with an accelerating voltage of 20
kV and a working distance of 8 mm. The data acquisition and data processing for EDS
was done using INCA software. For the microscope setup, the probe current and process
time were optimized to obtain a deadtime of approximately 45 %. For quant optimization,
the measurements were done on a reference copper tape which was placed besides the
sample on sample holder. Different homogenous rectangular areas on the samples were
selected to acquire the data. All these steps were done to ensure that process parameters
were optimized to get a good quantification of elements present in the sample.
Time-of-flight (ToF-SIMS) ion mass spectroscopy

Positive and negative high mass resolution spectra were performed using a ToF-
SIMS NCS instrument, which combines a ToF.SIMS5 instrument (ION-ToF GmbH,
Minster, Germany) and an in-situ scanning probe microscope (NanoScan, Switzerland) at
Shared Equipment Authority from Rice University. A bunched 30 keV Bi®" ions (with a
measured current of 0.2 pA) was used as primary probe for analysis (scanned area 100 x
100 pm?) with a raster of 128 x 128 pixels. A charge compensation with an electron flood
gun has been applied during the analysis. An adjustment of the charge effects has been
operated using a surface potential of -6 V and an extraction bias of 0 V for the positive
polarity and a surface potential of 0 V and an extraction bias of -20 V for the negative
polarity. The cycle time was fixed to 90 us (corresponding to m/z = 0 — 737 a.m.u mass

range).
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X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was performed using Omicron ESCA
Probe (Omicron Nanotechnology) with a monochromated Mg Ka radiation (hm = 1253.6
eV). XPS survey scans were performed with an analyzer pass energy of 100-1100 eV (1.0
eV steps, 50 ms dwell time), while high resolution scans of carbon (C 1s) and silicon (Si
2p) were performed with a pass energy of 150 eV (0.05 eV steps, 200 ms dwell time). All
spectra were calibrated with the C 1s photoemission peak for sp?-hybridized carbons at
284.5 eV. Curve fitting (using CasaXPS software) was conducted using a Gaussian-
Lorentzian peak shape after Shirley-type background correction.
Electrochemical characterization

For electrochemical characterization, cells were assembled inside an argon-filled
glovebox (MBraun, Labstar 1200). 16 mm punched electrodes were used as working
electrodes and lithium metal foil (16 mm) was employed as the counter/reference
electrode. Two Celgard polypropylene discs (19 mm diameter, 25 um thick) were used as
separators. 1 M LiPFs in EC:DEC with 10 wt% FEC was used as an electrolyte in the
battery. Galvanostatic charge-discharge, rate capability, and cyclic voltammetry tests were
performed using an Arbin (Arbin Instruments, HPT-100mA). Electrochemical properties
were measured within a voltage range of 0.01 VV to 1 V vs. Li/Li*, and the charge-discharge
currents were calculated using the theoretical capacity of silicon (3579 mAh/g). For each
galvanostatic cycling test, the electrodes were cycled in constant current (CC) — constant
voltage (CV) mode for the first 5 cycles. In the CC—CV mode, the electrodes were first

lithiated at 0.1 C until the potential reached 0.01 V (CC mode) and then the potential was
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held constant at 0.01 V until the current had decayed to 0.01 C. After the first 5 cycles,
the electrodes were cycled in constant current mode at 0.5 C for 200 cycles. After the first
5 cycles, the electrodes were cycled in constant current mode at 0.5 C for 200 cycles. The
capacities are reported based on mass of silicon, unless mentioned. Electrochemical
impedance spectroscopy was performed on fresh electrodes and cycled electrodes for 5,
10, and 50 cycles. EIS was performed using a Gamry Potentiostat/Galvanostat Instrument
(Gamry Interface 1000, Gamry Instruments) with 10 mV AC amplitude, with 100 kHz to
5 mHz frequency range, and at 0.2 V vs. Li/Li".

Results and discussion

Silicon nanoparticles of size 50-70 nm were used since it is shown in literature that
particle fracture is minimized for silicon particles of size <150 nm.*® Silicon electrodes
using TA as a binder were prepared by casting a slurry of silicon nanoparticles, TA, and
carbon black, as shown schematically in Figure 111-1b. After drying, a homogeneous film
formed, and no cracking or agglomeration was observed.

Figure I11-2a shows the cyclic voltammogram of Si/TA/CB=70/10/20 (represented
by mass ratio) electrode at 0.1 mV/s. In the first cycle, a small cathodic peak is observed
at 0.1 V which is attributed to initial alloying of crystalline silicon with Li* ions.3” This
peak was not present in subsequent cycles. The cathodic peak observed at 0.17 V is
attributed to the formation of amorphous - lithiated silicon (a-LixSi) phase, and the two
anodic peaks at 0.4 V and 0.54 V are ascribed to delithiation, which results in the
transformation of a-LixSi to a-Si.® 39 These results are consistent with other silicon

anodes reported.?* 4%-42 We also performed cyclic voltammetry at varying scan rates, as
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demonstrated in Figure Il1-2b. With increasing scan rate, cathodic and anodic peaks
shifted to lower and higher potentials, respectively. At scan rates greater than 1 mV/s,
cathodic and anodic peaks are not observed. This behavior can be attributed to the limited
diffusion of Li* ions**#* and to ohmic losses in the two-electrode assembly caused by the
electrolyte solution.*® TA itself is redox active, but not within the potentials explored
herein.®> However for this study, silicon anodes were studied in the potential window of
0.01 Vto 1V vs. Li/Li*, and thus TA did not contribute to the storage of Li* ions.

We believe some of the TA will be in reduced form as the reduction potential of
TAis ~1.5 V vs. Li/Li*.*? As per the study by Xu et al., the disappearance of C=0 and C-
O-C peaks in FTIR, followed by an increase in the intensity of in-plane bend of C-O-H
group suggests reaction of Li* ions with the ester carbonyl groups.® Since the phenolic -
OH groups of TA remains intact in reduced form, those -OH groups still remain available

for hydrogen bonding interactions with silicon.
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Figure 111-2. (a) Cyclic voltammogram of Si/TA/CB=70/10/20 electrode at 0.1 mV/s for
three cycles. The peak at 0.17 V represents the formation of lithiated silicon, and the peaks
at 0.4 V and 0.5 V represent the delithiation of silicon. (b) Cyclic voltammograms at
different scan rates.
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Figure I11-3a-c demonstrates the galvanostatic cycling performance of silicon
electrodes with TA as a binder. Galvanostatic cycling was performed at 0.1 C first for five
cycles in CC-CV mode, followed by cycling at 0.5 C for the remaining cycles. Figure

I11-3a shows discharge capacities and Coulombic efficiencies for different electrode
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Figure 111-3. Galvanostatic charge-discharge of (a) different compositions of Si/TA/CB
electrodes, (b) Si/TA/CB=70/10/20 electrode for 200 cycles. Inset in Figure I11-3b shows
a plot of Coulombic efficiency vs. cycle number for first 75 cycles. (c) Galvanostatic
charge-discharge of Si/TA/CB=70/10/20 electrode for 650 cycles (in black) without
changing lithium metal. Galvanostatic cycling was performed on another electrode (in red)
that had its lithium metal changed after the 150" cycle to eliminate any limitation from
the lithium itself. Galvanostatic charge-discharge was performed at 0.1 C for the first five
cycles in constant current-constant voltage (CC-CV) mode followed by 0.5 C for the
remaining 195 cycles.
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compositions: Si/TA/CB=60/20/20, Si/TA/CB=70/10/20, and Si/TA/CB=80/10/10 by
mass. The silicon loading was controlled to around 0.7-0.8 mg/cm?. The electrode
thicknesses after drying for Si/TA/CB=60/20/20, Si/TA/CB=70/10/20, and
Si/TA/CB=80/10/10 were 10-12 pm, 7-8 um, and 6-7 um, respectively. The electrode
with 70 wt% silicon, 10 wt% TA, and 20 wt% CB showed the best capacity out of the
three compositions tested.

To further understand the improved performance for the Si/TA/CB=70/10/20
electrode, Figure Ill-4a-b, we performed electrochemical impedance spectroscopy (EIS)
for electrodes of varying compositions. The overall resistance (i.e. sum of the semicircle
diameters) of the Si/TA/CB=70/10/20 was lowest as compared to the two other electrode
compositions tested. Si/TA/CB=80/10/10 showed the highest resistance probably due to
its lower CB content. Si/TA/CB=60/20/20 showed a slightly higher resistance than
Si/TA/CB=70/10/20 probably due to the higher binder content and higher electrode
thickness.*® This indicates that Si/TA/CB=70/10/20 had a better balance of electron
conducting additives and accessibility to the active material, leading to the higher capacity
as compared to the other compositions tested.

The results in Figure 111-3a and Figure Il1-4a-b show that the ratio of silicon, TA
binder, and carbon black additive is an important factor. Excess TA binder increases the
overall impedance*’ and may also participate in side-reactions with the electrolyte.® On
the other hand, an insufficient amount of TA binder may result in poor adhesion of the

electrode components. Peel testing of these electrodes, as shown in Figure Ill-4c,
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demonstrate that the silicon electrode containing 20 wt % TA showed better adhesion, as
compared to that with 10 wt % TA. Overall, we believe that a proper balance between
active material, binder, and carbon additives is essential to maintain a proper electronic
network without any agglomeration. With these factors in consideration, all further studies
were performed using the Si/TA/CB=70/10/20 composition because it provided the best

balance of these factors.
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Figure 111-4. Nyquist plot of Si/TA/CB electrodes with different compositions (a) before
and (b) after 50 cycles. Electrochemical impedance spectroscopy (EIS) was performed on
fresh and cycled electrodes at a potential of 0.2 V. The AC amplitude was 10 mV. The
frequency range was 100 kHz to 5 mHz. (c) Peel test of Si/TA/CB=60/20/20,
Si/TA/CB=80/20/20, and Si/TA/CB=70/10/20 electrodes. A 3M tape was used here, and

it was pressed on the samples for 5 seconds with equal force before peeling it off.

We next examined the Si/TA/CB=70/10/20 electrode in further detail. The initial

discharge capacity of Si/TA/CB=70/10/20 electrode was 4050 mAh/g (Figure 111-3b and

53



Figure 111-5a) and the charge capacity was 2800 mAh/g at 0.1 C. Such a large irreversible
capacity loss is common for silicon electrodes, arising from electrolyte decomposition,
SEI formation, or electrical disconnection caused by volume changes.*® The voltage
profile demonstrated in Figure 111-5a was consistent with previous silicon studies, which
exhibit a long flat plateau during the first lithiation process in which silicon reacts with

Li* ions to form amorphous LixSi.*°
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Figure 111-5. (a) Voltage profile of Si/TA/CB=70/10/20 electrode for different cycle
numbers. (b) Picture of Si/TA/CB=70/10/20 electrode before and after cycling for 200
cycles. The picture for the cycled electrode was taken after it was washed with
dichloromethane and dried inside the glovebox.

After five cycles at 0.1 C, the anodes were then cycled at 0.5 C. The capacity

decreased to 1000 mAh/g and then stabilized at 700 mAh/g up to 200 cycles, which
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implies that the electrode was structurally stable.> ! Also, no visual delamination or crack
formation occurred after 200 cycles (Figure 111-5b). Thus, the drop in capacity for the first
few cycles can be attributed to SEI formation (demonstrated later in the text) and to the
lack of elastic nature of TA as compared to that of a high molecular weight polymeric
binder. Analysis of the Coulombic efficiency can also lend insight into the evolution of
the electrode during cycling. The Coulombic efficiency of the first cycle was 86 %. Within
the first 15 cycles, the Coulombic efficiency increased to 98 % then stabilized to >99.5 %
within 50 cycles, implying the formation of a stable SEI.

To further demonstrate electrode stability over many cycles, a Si/TA/CB=70/10/20
electrode was cycled for 650 cycles at 0.5 C (Figure I11-3c). We note that the discharge
capacity dropped rapidly around the 120th cycle (shown in black). After disassembling
the cell, we observed that the silicon electrode was devoid of cracks or delamination;
however, the lithium metal had become black in color (inset in Figure I11-3c). This
behavior can be explained by degradation of the lithium metal at a high C-rate (>0.2 C),
as reported previously by Choi et al.*> In a separate sample, the lithium metal was
exchanged for a new one after the 150th cycle (shown in red), and galvanostatic cycling
was continued at 0.5 C. After changing the lithium metal, the silicon electrode recovered
some of its capacity, and operated at a capacity above 850 mAh/g for the remaining 500
cycles at 0.5 C.

We compare the performance of our electrode with that reported by Tian et al. in
which they made electrodes using silicon microparticles, TA, poly(acrylic acid) (PAA),

and Super P CB.*® Their electrodes (Si loading = 0.48 mg/cm?) demonstrated a capacity
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of ~2000 mAh/g at a current density of 0.6 A/g (~0.1 C) for at the 100" cycle. As compared
to their work, our electrodes demonstrated a lower capacity (850 mAh/g at 0.5 C) with
higher silicon loading (~0.7 mg/cm?) and for a large number of cycles (600 cycles) with
10 wt % TA. Tian et al. added PAA to their electrode system (total binder content ~22
wit%),%® where as we did not include a polymer so as to assess the behavior of the TA
alone. The relatively good stability of our electrode for 10 wt% TA binder is attributed to
the strong interactions between TA’s hydroxyl groups and -OH groups at the silicon
nanoparticle surface. Also, it performed as well as other reported polymeric binders in
literature (Table |||-1).16’ 21, 23-25, 27, 28, 30, 40, 42, 52-55

Table 111-1. Comparison of different silicon anode binders

Si/binder/ Si Loadin Electrolyte cvelin
Binder CB (mglcm?) g (Salt, Solvent, Pgrfor%ance Ref
(by mass) | ‘M9 Additive)
Water soluble binders
850 mAh/g at
075082 |1 M LiPFe 80502 cycle at
.. EC.DEC= 11|~ This
Tannic acid | 70/10/20 vol%, 10 wt% | 1125 mAh/g at | work
0.5 FEC 200" cycle at
05C
Poly (acrylic
acid sodium) .
grafted EC'DI\IQ/IC-IEI'ZFG’ 1816 mAh/g at
carboxymeth | 60/20/20 | 0.45 volot 10_ Wit 100" cycle at | 4
yl cellulose FECO’ °lo1c
NaPAA-g-
CMC
1 M LiPFs in
. 2000 mAh/g at
Poly(acrylic 43/15/42 EC.DEC:DMC= 100t cycleg at | 21
acid) (PAA) - 1:1:1 vol%, 5 05C
wt% VC '
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Table I11-1. Continued

Si/binder/ Si Loadin Electrolyte cvelin
Binder CB (mglem?) g (Salt, Solvent, Pgrforr%ance Ref
(by mass) | M9 Additive)
Poly(acrylic . .
acid)- 60/20 EC!\E')EE'_EF,\; on'| 2283 mAn/g at
poly(vinyl (PAAPV | - 111 volok 1_0 100" cycle at 1 | %'
alcohol) A=9:1)/20 o FEC o C
PAA-PVA
1 M LiPFs
. ) _1.4 11800 mAh/g at
Poly(dopami | g10/10 | 0.5 EC.DMC=L1 1160t cycle at | %2
ne) vol%, 10 wit% 05C
FEC '
Sodium Si:C(3:1)/ 1 M LiPFs, | 2000 mAh/g at
alginate Alg - DMC:EC:DEC= | 100" cycle at 1 | 24
(Alg) =85/15 1:1:1 vol% C
Polymerized 1.15 M LiPFe, | 1500 mAh/g at
B- 60/20/20 | 0.6 EC:EMC:DEC= | 100" cycle at 1 | %
cyclodextrin 3:5:2 vol% C
1 M LiPFs,
Polyrotaxane | 20/10/10 EC:DEC=1:1 |2.43 mAh/cm?
(silicon
-poly(acrylic microparti 1 vol%, 0.5 wt% | at 150" cycle at | 42
acid) cles 5vere VCand 7.5wt% | 0.2C
used) FEC
Sodium 1 M LiPFs in| 1100 mAh/g at
carboxymeth | 80/8/12 1.8 EC:DEC=1:2 70" cycle at |2
yl cellulose vol% 0.03C
Chitosan- 1 M LiPFe in a | 2130 mAh/g at
glutaraldehy | 60/20/20 | - mixture of | 100" cycle at | %°
de solvents 01C
Galactomann 1 M LiPFs in| 1000 mAh/g at
ans 85/5/10 0.75 EC:EMC=1:1 100" cycle at 1 | 6
vol% C
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Table I11-1. Continued

Si/binder/ Si Loadin Electrolyte cvelin
Binder CB (mglcm?) g (Salt, Solvent, Pgrforg"lance Ref

(by mass) | "9 Additive)
Poly(acrylam 1 M LIiPFe in| 2000 mAh/g at | 4
i de)y Yam i zo115/15 | 1-1.1 EC:DEC:DMC= | 300" cycle at

1:1:1 vol% 0.1C
Polyvinyl
alcohol- 60/20 1 M LiPFs in| 1060 mAh/g at
polyethylene | (PVA:PEI | 1.8-2.7 EC:DMC=1:1 | 300" cycle at |5
imine =8:2)/20 vol% ~0.2C
PVA-PEI
Organic solvent-based binder

Si:C(3:1)/ 1 M LiPFs, | 420 mAh/g at
PVDF PVDF=85 | 0.5-0.7 EC:DEC:FEC=1 | 40" cycle at0.1 | %

/15 :1:0.04 vol% C
Self-healing . .
polymer ECI\I/DIE(IEIT/%FIEn 1820 mAh/g at
(Diamido 80/10/10 | 1.13 SN 140" cycle at |52

: C=1:1:0.05:0.05
tetraethyltriu 0.05C
vol%

rea)

To demonstrate the hydrogen bonding interaction between TA and the silicon
particles, we performed XPS on a mixture of the two before and after washing with
water.?> 53 |t was observed that the C 1s peak resulting from TA was still present in the
XPS spectra even after vigorously washing the mixture with water, in which TA is
normally highly soluble (Figure I11-6). This indirectly implies that silicon nanoparticle-

TA interactions are strong and numerous enough to prevent dissolution of the TA.
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Figure I11-6. X-ray photoelectron spectroscopy (XPS) characterization (a) survey scan, (b)
Si 2p spectra, and (c) C 1s spectra of silicon nanoparticle and TA mixture before and after
washing with water.

We next studied the electrode response at high C-rates, the electrode was subjected

to increasing C-rates from 0.1 C to 5 C (Figure I11-7a). The first-cycle discharge capacities
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at 0.1 C and 1 C were 3800 mAh/g and 1500 mAh/g, respectively. The rapid drop in
capacity with higher C-rates has been widely reported for silicon anodes.**8 After cycling
at 5 C, the C-rate was decreased to 0.1 C, and approximately 87.5 % of the initial capacity
was recovered. The similar voltage profiles (Figure 111-7b) and decent capacity recovery
implies that the electrode did not undergo major degradation (i.e. disintegration of
electrode structure causing breakage of electronic pathways) higher C-rates and that

capacity fade mostly arose from Li* ion diffusion limitations.! 1°
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Figure I11-7. (a) Galvanostatic charge-discharge of Si/TA/CB=70/10/20 electrode at
different C-rates. (b) Voltage profile of the same electrode at different C-rates.
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The electrode morphology (surface and cross-section) before and after cycling was
studied using SEM (Figure 1l1-8a-b). Fresh electrodes showed a uniform surface
morphology, and the cross-section showed a densely packed structure with no visible
cracks. Uniform distribution of silicon nanoparticles and TA in the electrode was observed
via energy dispersive X-ray spectroscopy (EDS) mapping of Si, C, and O elements, as
shown in Figure I11-8c. After 50 cycles, an SEI layer was observed at the, along with minor
surface cracks due to internal stresses during lithiation and delithiation. The cross-section
images show that electrode thickness increased from 8 um to 11 um (a 38 % increase).
The cracks only appeared at the surface and did not extend through the thickness of the
electrode. This increase in electrode thickness after cycling is usually observed for silicon
electrodes.®® ¢° But, as indicated in Figure 111-3, the electrode maintained a stable capacity
over a large number of cycles, which implies that TA was able to anchor to the silicon

nanoparticles successfully.
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Before cycling After 50 cycles

Figure 111-8. Scanning electron microscopy (SEM) images of (a) the surface and (b) cross-
section of a Si/TA/CB=70/10/20 electrode before and after 50 cycles of charge-discharge.
(c) Energy dispersive spectroscopy (EDS) mapping of Si/TA/CB=70/10/20 electrode
before 50 cycles of charge-discharge. The scale bar on the EDS images are 1 um.
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Figure 111-9. Overlap of time of flight-secondary ion mass spectroscopy (ToF-SIMS)
surface profile images of selected electrode components of Si/TA/CB=70/10/20 electrode
(a) before and (b) after 50 cycles of charge-discharge. Here, we used SiO2" to represent
the silicon nanoparticles, CeHsO3™ to represent TA, C” to represent carbon from Super P
carbon black (CB), and RO-COOL.i to represent one component of the SEI.

We also performed ToF-SIMS (Figure 111-9) on electrodes before and after 50
cycles of charge-discharge to examine ion fragments corresponding to silicon

nanoparticles, TA, Super P CB, and the SEI layer. Specifically, SiO>" reflects the silicon
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nanoparticles, CeHsOs™ the TA, C the Super P CB, and RO-COOL. the SEI layer. As seen
in Figure 111-9a, a smooth morphology and uniform distribution of silicon, TA and CB is
present before cycling. The existence of SiO.- on the fresh electrode surface reveals some
amount of oxidation of the silicon particle surface, leading to the presence of -OH
groups.®! This finding supports our hypothesis that TA hydrogen bonds with -OH groups
at the silicon particle’s surface. The electrodes after cycling showed a more heterogeneous
surface chemistry (Figure 111-9b). The drop in intensity of SiO2- and an increase in
intensity of RO-COOL. indicated the formation of an SEI layer. The CsHsO3" component
representative of TA was not detected, indicating that the SEI covered electrode surface.
The overlapped image shows that the majority of the SEI components are present on the
surface of the cycled electrode (i.e. intensities of C™ and SiO2 were much lower than that

of RO-COOLI).
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Figure 111-10. X-ray photoelectron spectroscopy (XPS) spectra of (a) C 1s, (b) Si 2p, and
(c) F 1s of Si/TA/CB=70/10/20 electrode before cycling, after 1 cycle, and after 50 cycles
of charge-discharge.
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To further understand the composition and stability of the SEI formed, XPS was
performed on the silicon electrodes before cycling, after 1 cycle, and after 50 cycles as
shown in Figure 111-10. The C 1s spectra show the emergence of a peak at approximately
288.5 eV after cycling, which is associated with the formation of carbonaceous species
including Li.COz or RO-COOL.. Both have been widely reported as the main components
of the SEI formed on silicon.?* 263 The Si 2p spectra before cycling demonstrates the
presence of Si (99.2 eV) and SiO, (103 eV). After the 1% cycle, an additional peak at 105.3
eV appeared after cycling which is attributed to the formation of SiOyF, from consumption
of SiOx.® This peak disappeared after 5 cycles, and another peak at 101.2 eV was
observed, which is attributed to the formation of LixSiOy.%* The Si peak almost disappears
after 50 cycles due to thicker SEI formation. No fluorine is observed in the F 1s spectra
before cycling, as expected. After cycling, LiF and LixPFy peaks at 685.8 eV and 684 eV,
respectively, were observed; these are attributed to decomposition of LiPFs in which FEC
is present in the electrolyte.®* ®° In general, XPS measurements demonstrate that the SEI
layer consisted of electrolyte decomposition products, including LiF, LixSiOy, Li>COs,
LixPOyF;, and RO-COOL.i. However, the SEI composition changes slightly after 50
cycles, which can be due to additional reactions on cycling and formation of thicker SEI.%¢
Overall, the stable cycling performance, structural integrity, and stable SEI formation can
be attributed to tannic acid’s many -OH groups that hydrogen bond with the silicon

nanoparticle’s surface.
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Figure 111-11. (a) Nyquist plot of Si/TA/CB=70/10/20 electrode before cycling and after
5, 10, and 50 cycles of charge-discharge. EIS data were collected after different cycles to
determine the change in electrode impedance due to cycling. Inset shows an expanded
view of the high frequency region. EIS was performed at a potential of 0.2 V (lithiation).
The frequency range was from 100 kHz to 5 mHz, and the amplitude was 10 mV. (b)
Equivalent circuit used to model the after cycling EIS data. The dotted lines represent the
experimental data and solid lines represent the equivalent circuit model fit to the data.

Electrochemical impedance  spectroscopy was performed on the
Si/TA/CB=70/10/20 electrode before and after cycling to monitor changes in impedance

during the lithiation process (at 0.2 V). The Nyquist plot in Figure 111-11a shows depressed
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semicircles in both the high and medium frequency regions and a Warburg tail in the low
frequency region. The depressed semicircle in the high frequency region is indicative of
the SEI film resistance, and the one in the medium frequency region is indicative of the
charge transfer resistance at the electrode-electrolyte interface. The Warburg tail in the
low frequency region is indicative of solid-state Li* ion diffusion.

To demonstrate the physical significance of the electrochemical process occurring
at 0.2 V, an equivalent circuit was fit to the EIS data (Figure I11-11b). The circuit consisted
of an ohmic resistance (Ro), which is the resistance to Li* ion conduction through the bulk
electrolyte to the electrode-electrolyte interface and to the electronic conduction through
the electrode to the copper foil-electrode interface; a charge transfer resistance (Rct) due
to the reaction between the silicon and Li* ions; a constant phase element (CPE) due to
the electrode-electrolyte interface; a resistance due to the SEI layer (Rsei); a CPE due to
the SEI layer-electrolyte interface; and a Warburg impedance (Wo) related to solid-state
Li* ion diffusion. Table 111-2 summarizes the results of fitting the equivalent circuit to the
EIS data. The diffusion coefficient (calculated using previous reports)* %7 was around 8.1
x 1012 cm?/s, which is in accordance with literature values for silicon anodes.®’

From the equivalent circuit model, we observed that the electrode’s resistance (Rsg
+ Rct = 68.6 ohms) varied with cycling. After 5 cycles, Rsei + Ret was 7.05 Q, and this
value increased slightly to 9.53 Q after 50 cycles, Table I11-2. The slight increase in
resistance in subsequent cycles® can be attributed to increased thickness due to SEI
formation and irreversible increase in electrode’s volume during initial Li* ion
insertion/extraction cycles® — evident from the SEM images in Figure 111-8b.
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Table 111-2. The results of fitting an equivalent circuit to the EIS data.

Solid-state
D|_i+
(x 1012 cm?/s)

Ro Rsei CPEsg Rct  CPEct 2

(@) (@ (10°pF) (Q) (x107uF) (Qs)

Before
cycling 181 - - 66.1 5.55 0.001 - -

After
5

1.05 1.71 0.50 3.55 5.88 0.005 3.21 6.44
cycles

After
10

1.12 2.68 0.47 2.76 8.98 0.004 4.35 8.99
cycles

After
50 1.71 7.53 1.06 1.47 0.74 0.005 4.03 8.80
cycles

Our work demonstrates how the small molecule tannic acid behaves as a binder
for silicon anodes. Despite having a much lower molecular weight compared with popular
polymeric binder materials, tannic acid is effective due to the large number of hydrogen
bonding groups (14.8 millimoles of OH/g of TA ), which is even greater than PAA(13.8
millimoles of -COOH/g of repeat unit of PAA) and polydopamine (13.3 millimoles of -
OH/g of repeat unit of polydopamine ), see Table I11-3. As shown Table I11-1, the cycling
performance of our silicon electrode with TA binder was comparable to other water-based
binders reported in literature. This comparison shows that the TA electrodes reported here
compare favorably. One other recent study reported excellent performance in silicon

anodes with citric acid as a binder.”® Our work along with this recent study indicate that
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branched, functional small molecules may be superior (or comparable) to many polymers
as binders for silicon anodes.
Table 111-3. Comparison of different binders and the millimoles of hydroxyl (-OH) and

carboxyl (-COOH) functional groups per gram of the binder. For polymers, the molecular
weight is that of the repeat unit.

Type Molecular Millimol No. of

. : No. of Millimoles
Binder weight . es of COOH
(g/mol) OH/unit OH/g Junit of COOH/g
Low
molecular
weight Tannic acid 1686 25 14.8 - -
branched
molecule
Poly(acrylic 702 i i 1 13.8
Long chain acid)
linear SIOO.'"?m S‘?‘('jt of g 4 18.3 2 9.13
olymers alginic acic
P Poly(vinylide 642 i i i i
ne fluoride)
Polydopamine 1502 2 13.3 - -

Because it is difficult to compare performance of binders across different reports
due to differences in electrode composition, loading, battery assembly, and cycling
conditions; we performed an in-house comparison with a few common binders. Figure
I11-12 shows the cycling performance of silicon electrodes with poly(vinylidene fluoride)
(PVDF), poly(acrylic acid) (PAA), and sodium alginate (Alg). We purposefully used
similar active material loading, battery assembly, and cycling conditions. The 70/10/20
SI/TA/CB anode possessed the best performance in this in-house comparison.
Si/PVDF/CB demonstrated the lowest capacity due to the absence of hydrogen bonding
groups. Si/PAA/CB showed lower capacity than Si/TA/CB, possibly due to lower density
of -COOH groups. Si/Alg/CB also showed lower capacity than Si/TA/CB despite having
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higher density of -OH groups (18.3 milimoles of -OH/g of repeat unit of Alg), which can
be attributed to the lack of a branched structure. Therefore, this in-house comparison
demonstrates the importance of hydrogen bonding groups and branched structures for

effective silicon anode binders.
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Figure 111-12. In-house comparison of cycling performance of Si/TA/CB electrode to
Si/Alg/CB, Si/PAA/CB, and Si/PVDF/CB electrode. Here, similar active material loading,
same battery assembly, and cycling conditions were used to make a direct comparison.
Conclusions

This report isolated the effects hydrogen bonding of the small molecule binder
tannic acid for silicon anodes. With few exceptions, silicon anodes primarily incorporate
high molecular weight polymeric binders. However, tannic acid, which is a small,
branched, water-soluble polyphenol with a large number of -OH functional groups,
performs comparably to many polymeric binders and excelled in an in-house comparison
to PVDF and PAA. An optimal electrode composition of 70 wt% silicon, 10 wt% TA, 20

wt% CB was identified, which balanced both electronic conductivity and active material
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accessibility. This electrode demonstrated a discharge capacity of 850 mAh/g at the 600"
cycle at 0.5 C. Cycling did bring about some volume expansion and surface cracking, but
no delamination or wide-spread cracking was apparent. Elemental mapping demonstrated
evidence of the hydrogen bonding mechanisms between SiO; at the silicon nanoparticle
surface and TA. A well-formed SEI layer was observed, which likely contributed to the
stable cycling performance. The in-house comparison with other polymeric binders
demonstrated the importance of not only hydrogen bonding but also branching in the
molecular structure. Looking to the future, other small molecules may prove to be
effective binders, so long as they are branched and have numerous non-covalent
interactions with the silicon nanoparticle surface.
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CHAPTER IV
MINIMIZING TWO-DIMENSIONAL TI3C2Tx MXENE NANOSHEET LOADING
FOR CARBON-FREE SILICON ANODES*

Introduction

Lithium-ion batteries have become important power sources for small electronics
such as mobile phones and laptops.™ 2 However, current lithium-ion batteries still require
improvements in energy density for electric vehicles and large-scale wind/solar power
grids.®> # In order to address these issues, researchers are working on improving the
performance of the battery’s electrodes.® ® Conventionally, graphite is used as an anode
material in lithium-ion batteries; however, it has a low theoretical capacity of 350 mAh/g.®
On the other hand, silicon anodes have a very high theoretical capacity of 3579 mAh/g
because they can store up to 3.75 Li* ions per silicon atom.” 8 Further, silicon has a low
discharge potential (~0.2 V vs. Li/Li*), and it is abundantly available in nature.>° In spite
of these advantages, silicon faces several major drawbacks. Silicon undergoes 300 %
volumetric expansion during lithiation which builds up internal stresses and causes
pulverization. Silicon nanoparticles (diameter <150 nm) alleviate pulverization,” 1° but
other issues affiliated with volumetric expansion still persist (e.g. delamination from the
current collector, unstable build-up of the solid electrolyte interphase (SEI),** 2 loss of
electrical percolation®®). This manifests as capacity fade and poor Coulombic efficiency.

To address the aforementioned issues, binders and conductive additives - over 30
wt% - are commonly added to silicon anodes.* These additives improve the overall

function of the electrode, but they dilute the active silicon material. The challenge we

*Reprinted with permission from “Minimizing two dimensional TisC>Tx MXene Nanosheet
Lading in Carbon-Free Silicon Anodes”, by Kasturi Sarang, Xioafei Zhao, Dustin Holta, Miladin
Radovic, Micah J. Green Eun-Suok Oh, Rafael Verduzco, and Jodie L Lutkenhaus, Nanoscale.,
2020, 12, 20699-20709. Copyright (2020) Royal Society of Chemistry.
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explore here is the minimization of additives while preserving function and maximizing
the amount of active silicon.

Several water-based polymeric binders have been studied for silicon anodes:*> 16
polyacrylic acid,'” *® carboxymethyl cellulose,*® alginate (Alg),?° and polydopamine.?
The general observation is that hydrogen bonding interactions between the binder and the
hydroxyl (-OH) groups on silicon the surface bind the electrode together.

Another important electrode component is the conductive additive. Super P carbon
black (CB) is the most commonly used conductive additive in silicon anodes.?
Researchers have also explored several carbonaceous materials such as graphene, 2%
carbon nanotubes,?® % and carbon nanofibers.?” However, CB and other carbonaceous
materials are hydrophobic, which complicates water-based processing.

Recently, MXenes, have been explored as conducting additives in silicon anodes.
MXenes are 2D nanosheets prepared by selectively extracting the “A” element from their
corresponding three-dimensional MAX phases, where M represents an early transition
metal, A is a group 13-16 element, and X is either a C and/or N.?® ?° The most commonly
examined MXene is TisC2Tx, which has a high conductivity (4600 S/cm), excellent Li*-
ion diffusion (~107'-10"° cm?s), and good mechanical properties.®® 3! TisC,Tx
nanosheets are also redox active in the potential window of 0-3 V vs. Li/Li*.3% %> MXenes
are hydrophilic due to the presence of terminal hydroxyl (-OH) groups on their surface.
These properties have been utilized to make water-based polymer-MXenes composites by
simple mixing processes.** Here, we represent TisC,Tx nanosheets as “MX” for
simplicity.
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The literature shows a theme in that huge quantities of MXenes and/or additional
additives are needed to prepare functional silicon anodes, effectively lowering the active
material (silicon) loading and the total electrode capacity. The capacity values listed in
this paragraph are the ones reported for long-term battery cycling test. Kong et al.®® made
silicon electrodes with 66 wt% of MXenes along with additional binder and CB. The huge
content of additives lowered the silicon content to 13 wt% in their electrode, which
lowered the total electrode capacity (24.4 mAh/gita at C-rate of ~0.05 C). On the other
hand, Zhu et al.®” made electrodes with 43 wt% of silicon by adding 22 wt% MXenes and
additional additives (binder and CB). These electrodes demonstrated a total capacity 740
MAh/grota at C-rate of ~0.1 C. Lastly, Zhang et al.*® used 30 wt% MXenes (Si content =
70 wt%) to make silicon electrodes without adding any binder or additional carbon
additives, and they demonstrated a total capacity of 1050 mAh/giota at C-rate of ~0.35 C.

There are a few reports which have utilized different approaches to minimize the
dead weight (which includes binder and carbon additives) in silicon anodes.®®* We
proposed that utilization of MXenes along with a suitable binder (without any additional
carbon additives) will reduce this dead weight and ultimately increase the silicon content
in electrode.

Here, we explored the minimization of MXene content in the pursuit of maximal
silicon loading, while developing a fundamental understanding how MXenes behave in
the electrode. Sodium alginate (Alg) was also added to the silicon electrodes because its -
OH groups hydrogen bond with silicon®® and MXenes. To evaluate the battery

performance, we used cyclic voltammetry to study the lithiation kinetics of the silicon
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anode, galvanostatic charge-discharge cycling to study the stability of the silicon
electrode, and electrochemical impedance spectroscopy to determine the electrode
impedance. We utilized scanning electron microscopy (SEM) along with energy
dispersive X-ray spectroscopy (EDS) to observe the morphologies of electrodes. We also
performed X-ray photo electron spectroscopy to characterize the SEI formed after battery
cycling. By using MXenes, we increased the silicon content to 80 wt% and eliminated CB
to yield a comparatively high capacity for silicon/MXene anodes.
Materials

Silicon nanoparticles (98+% purity, 50-70 nm size, 80-120 m?/g surface area) were
acquired from US-research nanomaterials. Sodium alginate (Alg, 15-25 cP, 1 % in H20),
1 M lithium hexafluorophosphate (LiPFg) in ethylene carbonate (EC):diethyl carbonate
(DEC) (1:1) vlv, hydrochloric acid (HCI, ACS reagent 37 % w/w), dimethyl sulfoxide
(DMSO, ReagentPlus, >99.5 %) were acquired from Sigma Aldrich. Lithium foil (0.75
mm thick x 19 mm wide), lithium fluoride (LiF, 98+ % purity), fluoroethylene carbonate
(FEC), titanium (Ti, 44 um average particle size, 99.5 % purity), aluminum (Al, 44 pm
average particle size, 99.5 % purity), and titanium carbide (TiC) (2-3 um average particle
size, 99.5 % purity) were purchased from Alfa Aesar. Super P carbon black (0.04 um
particle size, 62 m?/g surface area), copper foil (length x width x thickness = 170 m x 280
mm x 9um) was purchased from MTI corporation. Polypropylene separator (19 mm
diameter x 0.025 mm thick) was purchased from Celgard. Poly(vinylidenefluoride)
(PVDF) filtration unit with pore size of 0.22 pm was purchased from Milipore (Millipore®

SCGVUI10RE Stericup™ GV).
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Methods
TisC2Tx MXene nanosheet synthesis and composite binder preparation

MXene synthesis was adopted from literature*? and is detailed in Chapter 1. In
brief, the TisC2Tx MXene layers were obtained by lithium fluoride + hydrochloric acid
etching and DMSO delamination. X-ray diffraction (XRD) analysis (Bruker D8 powder
X-ray diffractometer) and X-ray photo electron spectroscopy (XPS) (Omicron ESCA
Probe, Omicron Nanotechnology) confirmed the successful synthesis nanosheets (Figure
[-12). After synthesis, the MXenes were freeze dried to form a powder and then stored
under vacuum at room temperature to prevent their oxidation. The morphology of the
delaminated MXene nanosheets was characterized using scanning electron microscopy
(SEM), as shown in Figure 1\VV-1a. From atomic force microscopy (AFM, Figure 1-13), the
lateral nanosheet size was approximately 1 um.

To prepare the conductive binder, freeze-dried MXenes were added to sodium
alginate solution (1 wt% solution in water) and the mixture was bath-sonicated for one
minute to form a homogenous dispersion as shown in Figure IV-2a. Two different
Alg/MXene ratios were studied; Alg (90 %) + MX (10 %) and Alg (80 %) + MX (20 %).
Silicon anode preparation

To synthesize silicon electrodes using the prepared composite binder, silicon
nanoparticles and the composite binder with a mass ratio of Si:conductive binder = 80:20
were ball milled together in water to form a homogenous slurry. Thus, two different
slurries were synthesized: Si/Alg/MX = 80/18/2 and 80/16/4 (by mass). The former

resulted from the 90 wt% Alg + 10 wt% MXene composite binder, and the latter resulted
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from the 80 wt% Alg + 20 wt% MXene composite binder. The slurry was doctor-bladed
on copper foil using an automatic film applicator (Elcometer 4340 Automatic applicator)
and the resulting film thickness after drying measured was around 8-10 um. The electrodes
were then dried at room temperature for 3-4 h and then under vacuum at room temperature
for 2 days. After drying, 16 mm electrodes were punched. The active material loading was
kept constant around 0.70+0.05 mg/cm?. For control experiments, two set of electrodes
were prepared: Si/Alg=80/20 and Si/Alg/CB=80/16/4. These compositions were chosen
to keep the ratio of active material to inactive material constant.
Four-point probe characterization

Four-point probe (powered by Keithley 2000, 6221 and two 6514.) was used to
determine the electronic conductivity. Four dispersions were prepared: 90 wt% Alg + 10
wt% MXenes or CB, 80 wt% Alg + 20 wt% MXenes or CB. These were drop-cast onto
glass slides (3 cm x 3 cm) and dried in vacuum for 2 days.
Fourier transform infrared spectroscopy

Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectra were
recorded using an IR Prestige 21 system (Shimadzu Corp.) using IRsolution v. 1.40
software. The solutions/dispersions used included MXenes (1mg/ml), Alg (1 mg/ml), 90
wt% Alg (Img/ml) + 10 wt% MXenes (1 mg/ml), and 80 wt% Alg (Img/ml) + 20 wt%
MXenes (1 mg/ml). These samples were prepared by drop-casting onto Cu foil (12 mm
diameter), followed by drying in vacuum for 2 days. To perform ATR-FTIR spectroscopy
on Si/Alg/MX=80/16/4 composition, 12 mm diameter discs were punched from the slurry-

cast Si/Alg/MX electrode. Silicon nanoparticles were characterized in its powder form.
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Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS)

SEM was carried out on a JEOL JSM SEM equipment with an accelerating voltage
of 5 kV and a working distance of 15 mm. SEM was performed on fresh and cycled (50
cycles of charge-discharge) electrodes. For the cycled electrodes, the cell was
disassembled in the glovebox, and the electrodes were washed with dichloromethane to
remove the residual salt. These electrodes were then dried in a glovebox for 2-3 days and
then in vacuum oven at room temperature for 3 days. EDS was performed on JEOL JSM
SEM equipment with an accelerating voltage of 20 kV and working distance of 8 mm. The
data acquisition and data processing for EDS was done using INCA software. For the
microscope setup, the probe current and process time were optimized to obtain a deadtime
of approximately 45 %. For quant optimization, the measurements were done on a
reference copper tape which was placed besides the sample on sample holder.
X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was performed on fresh and cycled (50
cycles of charge-discharge) electrodes. The XPS spectra were obtained using an Omicron
ESCA Probe Omicron ESCA Probe (Omicron Nanotechnology) with a monochromated
Mg Ka radiation. The survey scans were conducted using a pass energy of 100-1,100 eV
with steps of 1.0 eV and 50-ms dwell time. Curve fitting (using CasaXPS software) was
conducted using a Gaussian-Lorentzian peak shape after Shirley-type background

correction.
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Electrochemical characterization

For electrochemical characterization, two-electrode cells were assembled inside an
argon-filled glovebox (MBraun Labstar 1200). 16 mm punched electrodes were used as
working electrodes and lithium metal foil (16 mm) was employed as the counter and
reference electrode. Two Celgard polypropylene discs (19 mm diameter, thickness) were
used as separators. 1 M LiPFe in EC:DEC with 10 wt% FEC was used as the electrolyte.
Galvanostatic charge-discharge cycling, rate capability, and cyclic voltammetry were
performed using an Arbin Instrument (Arbin Instruments, HPT-100mA). The voltage
range was 0.01 V to 1 V vs. Li/Li*, and the charge-discharge currents were calculated
based on the theoretical capacity of silicon (3579 mAh/g). For galvanostatic cycling, the
electrodes were cycled in constant current (CC) — constant voltage (CV) mode for the first
5 cycles to condition the electrode. In the CC-CV mode, electrodes were first lithiated at
0.1 C until the potential reached 0.01 V (CC mode) and then the potential was held
constant at 0.01 V until the current had decayed to 0.01 C. The capacities are reported
based on mass of silicon, unless mentioned. Electrochemical impedance spectroscopy
(EIS) was performed on fresh and on cycled electrodes using a Gamry
Potentiostat/Galvanostat (Gamry Interface 1000, Gamry Instruments). EIS was performed
using a 50 mV AC amplitude from 100kHz to 5 mHz at 0.2 V vs. Li/Li*. These
electrochemical characterizations were performed thrice on each electrode studied to

verify repeatability of results observed.
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Specific energy and power calculations

Specific energy was calculated by multiplying the first cycle specific discharge
capacity (Ah/kgsi or Ah/kgtar at that C-rate) by the potential window of silicon anode
studied. Specific power was calculated by multiplying current density (A/kg) with the
potential window of silicon anode studied. It was noted that some reports consider silicon
and the conductive matrix as the active material, but here we considered “only silicon™ as

the active material.

Wh Ah
Specific energy (k_g) = Discharge capacity (k_g> x Potential window (V) ...3.1

w A
Specific power (@) =Current density (k_g) xPotential window (V) .32

Results and discussions

Composite binders were prepared from freeze-dried MXenes dispersed in a 1 wt%
Alg solution in water by bath sonication (Figure 1V-2a). Two composite binder
compositions were investigated: 90 wt% Alg + 10 wt% MXenes and 80 wt% Alg + 20
wt% MXenes. These compositions were selected because they represented the minimal
amount of MXene additives required to achieve reasonable electrochemical performance,
shown below. The resulting Alg+Mxene dispersions were stable and homogeneous,
whereas a similar CB/Alg mixture did not disperse well, (Figure 1VV-2b). This result may
be attributed to hydrogen bonding between -OH groups on the hydrophilic MXene
nanosheet surface and the Alg. In contrast, CB does not possess hydrogen bonding groups

and is hydrophobic.
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Figure 1V-1. (a) Scanning electron microscopy (SEM) image of TisC,Tx nanosheet, (b)
schematic of sodium alginate (Alg), (c) schematic of a MXene dispersion in aqueous Alg
solution, (d) schematic of electrode fabrication process by simple slurry casting method,
and (e) FTIR spectra of MXenes, silicon nanoparticles, Alg, 90 wt% Alg + 10 wt% MX,
80 wt% Alg + 20 wt% MX, and Si/Alg/MX=80/16/4 wt%.

To further analyze the composite binder, attenuated total reflection — Fourier
transform infrared spectroscopy (ATR-FTIR) analysis was performed on drop-cast Alg,
drop-cast MXene nanosheets, drop-cast composite binders, silicon nanoparticles, and
Si/Alg/MX=80/16/4, Figure 1V-1e. The Alg FTIR spectrum demonstrated absorbance
peaks at 3300 cm™ (-OH stretching), 1600 cm™ (O-C-O asymmetric vibration), 1420 cm"
1 (O-C-O symmetric vibration), ~1300 cm™* (deformation of pyranose rings), 1020 cm*
(C-O-C symmetric vibrations), consistent with literature.?® ** The MXene FTIR spectrum

demonstrated absorbance peaks at 1050 cm™ (C-0), 1100 cm™ (C-F), and 1395 cm™ (O-

H), which confirms the presence of terminal surface groups on MXenes, particularly
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hydroxyl groups.** > The FTIR spectra of both Alg+MX composite binders demonstrated
peaks from the constituent species as well as a slight reduction in the -OH stretching peak

area, which might be attributed to hydrogen bonding between the two species.*®

(a) (b)

After
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' for 30 X
\ minutes and
stirring

"

5 mg/ml MXenes 5 mg/ml Super P
in water CB in water

Figure IV-2. (a) Digital image of freeze-dried MXene nanosheets in 1 wt% sodium
alginate solution in water. A minute of bath sonication is enough to form a stable
dispersion of MXenes in water. (b) Digital image of super P carbon black (CB) in 1 wt%
sodium alginate solution in water. Sonication and stirring for 30 minutes was required to
somewhat disperse the Super P carbon black.

Silicon-based electrodes were fabricated from the two composite binders to create
two electrodes bearing Si/Alg/MX mass compositions of 80/18/2 and 80/16/4. The former
resulted from the 90 wt% Alg + 10 wt% MXenes composite binder, and the latter resulted
from the 80 wt% Alg + 20 wt% MXene composite binder. In early screening experiments,
we determined that the electrode with 4 wt% MXene nanosheets demonstrated higher
capacities than the one with 2 wt% MXenes (Figure 1V-3). This can be attributed to lower

electronic conductivity of 90 wt% Alg + 10 wt% MXenes composite binder (1 x 10 S/cm)

as compared to 80 wt% Alg + 20 wt% MXenes (2.62 x 10 S/cm). This shows that proper
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balance between binder and conductive additive is essential to obtain optimum cycling
performance. With the purpose of this investigation being to minimize the MXene loading,
we did not explore other compositions. Thus, all further experiments focused upon the
Si/Alg/MX composition of 80/16/4 (by mass), for which the active material loading was

was 0.70+0.05 mg/cm?. Other mass loadings of 0.3 to 2.2 mg/cm? are discussed further in

the text.
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Figure 1V-3. (a) Cyclic voltammogram at 0.1 mV/s (3" cycle for each). Before CV,
conditioning was performed at 0.1 C for three cycles. (b) Galvanostatic charge-discharge
at 0.1 C in constant current-constant voltage (CC-CV) mode for 1% five cycles followed
by 0.5 C in CC mode for the remaining 195 cycles. Electrodes with different MXene
content were compared. Electrode with 4 wt% MXenes showed higher capacities than the
one with 2 wt% MXenes.

To analyse the interactions between silicon nanoparticles, Alg binder, and MXene
nanosheets, FTIR spectroscopy was performed (Figure 1V-1e). The FTIR spectrum of
Si/Alg/MX contained peaks from each of the three materials. The -OH stretching peak
around 3300 cm™ can be attributed to hydrogen bonding interactions among the three

species.*®
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The electrochemical performance of silicon electrodes was evaluated in lithium
metal half-cells with 1 M LiPFe in EC:DEC with 10 wt% FEC as the electrolyte. The
electrodes were first conditioned by three cycles of galvanostatic charge-discharge at 0.1
C to form an SEI (data not shown). Figure 1V-4 shows the subsequent cyclic
voltammograms (CVs) (for the third cycle) of Si/Alg=80/20, Si/Alg/CB=80/16/4, and
Si/Alg/MX=80/16/4 electrodes at scan rate of 0.1 mV/s. The CV for Si/Alg shows a
lithiation peak at 0.1 V and a broad delithiation peak at 0.4 V. Si/Alg also exhibited the
lowest anodic current response compared to Si/Alg/CB and Si/Alg/MX, which we
attribute to the sluggish kinetics and lower electrochemical activity caused by the absence
of conductive additives. The CVs of Si/Alg/CB and Si/Alg/MX show distinct lithiation
peaks at 0.2 V and two delithiation peaks at 0.4 and 0.6 V, which are consistent with those
found in the literature.*” Si/Alg/MX demonstrated highest anodic current response as
compared to other two electrodes. Also, the potential difference between the lithiation and
delithiation peaks for Si/Alg/MX was smaller than other two electrodes. This result
indicates that MXene nanosheets provide a better formed electronic network in the

electrode which lowers the degree of polarization.®
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Figure IV-4. Cyclic voltammograms of Si/Alg=80/20, Si/Alg/CB=80/16/4, and
Si/Alg/MX=80/16/4 at scan rate of 0.1 mV/s (third cycle is shown here). Cyclic
voltammetry was performed for five cycles at 0.1 mV/s and the third cycle for each is
shown here. Before CV, conditioning was performed at 0.1 C for three cycles.

MXenes are electrochemically active in the potential window of 0 V to 3 V vs.
Li/Li* 3% 32 48 put no additional redox peaks were observed here for Si/Alg/MX. This

absence is attributed to the low MXene concentration (4 wt% in the entire electrode), such

that the dominating response was that of silicon.
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Figure IV-5. (a) Comparison of galvanostatic cycling performance of Si/Alg=80/20,
Si/Alg/CB=80/16/4, and Si/Alg/IMX=80/16/4 electrodes. Inset shows plot of Coulombic
efficiency vs. cycle number for 50 charge-discharge cycles. Voltage profiles at the 6™
0™ , 50" |, 100" , and 200" cycles (all at 0.5 C) for (b) Si/Alg=80/20, (c)
Si/Alg/CB=80/16/4, and (d) Si/Alg/MX=80/16/4 electrode. The digital images are of
electrodes before and after 200 cycles of charge-discharge. VVoltage profile for first cycle
at 0.1 C is shown in Figure 1V-6.

Next, we evaluated the long-term cycling performance of Si/Alg, Si/Alg/CB, and
Si/Alg/MX electrodes, in which the electrodes were cycled at 0.1C (5 times) and then at
0.5 C (195 times). Si/Alg/MX demonstrated the highest capacity throughout cycling,

followed by Si/Alg/CB and Si/Alg (Figure 1V-5a). All electrodes exhibited a drop in

capacity for the first few cycles due to the increase in C-rate and also due to the gradual
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build-up of the SEIL.*° Figure 1V-6 shows the galvanostatic response of the first cycle plot
at 0.1 C; all three electrodes show a broad plateau at ~0.2 V vs. Li/Li* assigned to the
conversion of crystalline silicon to lithiated amorphous silicon.® %% 5! Sij/Alg, Si/Alg/CB,
and Si/Alg/MX demonstrated initial capacities of 2170, 3320, 3800 mAh/gs;i, respectively.
The initial Coulombic efficiency (ICE) of Si/Alg/MX was the highest (~80%), followed
by Si/Alg (~78%) and Si/Alg/CB (~64%). The very low ICE of Si/Alg/CB can be

attributed to lithium trapping associated with the amorphous carbon.*
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Figure IV-6. Voltage profile of Si/Alg=80/20, Si/Alg/CB=80/16/4, and
Si/Alg/IMX=80/16/4 for the 1% cycle at 0.1 C. Selected remaining cycles from 6" to 200"
cycle at 0.5 C are shown in Figure 1VV-5b-d.
The galvanostatic voltage responses for selected cycles (6™ to 100™) are shown in
Figure IV-5b-d. Si/Alg showed a dramatic decrease in capacity after the first cycle owing

to delamination from the current collector after 200 cycles (digital images of electrodes in

Figure 1V-5b-d). Si/Alg/CB showed higher capacities than Si/Alg for 150 cycles which
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then dropped to almost 50 mAh/gs; at the end of 200 cycles. On the other hand, Si/Alg/MX
showed the highest capacity and most consistent voltage profiles throughout the 200
cycles. The capacities can be further improved by pre-lithiation, tuning silicon particles,
modifying MXene surface, modifying electrolyte, and so on which is beyond the scope of
his study.

The superior cycling performance for Si/Alg/MX implies that 4 wt% MXenes is
sufficient to sustain long term cycling without delamination. We attribute this result to
hydrogen bonding interactions among -OH groups on the MXene nanosheet surface, the
silicon surface, and Alg binder. The satisfactory capacity for Si/Alg/MX is further
attributed to improved electrical connections afforded by the high aspect ratio MXene
nanosheets. In contrast, the capacity of the Si/Alg/CB electrode was inferior, which we
attribute to insufficient electrical connections because of possible aggregation of the
hydrophobic CB particles. Overall, this highlights the importance of fabricating silicon
anodes with hydrophilic additives, rather than hydrophobic ones, when water is the
processing medium.

To further understand the improved performance of the Si/Alg/MX electrode, we
measured the electronic conductivities of Alg/MX and Alg/CB polymer composites
(without silicon nanoparticles). This approach isolates the contribution of the additives
alone without interference from the silicon active material. The sample with 80 wt% Alg
and 20 wt% MXene nanosheets showed a higher electronic conductivity (2.62 x 104 S/cm)
as compared to the sample consisting of 80 wt% Alg and 20 wt% CB (1.82 x 10 S/cm).

This result is attributed to the higher conductivity of MXenes (4600 S/cm)®2 in contrast to
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CB (50-100 S/cm).>® This also confirms our observation of higher capacities achieved for

Si/Alg/MX as opposed to Si/Alg/CB (Figure 1V-5).
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Figure 1V-7. Nyquist plot for (a) Si/Alg=80/20, (b) Si/Alg/CB=80/16/4, and (c)
Si/Alg/MX=80/16/4 electrode. Electrochemical impedance spectroscopy was performed
with a frequency range from 100 kHz to 5 mHz with an amplitude of 10 mV at potential
of 0.2 V. Equivalent circuits used for fitting the Nyquist data obtained from EIS (d) before
cycling (one time constant) and (e) after cycling (two time constants). The dotted lines
represent the experimental data and solid lines represent the equivalent circuit model fit
to the data.

We next performed electrochemical impedance spectroscopy (EIS) on Si/Alg,
Si/Alg/CB, and Si/Alg/IMX electrodes before and after 10 and 50 cycles of charge-
discharge to monitor changes in impedance at 0.2 V. Figure IV-7a-c shows Nyquist plots
with depressed semicircles in both the high and medium frequency regions and a Warburg
tail in the low frequency region. For data before cycling (Figure 1V-7a), only one semi-
circle was observed, which is indicative of a charge transfer resistance (Rcr). For data after

cycling (Figure 1V-7b-c), two semicircles are observed; the one in the high frequency
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region is attributed to SEI formation and the one in the medium frequency region is
attributed to Rcr. To analyze the physical significance of electrochemical process
occurring in these electrodes an equivalent circuit was employed. The circuit shown in
Figure 1VV-7d was fit to the data before cycling, and the circuit shown in Figure IV-7e was
fit to the data after cycling. The equivalent circuits consisted of an ohmic resistance (Ro),
which is the resistance to Li* ion conduction through the bulk solution to the electrode-
electrolyte interface and to the electronic conduction through the electrode to the copper
foil-electrode interface; Rcr due to the reaction between the silicon and Li* ions; a constant
phase element (CPE) due to the electrode-electrolyte interface; a resistance due to the SEI
layer (Rsei); a CPE due to the SEI layer-electrolyte interface; and a Warburg impedance
(Wo) related to solid-state Li* ion diffusion.

Table IV-1. Equivalent circuit fit values for the Nyquist plot obtained from EIS performed

on Si/Alg=80/20, Si/Alg/CB=80/16/4, and Si/Alg/IMX=80/16/4 electrodes before cycling,
after 10 and 50 cycles of charge-discharge.

Before cycling
R R R o
@ | © (leE)ECIT:) ©) (>?1PoESS H| ow@s 0
cm?/s)
Si/Alg 3.3 116 3.5 - - - -
Si/Alg/CB 0.8 104 400 - - - -
Si/Alg/IMX 1.2 514 6.3 - - - -
After 10 cycles
Si/Alg 1.2 5.1 121 7.8 4.3 9.1 3.26
Si/Alg/CB 0.7 17.9 8.7 107 339 50.7 0.15
Si/Alg/IMX 1.0 2.5 14 5.6 18.4 94 20.2
After 50 cycles
Si/Alg 1.2 18.9 830 10.2 6.4 6.7 0.78
Si/Alg/CB 1.0 1.4 3.6 139 329 47.3 0.08
Si/Alg/IMX 1.0 3.0 0.9 5.4 22.5 8.4 26.9

96



Table V-1 summarizes the equivalent circuit modelling. Si/Alg/MX demonstrated
the lowest Rct as compared to Si/Alg and Si/Alg/CB, both before and after cycling. All
electrodes showed a drop in Rer after cycling because of gradual electrolyte penetration.>*
After 10 cycles, the total resistance of Si/Alg/MX was 8.0 Q and those for Si/Alg and
Si/Alg/CB were 12.9 Q and 28.6 Q, respectively. After 50 cycles, all electrodes
demonstrated an increase in resistance. However, the increase was more pronounced for
Si/Alg (65%) and Si/Alg/CB (71%) as compared to Si/Alg/MX (48%). The solid-state
diffusion coefficient of each electrode was calculated® using EIS and galvanostatic
cycling results following previous reports®. As seen in Table IV-1, the Li* ion diffusion
coefficient after 50 cycles of the Si/Alg/MX electrode (20.2 x 10'? cm?/s) was much
higher than that of Si/Alg and Si/Alg/CB electrodes.

The low Rcr and high Li* ion diffusion coefficient for Si/Alg/MX is a result of the
higher conductivity of the electrode resulting from a better interconnected network due to
MXene nanosheets. The high aspect ratio of the MXene nanosheets®® allows for better
connection between adjacent nanosheets even when only 4 wt% MXene nanosheets were
used in the entire electrode. On the other hand, CB has a lower aspect ratio and thus lacks
the ability to form a well-developed electronically connected path for such low
concentrations. These properties ultimately led to improved performance of Si/Alg/MX
over the control electrodes.

Typical scanning electron microscopy (SEM) images of Si/Alg, Si/Alg/CB and
Si/Alg/MX electrodes before and after cycling are shown in Figure 1V-8. All electrodes
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before cycling have a very similar morphology. MXene nanosheets are visible at the
Si/Alg/MX surface and in the cross-section, which was further confirmed by the presence
of titanium (Ti) in the energy dispersive X-ray spectroscopy (EDS) images (Figure 1VV-9).
After cycling, all electrodes exhibited an SEI layer; however, a more uniform SEI layer
was formed on the Si/Alg/MX electrode, as opposed to patchy SEI formation on the other
two electrodes. Although MXene nanosheets were not visible in the Si/Alg/MX SEM
images after cycling because of the SEI layer, EDS images do show the presence of Ti

throughout electrode (Figure 1V-9).

Before cycling After 50 cycles
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Figure IV-8. Scanning electron microscopy (SEM) images (both surface and cross section)
of Si/Alg=80/20, Si/Alg/CB=80/16/4, and Si/Alg/MX=80/16/4 electrodes before and after

50 cycles of charge-discharge.
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Figure 1V-9. Energy dispersive X-ray spectroscopy (EDS) of Si/Alg=80/20,
Si/Alg/CB=80/16/4, and Si/Alg/MX=80/16/4 electrodes before and after 50 cycles of
charge-discharge.

We also performed X-ray photoelectron spectroscopy (XPS) on our electrodes
before and after cycling. Before cycling, XPS survey scans of all electrodes show presence
of Si, C, and O elements (Figure 1V-10a). The Ti peak is not distinctly observed in the

survey scan for Si/Alg/IMX probably because the few MXene nanosheets are buried deep

into the electrode. After cycling, XPS survey scans of all electrodes show fluorine (F) and

99



lithium (Li) peaks, which are representative of an SEI layer (Figure 1V-10b). We further
performed high resolution scans on each of these elements and deconvoluted them which

are detailed in the published manuscript.®’
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Figure 1V-10. X-ray photoelectron spectroscopy survey scans for Si/Alg=80/20,
Si/Alg/CB=80/16/4, and Si/Alg/MX=80/16/4 electrodes (a) before and (b) after 50 cycles
of charge-discharge.

Figure 1VV-11 shows the rate performance of the silicon electrodes at different C-
rates ranging from 0.1 C to 5 C. The Si/Alg electrode exhibited the poorest rate

performance, in which the capacity dropped to 10 mAh/gsi at C-rates above 0.2 C.

Comparing Si/Alg/CB and Si/Alg/MX electrodes, the latter showed higher capacities;
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specifically, the discharge capacity was 1050 mAh/gs; at 1 C for Si/Alg/MX and 700
mAh/gsi for Si/Alg/CB. All electrodes showed a drop in capacity with increase in C-rate
due to diffusion limitation of Li* ions.%® The capacity recovery (when C-rate was bought
back to 0.1 C) of Si/Alg/MX was around 71%, as compared to 65% for Si/Alg/CB and
60% for Si/Alg. These results emphasize the improved rate capability and higher stability
of Si/Alg/IMX electrodes. The improved rate performance is also supported by our EIS
results (Figure IV-7a-c, Table IV-1), for which Si/Alg/MX electrodes exhibited the lowest

Rcr and the highest Li* ion diffusion coefficient.
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Figure IV-11. (a) Rate performance of silicon electrodes at different C-rates ranging from
0.1 C to 5 C. The C-rate was brought back to 0.1 C again to determine the capacity
recovery. Voltage profiles for the 1% cycle at every C-rate for (b) Si/Alg=80/20, (c)
Si/Alg/CB=80/16/4, and (d) Si/Alg/MX=80/16/4 electrode. The voltage profiles at 2 C
and 5 C for Si/Alg are not shown because very few data points were collected at those C-
rates.
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We constructed a Ragone plot (Figure 1VV-12a) to compare the specific energy and
power (normalized by total electrode mass) of our silicon electrodes to selected
literature. 3637, 39. 5963 \we first compare our results to silicon electrodes using reduced
graphene oxide (rGO) nanosheets®®%? or CNTs* as either conductive additives. The
specific energy corresponding to the specific power of our silicon electrodes with only 4
wt% MXenes was comparable to those reported in literature with much higher rGO
contents. However, there were a few exceptions: one reported by Chang et al. in which
they made Si/rGO=76/24 electrodes, other reported by Assresahegn et al. where they made
90 wt% PAA grafted silicon with 10 wt% rGO, and another reported by Wang et al. in
which CNT-C microscrolls were added to achieve a very high silicon loading of 85 wt%.%
To the best of our knowledge, there are no reports on silicon anodes with less than 10 wt%
rGO as conductive additive probably because of poor dispersibility in water resulting in
non-uniform electrode conductivity. Overall, this comparison implies that rGO nanosheets
may be replaced with MXene nanosheets for silicon anodes in certain applications. The
possible benefit is that MXenes are natively hydrophilic, making them ideal for water-

based silicon anode processing. In contrast, rGO is hydrophobic and its formation requires

a harsh reduction step.
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Figure IV-12. (a) Ragone plot of specific energy vs. specific power (W/kg). (b) 3D plot
with specific energy, specific power (both based on total electrode mass), and MXene
content (wt%).

Next, we compared our results to other reports that used MXenes in the silicon
anode. '3 36 37.5% Within those, our electrodes - containing only 4 wt% MXene nanosheets
- demonstrated the highest specific energies for the corresponding specific power on a
total electrode mass basis. This is more clearly demonstrated in Figure 1V-12b, which
displays a 3-D plot of specific energy, specific power (both normalized by total electrode
mass), and MXene content. The next-best-performing composition was 70 wt% silicon
and 30 wt% MXenes, where no polymeric binder was required.™ In contrast we required
16 wt% Alg binder because such a low MXene concentration (here, 4 wt%) was
insufficient to act as a binder alone. Despite adding an insulating binder, our silicon
electrodes exhibited superior results because of the high silicon content (80 wt%).
Specifically, the Si/Alg/MX=80/16/4 anode yielded the highest specific energy on a total
electrode mass basis (3100 Wh/kgita) @s comapred to other silicon-MXene constructs
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(~115-2000 Wh/Kgrota) at a corresponding specific power (~270 W/Kgotal). Even lower
specific energies were obtained by Zhu et al.3” (22 wt% MXene) and Kong et al.*® (66
wt% MXene) because those electrodes used only 44 wt% and 13 wt% silicon, respectively.
These two reports also used hydrophobic carbon additives. From this comparison, we
conclude that the large amounts of additives (>30 wt% MXenes, polymer, and/or carbon
additive) lowered the active silicon content, which in turn reduced the total electrode’s
specific energy.
Conclusions

Here, we maximized silicon anode capacity by minimizing the amount of two-
dimensional TisC2Tx MXene nanosheet conductive additive. This was accomplished by
replacing hydrophobic carbon additives with hydrophilic MXene additives, which
facilitated water-based processing. We designed electrodes with a high silicon content of
80 wt%, 16 wt% Alg binder and 4 wt% MXene nanosheets. These electrodes demonstrated
stable capacities around 900 mAh/gsi (720 mAh/gital) at a high C-rate of 0.5 C, which was
higher than a comparable electrode made in-house containing 4 wt% carbon black. Despite
having such a low MXene content (4 wt%), our electrodes exhibited specific energies
comparable to electrode containing higher amounts of rGO or CNTs.3® 8-62The improved
electrode performance is attributed to the enhanced conductivity owing to the large lateral
MXene nanosheet size. The hydrophilic terminal groups on the MXene nanosheets
allowed for slurry casting of homogeneous electrodes using water as the solvent, thus
forming uniform electrical networks. Also, the possible hydrogen bonding interactions

between hydroxyl groups of MXenes, Alg binder and silicon improved the overall

104



electrode integrity. Thus, we show that the carbon additives can be eliminated and instead
much lower content of MXenes can be used to create homogenous silicon electrodes.
These electrodes showed high specific energies without compromising on the electrode
integrity for 200 charge-discharge cycles. Our future work will be to further reduce the
dead weight of the silicon electrode by utilizing different MXenes or by further lowering
the binder content.
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CHAPTER V
CRUMPLED TI3C,Tx MXENE ENCAPSULATED SILICON PARTICLES

Introduction

The development of high energy density lithium-ion batteries is required to address
the critical needs of applications like next generation electronics and electric vehicles.®
Through careful engineering, energy density of lithium-ion batteries has gradually
increased; but the current lithium-graphite (LiCs) intercalation chemistries are
approaching capacity limits.? To further increase the energy density, other high capacity
anode materials with alloying chemistries are being researched.®> Amongst those, silicon
is regarded an ideal anode because of its superior theoretical specific capacity of 3579
mAh/g (Li1sSia), low working potential (~0.5 V vs. Li/Li*) and abundance in nature.*

Despite these advantages, silicon has not yet dominated the market because of two
major issues. First, silicon particles undergo >300% volumetric expansion on full lithium
insertion (lithiation), and contracts significantly on lithium extraction (delithiation).® This
causes pulverization and loss of contact with active materials and electrode framework.
Secondly, due to low electrochemical potential, solid electrolyte interphase (SEI) layer
deposits on anode due to reductive decomposition of electrolyte.® Usually, a thin SEI layer
formed during the first cycle prevents further electrolyte decomposition by passivating the
surface. However, in case of silicon anodes, the SEI layer breaks due to huge volume
changes which exposes new surfaces to electrolyte causing continuous SEI buildup on
anode surface.” The excessive growth of SEI increases cell resistance, lowers Coulombic

efficiency, and consumes electrolyte which eventually causes battery failure.’

110



Pioneering studies have shown that the pulverization problem caused by the large
volume expansion can be minimized when the silicon particles are smaller than a critical
size (<150 nm)® and the electrode is well-constructed with interior void space or pre-
formed porosity to buffer the volume change.® Based on these findings, several approaches
have been reported in literature which are utilizing nanowires,*® nanotubes,** core-shell
structures,® and porous structures.*? Specifically, in the core-shell structure, the active
material is encapsulated within a conducting carbon layer, with some empty space
provided between the carbon layer and the active material to buffer the volume changes
during lithiation. Similar to core-shell structures, Luo et al. first showed evidence of a
crumpled paper morphology where they reported crumpling graphene sheets around
silicon nanoparticles.’> However, graphene or other conductive carbon have poor
interaction with silicon owing to lack of hydrogen bonding groups.

MXene, a new category of two-dimensional (2D) materials first reported in 2011
by Gogotsi and co-workers, has attracted more attention in the field of energy storage
because of their unprecedented combinations of properties such as excellent electronic
conductivity and compositional adaptability.** 1° Titanium carbide (TisC2Tx) is one of the
MXene material, which has a structure similar to graphene, but provides faster Li*
transport (=107'°-10"° cm?/s) due to lower lithium diffusion barrier of TizC, (0.07 eV)
than that of graphene (0.3 eV).® 1" Additionally, the surface of MXene has abundant
hydrogen bonding groups (-OH, -O) which can probably improve interaction with silicon

active material.
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Several Si/MXene composites have been reported previously wherein silicon
particles are sandwiched between MXene nanosheets via physical blending,*®2! vacuum
filtration,?? electrostatic interactions,?® and in-situ magnesiothermic/aluminothermic
reductions from MXene nanosheets/SiO2 composites.?* 2 Recently, core-shell structure
using MXene nanosheets and silicon particles were also reported.?® 2’ Xia et al. made the
core-shell structures by wrapping MXene nanosheets on porous silicon nanospheres
coated with a sacrificial poly(methylmethacrylate) layer.?® The electrodes demonstrated a
long-term cycling capacity of ~500 mAh/g (350 mAh/grta) at 2000 cycle at ~0.2 C.
These core-shell structures were synthesized using large number of steps involving harsh
chemical and temperature conditions. On the other hand, Yan et al. made a core-shell
structures of MXenes around silicon nanoparticles via spray dryer.?” The electrodes
showed capacities of 400 mAh/grta at 500" cycle at ~0.5 C. Both these studies utilized
30 wt% of binders and carbon additives, thus reducing the total electrode capacity.

Previous reports on core-shell structures for lithium-ion batteries have also
reported addition of large amount of binders during electrode processing so as to construct
a continuous, conductive network and to disperse and fix these particles.?® This reduces
the silicon content in the entire electrode which overall reduces the total electrode
capacity. Except the recent paper reported by Wang et al. where they have achieved 85
wt% of Si loading in the entire electrode?®, rest of the papers still report low silicon loading
in the range of 22-45 wt%.

Here, we designed a core-shell architecture by crumpling MXenes around silicon

particles using a simple one-step spray drying process. These crumpled particles were
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blended with poly(vinylidene fluoride) (PVDF) to fabricate electrodes with the aim to
minimize the dead weight in the electrode. We determined the optimum content of
MXenes and silicon particles to maximize the cycling capacity, which was 68 wt% silicon
and 32 wt% MXenes. To evaluate the battery performance, we performed galvanostatic
cycling to determine electrode’s capacity and stability at higher C-rates and over large
number of cycles. We performed electrochemical impedance spectroscopy to determine
the electrode’s impedance, and cyclic voltammetry at different scan rates to deconvolute
charge-storage mechanism. We utilized scanning electron microscopy, along with energy
dispersive X-ray spectroscopy to observe the morphologies and elemental distribution,
respectively. We also utilized X-ray photoelectron spectroscopy to evaluate the SEI
formed on the electrode after cycling. Additionally, we directly compared the crumpled
electrode’s performance with the uncrumpled electrode correlate the observed
performance to electrode architecture.
Materials

Silicon nanoparticles (98+% purity, 50-70 nm size, 80-120 m?/g surface area) were
purchased from US-research nanomaterials. Poly(vinylidene fluoride) powder (Solef
5130) was purchased from Solvay. 1 M lithium hexafluorophosphate (LiPFs) in ethylene
carbonate (EC):diethyl carbonate (DEC) (1:1 v/v), hydrochloric acid (HCI, ACS reagent
37 % w/w), dimethyl sulfoxide (DMSO, ReagentPlus, >99.5 %), sodium ascorbate (>99%
assay), and 1-methyl-2-pyrrolidinone (ACS reagent, >99% purity) were purchased from
Sigma Aldrich. Lithium foil (0.75 mm thick x 19 mm wide), lithium fluoride (LiF, 98+ %

purity), fluoroethylene carbonate (FEC), titanium (Ti, 44 um average particle size, 99.5
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% purity), aluminum (Al, 44 um average particle size, 99.5 % purity), and titanium carbide
(TiC) (2-3 um average particle size, 99.5 % purity) were purchased from Alfa Aesar.
Super P carbon black (CB) (0.04 um particle size, 62 m?/g surface area), copper foil
(length x width x thickness = 170 m x 280 mm x 9 um) were purchased from MTI
corporation. Polypropylene separator (19 mm diameter x 0.025 mm thick) was purchased
from Celgard.
Methods
Preparation of TizC2Tx MXenes crumpled around silicon nanoparticles

TisC2Tx MXene nanosheets were synthesized following a procedure available in
literature?® and also detailed in the Chapter I. The as-synthesized MXene nanosheet
colloidal solution was treated with equal molar amount of sodium ascorbate (NaASc) (for
e.g. to 1 M colloidal solution of MXene nanosheets, 1 M NaASc was added) to minimize
its oxidation and improve its stability in water.®® Three different dispersions were
prepared: MX=1 mg/ml + Si=0.6 mg/ml, MX=1 mg/ml + Si=0.4 mg/ml, and MX=0.4
mg/ml + Si=1 mg/ml. These dispersions were bath sonicated for 10 min followed by
vortex mixing for 2 min to ensure formation of a uniform and stable dispersion. These
dispersions were passed through a spray dryer (Buchi B-290 mini spray dryer) to generate
the crumpled product (Figure V-1). For the spray drying process, a pump flow rate of 10
% (of maximum possible flow rate), atomizer air pressure of 60 psi, and inlet temperature
of 200 °C was used. The dispersion was atomized to form micrometer-sized droplets
which were then mixed with in-house air that flowed through a vertical path and the

product was collected in a vessel after the cyclone separator. During spray drying, the
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dispersions were stirred at 50 rpm to minimize settling of silicon nanoparticles. The as-
synthesized crumpled product was stored under vacuum at room temperature until further

use.

Cyclone
separator

MXenes +SiNPs -+ 4
Crumpled

Spray dryer powder

Figure V-1. Schematic of spray dryer assembly used to crumple MXene nanosheets around

silicon nanoparticles and a SEM image of the crumpled product. A mixture of MXene

nanosheets and silicon nanoparticles is spray dried to obtain crumpled product at the end

of cyclone separator.

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS)
The morphologies of the crumpled product and fabricated electrodes were

characterized using SEM (JEOL JSM SEM) together with EDS. For SEM, an accelerating

voltage of 5 kV and a working distance of 15 mm was applied. For EDS, an was applied.

The EDS data was analyzed using the INCA software. Prior to characterization, the
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samples were coated with platinum (3 nm) using a sputter coater (208 HR by Cressington).
The size of crumpled particles was determined by analysing SEM using Image J software.
X-ray photoelectron spectroscopy (XPS)

XPS was performed (Omicron ESCA Probe, Omicron Nanotechnology) using a
monochromated Mg source X-ray beam. XPS survey scans were performed with an
analyzer pass energy of 100-1100 eV (1.0 eV steps, 50 ms dwell time). All spectra were
calibrated with the C 1s photoemission peak for sp?-hybridized carbon at 284.5 eV and
the full width half maximum (FWHM) was constrained. Curve fitting (using CasaXPS
software) was conducted using a Gaussian-Lorentzian peak shape after Shirley-type
background correction. Spectra for all components were calibrated based on the
adventitious carbon peak (C-C, 284.5 eV). Three major constraints were applied for
fitting. First, the components of Ti 2p (2ps;2 and 2p1/2) were constrained to an area ratio of
2:1 2p3p:2p1e. Secondly, full width half maximum (FWHM) values were constrained.
Lastly, all binding energies (eV) were verified with previous literature results.0-32
Silicon anode preparation

The working silicon electrode was prepared by casting slurries using a film
applicator (Elcometer 4340 Automatic applicator) of crumpled product and PVDF as
binder in NMP. No additional carbon black was added. First, a dispersion of 9 wt% PVDF
in NMP was made by stirring and heating at 90 °C overnight. The desired amount of PVDF
solution was mixed with crumpled product using a mortar and pestle to form uniform
slurries. These slurries were then cast onto copper foil and dried at 50 °C overnight,

followed by vacuum at room temperature for 3 days. 16 mm electrodes were punched
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using a precision disc cutter (MTI). The loading of composite material (i.e. MX/Si
capsule) ranged from 1-1.5 mg/cm?. Higher loadings of 1.8, 2.2, and 2.8 mg/cm? were also
made.

Electrochemical characterization

These silicon working electrodes were used to make half cells in an argon-filled
glovebox (MBRaun, Labstar 1200). Lithium metal was used as the counter/reference
electrode, 1 M LiPFs in EC:DEC (1:1 v/v) with 10 wt% FEC was used as the electrolyte,
and two 3501 Celgard separator were used.

Galvanostatic charge-discharge (GCD) tests and rate performance tests were
performed using battery testing equipment (Arbin Instrument, HPT-100mA) in a voltage
window of 0.01 V to 1 V vs. Li/Li*. For GCD tests, the cells were cycled at 0.1 C in
constant current-constant voltage (CC-CV) mode for the first five cycles, followed by
cycling at 0.5 C in CC mode for the remaining 195 cycles. In CV mode, the voltage was
held constant at 0.01 V until the current decayed to 0.01 C. For the rate performance tests,
the cells were cycled at different C-rates of 0.05 C, 0.1C,0.2C,05C,1C,2C,and3C
(at 0.05 C- three cycles, remaining C-rates — five cycles each), all in CC mode. The charge-
discharge rates were calculated based on theoretical capacity of silicon (3579 mAh/g). All
capacities, unless specified are reported based on the mass of Si/MXene capsule. We also
carried long term cycling tests (500 cycles) at a constant C-rate of 0.1 C for selected
electrodes. Cyclic voltammetry was performed on Solartron Potentiostat/Galvanostat
Instrument (Solartron, Electrochemical Interface 1287) at different scan rates of 0.1, 0.2,

0.3, 0.4, 0.5, 0.7, and 0.9 mV/s (each for three cycles). Electrochemical impedance

117



spectroscopy (EIS) was performed on Gamry Potentiostat/Galvanostat Instrument (Gamry
Instruments, Electrochemical Interface 1000) with 50 mV amplitude and 100 kHz—5 mHz
frequency range at a DC potential of 0.2 V vs. Li/Li*. Prior to EIS testing, the cell was
conditioned at 0.2 V for 2 h.
Results and discussions

Spray drying was used to create MXene nanosheets crumpled around silicon
nanoparticles, as shown in Figure V-1. Briefly, TisC2Tx MXene colloidal dispersion was
treated with sodium ascorbate® to protect the MXene nanosheets from oxidation that
might occur during spray drying. To this colloidal dispersion, the desired amount of silicon
nanoparticles was added and then spray dried to obtain three sets of crumpled products.
The crumpled products were assigned names according to the relative weight percentages
of MXene and silicon nanoparticles particles in the dispersions used for spray drying:
MX/Si=68/32, MX/Si=50/50, and MX/Si=32/68. SEM and EDS were performed on the
crumpled products to observe the morphology and distribution of MXenes and silicon
nanoparticles. SEM images confirm the successful crumpling of MXene nanosheets
around the silicon nanoparticles. The particle sizes were 1-2.5 um for all 3 compositions,
Figure V-2a. For comparison, our particle sizes and distributions are smaller than a
previous report by Yan et al. (2-7 pm);?” we attribute this to our past studies on optimizing
the spray drying conditions.®® EDS confirms the presence of titanium (from MXenes) and

silicon, as expected (Figure V-2b).
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Figure V-2. (a) Scanning electron microscopy (SEM) images of three different sets of
spray-dried mixtures; MX/Si=68/32, MX/Si=50/50, and MX/Si=32/68. The values
represent the weight% of that component in the dispersion before spray drying. Inset
shows histograms of crumpled particle sizes. (c) Energy dispersive X-ray spectroscopy
(EDS) of the crumpled particles.

Knowing the average capsule diameter, MXene sheet thickness, and silicon
nanoparticle diameter, it is possible to estimate the number of silicon nanoparticles per
capsule Assuming perfect spheres of diameters 1.5 um and 60 nm for the capsule and the
silicon nanoparticles, as well as a 63% packing fraction, we estimate an upper bound of
~9800 silicon nanoparticles per capsule. As this represents an upper bound, we expect the
actual silicon nanoparticle loading to decrease as the MXene weight fraction increases
(and the particle size remains the same).

XPS was also performed on the crumpled products (Figure V-3). The survey scan
and the elemental composition for all three crumpled products shows presence of both

titanium and Si. The deconvoluted C1s, O1s, F1s, Ti2p, Si 2p for MX/Si=68/32 crumpled
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powder is shown in Figure V-4. The deconvoluted C 1s, O 1s, F1s, and Ti 2p spectra
shows presence of several peaks attributed to MXene nanosheets.>* 3! The peaks were
deconvoluted following our previous reports.®® The presence of TiO; (~460 eV) in the
deconvoluted Ti spectra implies that there was some oxidation of MXene nanosheets. %!
The deconvoluted O spectra shows presence of Si-O-Ti peak (~531 eV) which was
observed in a previous report as well.?® The typical Si-O and Si-Si peaks at 102.3 eV and
99.8 eV, respectively, were observed in the deconvoluted Si spectra.

Both EDS and XPS analysis did not show a trend in Si and Ti atomic%. Also, the
compositions obtained via both the techniques are very different, which is probably
because the technique used to get these compositions in very different. There is also a
possibility that because of the thick MXene layer in the crumpled particles, the X-ray or
the electrons might not penetrate entirely, giving an error in during composition

measurement.
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Figure V-3. X-ray photoelectron spectroscopy (XPS) survey scan of crumpled
MX/Si=68/32, MX/Si=50/50, and MX/Si=32/68 crumpled product. The table shows the
atomic% of elements present in these crumpled product.
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Figure V-4. Deconvoluted C 1s, O 1s, F 1s, Ti 2p, and Si 2p peaks of crumpled
MX/Si=68/32 wt% powder.

First, we performed initial screening to determine the minimal amount of PVDF
binder required to form a carbon-free, crumpled MXSi anode. The three sets of crumpled
products were mixed with varying amounts of PVDF and slurry cast from NMP (organic
solvent was used because MXenes uncrumple in the presence of water®?). In the absence
of PVDF, the electrodes crumbled and could not be cycled, so electrodes containing 5, 10,
and 20 wt% PVDF were examined. The electrodes were assembled in two-electrode half

cells with lithium metal as the counter/reference electrode and 1 M LiPFs in EC:DEC (1:1
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v/v) with 10 wt% FEC as the electrolyte. Galvanostatic charge-discharge (GCD) was

performed at 0.1 C in constant current-constant voltage (CC-CV) mode first for five
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Figure V-5. Galvanostatic charge-discharge of MX/Si=68/32, MX/Si=50/50, and
MX/Si=32/68 electrodes with (a) 20 wt%, (b) 10 wt%, and (c) 5 wt% PVDF. The
electrodes were made using a simple slurry casting method using NMP as the solvent. No
additional Super P CB was added. Galvanostatic charge-discharge was performed at 0.1



C in constant current-constant voltage (CC-CV) mode for first 5 cycles, followed by
cycling at 0.5 C in CC mode for remaining 195 cycles.

cycles, followed by cycling at 0.5 C in CC mode for 195 cycles. All capacities, unless
specified, are reported based on mass of MX/Si capsule. As the PVDF content in the
electrode increased from 5 to 20 wt% (Figure V-5), a drop in discharge capacity was
observed due to PVDEF’s insulating nature. This observation was further confirmed using
electrochemical impedance spectroscopy (EIS) on MX/Si=68/32 electrodes containing 5,
10, or 20 wt% PVDF after 100 cycles (Figure V-6). The diameter of depressed semi-circle
and thus the resistance was lowest for the electrode containing 5 wt% PVDF; thus we
concluded that, 5 wt% PVDF was sufficient to maintain electrode’s integrity while
minimizing the charge transfer resistance, and all further studies used that PVDF

composition.
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Figure V-6. Nyquist plot for a representative MX/Si=50/50 electrode for PVDF content
of 20, 10, and 5 wt% obtained from electrochemical impedance spectroscopy (EIS)
performed after 100 cycles of charge-discharge. EIS was performed with a frequency
range from 100 kHz to 5 mHz with an amplitude of 10 mV around a potential of 0.2 V.
(b) Equivalent circuit model used to fit the EIS data. The points represent the experimental
data and solid lines represent the equivalent circuit model to fit to the data.

Figure V-7 presents GCD, EIS, and SEM analysis for MX/Si=68/32,
MX/Si=50/50, and MX/Si=32/68 anodes containing 5 wt% PVDF binder. The anodes
were cycled as described before with the goal of determining the effect of varying the

MXene/Si ratio. Figure V-7a shows the galvanostatic cycling performance of

MX/Si=68/32, MX/Si=50/50, and MX/Si=32/68 electrodes, and the corresponding
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voltage profiles are shown in Figure V-8. For the first cycle (Figure V-8a), a flat plateau
at 0.1 V was present due to the conversion of crystalline silicon (c-Si) to lithiated
amorphous (a-LixSi). The initial discharge capacities for MX/Si=68/32, MX/Si=50/50,
and MX/Si=32/68 electrodes were 2710 mAh/g, 2628 mAh/g, 2610 mAh/g, respectively;
likewise, the initial Coulombic efficiencies (ICEs) were 56.8%, 68.8%, 71.3%. It should
be noted that the capacities reported here are based on the mass of MX/Si capsule. The
ICE increased as the MXene content decreased and as the silicon content increased.
Reasons for reduced ICE may include trapping of Li* ions by the surface functional groups
on MXene nanosheets.> The voltage profiles for selected remaining cycles at 0.5 C are
shown in Figure V-8b-d; two plateaus were observed, which is consistent with lithiation
and delithiation of silicon.®

The Li* ion diffusion through the MXenes takes place via hoping mechanism as
detailed in a computational study by Tang et al.*® The ion diffusion barrier and hoping
characteristics highly depend on the distribution of surface functional groups. Thus, the
Li* ion diffusion mechanism in MXenes for our case might be slightly different than that
predicted by Tang et al. Nevertheless, based on this report we believe that the Li* ions

diffuse through the MXene shell and reach silicon surface for energy storage.
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Figure V-7. (a) Galvanostatic charge-discharge for 200 cycles MX/Si=68/32,
MX/Si=50/50, and MX/Si=32/68 electrodes with 5 wt% PVDF. Inset shows plot of
Coulombic efficiency vs. cycle number for 50 charge-discharge cycles. (b) Nyquist plots
(after 100 cycles of charge-discharge). The solid lines represent the equivalent circuit fit
to the data. The inset shows a zoomed-in image of the green box. (¢) SEM images of
electrodes (surface and cross section) before and after 100 cycles. The cross-section SEM
images also shows the electrode thickness.
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Figure V-8. (a) First cycle voltage profiles of MX/Si=68/32, MX/Si=50/50, and
MX/Si=32/68 electrodes at 0.1 C. Initial columbic efficiencies (ICE) are also shown on
graph. Voltage profiles at 6", 20", 501, 100", and 200" cycle of (b) MX/Si=68/32, (c)
MX/Si=50/50, and (d) MX/Si=32/68 electrode.

The three electrodes were then cycled galvanostatically at 0.1C for the first 5

cycles, and then at 0.5C for 195 cycles. At the conclusion of cycling, the MX/Si=32/68

electrode showed the highest discharge capacity at 0.5 C (580 mAh/g), followed by

MX/Si=50/50 and MX/Si=68/32 electrode (420 mAh/g and 200 mAh/g, respectively).

This result is in accordance with that observed by Yan et al., in which the highest capacity

after cycling was ~620 mAh/g (0.5 C-rate and 200 cycles) for a composition of
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Si@MXene/Super P CB/NaCMC (sodium carboxymethyl cellulose)=70/15/15 by mass
(with 70 wt% Si and 30 wt% MXenes).?’
Table V-1. Equivalent circuit fit values for the Nyquist plot (Figure V-7b) obtained from

electrochemical impedance spectroscopy performed on crumpled MX/Si=68/32,
MX/Si=50/50, and MX/Si=32/68, and uncrumpled electrodes all with 5 wt% PVDF.

Electrode Ohmic Rer | CPEct | Rsei | CPEsg o Dui*
resistance | (QQ) | (MF) | (Q) (UF) (cm?/s)
(Ro)

MX/Si=68/32 2.1 13.2 | 56.6 4.1 16.5 11.4 1.92 x 101
MX/Si=50/50 3.0 12.9 177 4.0 78.2 12.2 9.03x 10!
MX/Si=32/68 2.6 14.7 259 2.0 551 17.2 2.17x 101!
Uncrumpled 1.0 27.7 | 110 |125.0| 4100 12.9 | 2.67x10%2
MX/Si=32/68

EIS was performed on these electrodes after 100 charge-discharge cycles. The
Nyquist plots in Figure V-7b show a generalized EIS response for the three electrodes
consisting of two semicircles in the high and medium frequency regions (attributed to the
SE| resistance (Rsei) and the charge transfer resistance (Rct), respectively) followed by a
Warburg tail in the low frequency region (attributed to Li* ion diffusion). The values of
Rsei, Rer, and the Li* ion diffusion coefficient were obtained by fitting an equivalent
circuit (Figure V-6b, Table V-1) to the data. The combined Rct + Rsgi values for
MX/Si=68/32, MX/Si=50/50, and MX/Si=32/68 electrodes were 17.3 Q, 16.9 Q3, and 16.7
Q, respectively. A very minor difference in total resistance was observed for the three
electrode compositions tested within which MX/Si=32/68 showed the lowest resistance,

which could be a possible explanation for the higher capacities demonstrated by that
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electrode composition. The individual Rcr and Rsei values for all three electrodes are
shown in Table VV-1. Rcr was lowest for the electrode with the highest MXene content (68
wt%), and Rct increased with decreasing MXene content. Rsgi, on the other hand, was
lowest for the electrode with the lowest MXene content (32 wt%). These results suggest
that increasing the MXene loading improves charge transfer, but probably traps large
amount of Li* ions during cycling.3* We also calculated solid state Li* ion diffusion
coefficient (Dvi*) for the electrodes from the Warburg tail in the EIS data. We did not
observe a distinct trend in this data, the values were pretty much close to each other: Dyi*
for MX/Si=68/32 is 1.92 x 10! cm%s, MX/Si=50/50 is 9.03 x 10! cm?%s, and
MX/Si=32/68 is 2.17 x 10°** cm?/s. Therefore, the amount of MXene additive should be
balanced to provide sufficient binding and conductive pathways for the silicon
nanoparticles, while minimizing the value of Rsg;. Within this study, the MX/Si=32/68
anode appears to capture this balance.

To further understand the morphology and the SEI development for the electrodes,
we performed cross-sectional and surface-SEM analysis (Figure V-7¢) on MX/Si=68/32,
MX/Si=50/50, and MX/Si=32/68 electrodes before and after 100 cycles. All electrodes
showed similar surface morphologies before cycling, consisting of tightly packed MX/Si
capsules. This result indicates that the crumpled structure remained intact even after the
vigorous mixing required for slurry preparation and electrode processing. Cross-sectional
SEM images allowed for the assessment of volume expansion, assuming expansion only
through the thickness of electrode; specifically, MX/Si=68/32, MX/Si=50/50, and

MX/Si=32/68 electrodes expanded by 10, 20, and 13 %, respectively after 100 cycles. We
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did not observe a trend in increase in electrode thickness via SEM analysis. Since it is
difficult to measure electrode thickness of the entire electrode due to sample size limitation
in SEM, we also measured thicknesses using a Zetasizer (TESA p-Hite). The
MX/Si=68/32, MX/Si=50/50, and MX/Si=32/68 electrodes expanded by 22%, 28%, and
32%, respectively. Here, we observed a trend wherein more the MXenes in the capsules,
lower is the increase in electrode thickness after cycling. This trend can be explained as
follows: higher the MXene content, lower the content of silicon particles in each capsule,
better the ability of capsule to retain silicon’s expansion within the capsule. The surface
SEM post-cycling for all three electrodes demonstrates a different morphology than the
one observed before cycling; the difference being that a SEI layer is observed on
electrodes after cycling that coats the MX/Si capsules which were distinctly observed
before cycling.

Thus, our analysis shows that MX/Si=32/68 electrode showed highest discharge
capacity attributed low charge transfer resistance, improved Coulombic efficiency, and
low increase in electrode’s thickness after cycling. This is due to proper balance of MXene
nanosheets and silicon in the electrode. This can be attributed to the optimum ratio of MX
and silicon that allowed expansion of silicon particles within the capsule without diluting
the active silicon material with unnecessarily huge amounts MXenes. All further
electrochemical characterizations are performed on MX/Si=32/68 electrode.

As stated previously, we made electrodes of loading in the range of 1-1.5 mg/cm?.
To recap, here loading refers to the mass of MX/Si capsule/area of electrode. We note that

high mass loadings (>1.5 mg/cm?) are required for practical applications.® Thus, we made
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electrodes with silicon loading of 1.8, 2.2 and 2.8 mg/cm?. We performed peel test to
determine the adhesion of these electrodes to the current collector (Figure V-9a). We
observed that as the loading was increased, the adhesion decreased, evident from extent
of electrode peeling off from the Cu foil current collector. Nonetheless, we made cells and
observed that as the loading was increased the capacity decreased, where electrode with
loading of 1.8 mg/cm? and 2.8 mg/cm? demonstrated capacities of 400 mAh/g and 280
mANh/g, respectively (Figure V-9b). Thus, we choose to make electrodes with an optimum

mass loading of 1-1.5 mg/cm?.
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Figure V-9. (a) Peel test on MX/Si=32/68 electrode for different mass loadings. Here mass
loading is based on mass of MX/Si capsule. (b) Galvanostatic cycling of MX/Si=32/68
electrode for different Si/MXene capsule loading. For loading of 1 mg/cm?, we cycled the
electrode in CC-CV mode for first cycle at 0.1 C, followed by cycling at 0.5 C for
remaining cycles. For loading greater than 1 mg/cm?, we cycled electrodes at low C-rates
of 0.1 C (first cycles in CC-CV mode at 0.1 C).

Figure V-10a-b shows the rate performance of MX/Si=32/68 electrode performed
at different C-rates from 0.05 C to 3 C. The initial discharge capacity of the electrode at
0.05 C-rate was 1120 mAh/g and it reduced to a capacity value of ~780 mAh/g at the 5™
cycle at 0.2 C. As the C-rate was further increased to 0.5 C, the capacity reduced further

to a value of ~420 mAh/g. The drop in capacity at high C-rates can be attributed to
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diffusion imitation of Li* ions.?! Almost 85% capacity was received when the C-rate was
brought back to 0.5 C. This 15% loss in capacity can be attributed to some electrical

disconnection and/or due to SEI formation.38- %7
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Figure V-10. (a) Galvanostatic cycling and (b) voltage profiles at different C-rates ranging
from 0.05 C to 3 C for MX/Si=32/68 electrode. Voltage profile for the third cycle at each
C-rate is shown. The electrode was cycled three times at 0.05 C-rate and five times each
at the remaining C-rates. The C-rate was brought back to 0.05 C to determine capacity
recovery. (c) Long-term galvanostatic cycling of MX/Si=32/68 electrode at C-rate of 0.1
C for first five cycles in CC-CV mode, followed by cycling at 0.5 C in CC mode for 195
cycles, and then cycling at 0.1 C in CC mode for the remaining 800 cycles.
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To evaluate the MX/Si=32/68 electrode’s stability over large number of cycles, we
performed GCD in CC-CV mode for first five cycles, followed by cycling at 0.5 C in CC
mode for 195 cycles, and then cycling at 0.1 C for the remaining 800 cycles (Figure
V-10c). The C-rate was switched to 0.1 C after 200 cycles so as to minimize the
degradation of lithium metal during long term cycling which occurs at high C-rates.*® The
electrode showed a discharge capacity value of ~580 mAh/g at 200" cycle at 0.5 C. When
the C-rate was lowered to 0.1 C, the capacity increased to 1015 mAh/g, which then
stabilized to a value of ~400 mAh/g. The initial Coulombic efficiency (CE) value was
65.5% which increased to 97% within the first 10 cycles and then stabilized to a value to
~99.8% at the final cycle. This long-term cycling stability and high CE values can be
attributed to stable SEI formation and suppressed volumetric expansion due to effective
wrapping of MXene nanosheets around silicon nanoparticles.

Next, we compared the galvanostatic cycling performance of our electrodes to the
core-shell structured electrodes reported in literature. We found that our electrodes
demonstrated higher capacities than Ref. 26, 39 40 41 42 43 44 45 and |lower capacities than
27,28 46 35 13 47 48 49 50 Sl (capacities compared at similar C-rates). We specifically
compared our electrode’s performance to those reported Yan et al. They fabricated
electrodes using spray-dried Si/MXene capsules with 15 wt% NaCMC binder and 15 wt%
Super P carbon black (CB) conductive additives and reported a capacity of ~400 mAh/gtotal
at 500" cycle.?” We made electrodes by adding just 5 wt% PVDF binder to our Si/MXene
capsules (no carbon was added) and also observed a similar discharge capacity of ~380

mMAh/grotal at 1000™ cycle at the same C-rate. We believe that usage of excessive binders
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and conductive additives can be avoided to further increase the total electrode capacity.
This capacity can be further improved by pre-lithiation, modifying silicon surface,
modifying electrolyte, which is beyond the scope of this study.

We compared performance of spray-dried MX/Si capsules with rGO/Si capsules.
For this, we first synthesized GO using previous reports®? and fabricated crumpled
rGO/Si=32/68 electrodes following the same procedure as we used to make MX/Si=32/68
electrodes. Prior to electrode processing, an additional step to make reduced GO was
performed by heating the crumpled product at 200 °C for 2 h. The SEM images (Figure
V-11a, b) of rGO/Si=32/68 crumpled product shows rGO/Si capsules with some exposed
silicon nanoparticles outside the capsules. This implies that 32 wt% of GO amount was
not sufficient to encapsulate all silicon nanoparticles which can be probably attributed to
lower lateral size of GO (150-600 nm) as compared to our MXene nanosheets (1- 1.5
um).?t The GCD data shows that rGO/Si=32/68 electrode showed poorer capacities (350
mANh/g) than MX/Si=32/68 electrode (580 mAh/g) (Figure V-11c). The EIS data further
showed that higher resistances for rGO/Si=32/68 electrode as compared to MX/Si=32/68
electrode (Figure VV-11d). This can be attributed to excessive SEI formation on the exposed
silicon nanoparticles in rGO/Si=32/68 electrode. Also, rGO have less surface hydroxyl
groups which reduces favourable hydrogen bonding interactions with silicon’s surface.
Lastly, rGO has higher Li* ion diffusion barrier than MXenes*® " which further increases
Li* ion diffusion, thus has poor capacities during cycling. Thus, we show that for the same

electrode composition, MXenes performed better than GO.
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Figure V-11. SEM image of (a) crumpled rGO/Si=32/68 powder and (b) the slurry-cast
crumpled rGO/Si=32/68 electrode on Cu foil. (c) Galvanostatic charge-discharge of
rGO/Si=32/68 and MX/Si=32/68 electrode for 200 cycles. Inset shows a plot of
Coulombic efficiency vs. cycle number for 50 charge-discharge cycles. (d) Nyquist plot
of rGO/Si=32/68 and MX/Si=32/68 electrode after 100 cycles of charge-discharge
obtained by EIS.

Figure VV-12a shows cyclic voltammogram (CV) at different scan rates. As the scan
rate was increased, the separation between anodic and cathodic peaks increased, and at

scan rates >0.4 mV/s, the peaks became slightly indistinguishable. This can be attributed

to diffusion limitation of Li* ions at high scan rates.>
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Figure V-12. (a) Cyclic voltammogram of MX/Si=32/68 electrode at different scan rates
of 0.1, 0.2, 0.3, 0.4, 0.5, and 0.7 mV/s. Cells were conditioned at 0.1 C for three cycles
before performing cyclic voltammetry. (b) b-values at selected different potentials. (c)
Cyclic voltammogram at 0.1 mV/s. Faradaic and non-Faradaic contributions are shown in
brown and cyan, respectively. (d) Contribution ratio of the Faradaic and non-Faradaic
charge storage at different scan rates.

It is well-known that silicon is associated with alloying reactions and MXene is
recognized as a pseudocapacitive materials due to its surface redox reactions.>* To further
understand this behavior, we calculated b-values at different potentials as shown in Figure
V-12b following previous reports.®* The b-values are calculated using the following

equation (Egn 5.1)
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i(V)=av® ...(5.1)

where, both a and b are adjustable values, v is scan rate, and i(V) is current at a
given voltage. b-Value can be derived from the slope of the log(v) — log(i(V)) plots.
Generally, b = 0.5 implies a Faradaic response (or a diffusion-controlled behaviour), while
b = 1 relates to a non-Faradaic response (or a capacitive process free of diffusion
limitations). As seen in Figure V-12b, the b-value was close to 0.5 in the voltage window
of 0.3 to 0.7 V vs. Li/Li* which response was mostly Faradaic in nature. However, at
potentials >0.7 V vs. Li/Li", the b-value was closer to 1, which implies the response was
non-Faradaic.

The Faradaic and non-Faradaic charge storage contributions at specific scan rates

can be calculated quantitatively according to Eqgn 5.2.

1
i(V)=alxvta2xv2... (5.2)

where a2 x v’?and al x v are Faradaic and non-Faradaic response current,
respectively. As seen in Figure V-12d, 77% of the total Li* ion storage capability is coming
from Faradaic response at low scan rate of 0.1 mV/s. As the scan rate was increased, the
non-Faradaic effect of the composite electrode is gradually enhanced, reaching 55% at 0.9
mV/s. These results suggest that the energy storage process of the MX/Si=32/68 electrode
is in accordance with the battery-capacitive dual-model energy storage (DMES)

mechanism, which is beneficial to long-cycling stability.
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Figure V-13. (a) Galvanostatic charge-discharge of MX/Si=32/68 crumpled and non-
crumpled electrode for 200 cycles. Inset shows a plot of Coulombic efficiency vs. cycle
number for 100 cycles. (b) EIS (after 100 cycles of charge-discharge) of MX/Si=32/68
crumpled and non-crumpled electrode. Inset shows zoomed in part of the Nyquist plot. (c)
Cross-section SEM images of MX/Si=32/68 crumpled and non-crumpled electrode before
and after 100 cycles of charge-discharge.

We compared the performance of crumpled MX/Si=32/68 architecture to a non-
crumpled one. To make the non-crumpled electrode, 65 wt% silicon nanoparticles, 30 wt%
MXene nanosheets, and 5 wt% PVDF were mixed to form a slurry which was cast on Cu
foil. The same electrode fabrication and battery assembly procedures were followed. We
observed that the crumpled electrode showed higher capacities (580 mAh/g) than the non-
crumpled one (~200 mAh/g) (Figure VV-13a). This observation was further supported by
EIS, where the Rct+Rsgr of the non-crumpled electrode (153 Q) was higher than the

crumpled electrode (16.7 Q) (Figure V-13b, Table V-1). The surface SEM images of the
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uncrumpled electrode revealed patchy SEI layer as compared to the smooth SEI layer
observed on crumpled electrode (Figure V-14). The cross-section SEM images after
cycling (after 100 cycles of charge-discharge) reveal that the electrode thickness increased
by ~55% for the non-crumpled electrode as opposed to the crumpled electrode (13%)
(Figure V-13c). This shows that crumpled electrode was able to alleviate the volumetric
expansion to some extent and thus maintain the electrode’s integrity. On contrast, non-
crumpled electrode showed an enormous increase in electrode’s thickness after cycling.
This can be attributed to excessive SEI buildup owing to exposure of silicon particles to
the electrolyte, inability of the flat MXene nanosheets to sustain volumetric expansion of
silicon particles, electrical disconnection of lithiated silicon particles. All these factors are

responsible for poor capacities of the uncrumpled electrode.

Before cycling After cycling

Crumpled electrode

Uncrumpled electrode

Figure V-14. Surface SEM images of crumpled and uncrumpled electrode before and after
100 cycles of charge-discharge.
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Figure V-15. Survey scan and deconvoluted Si 2p, C 1s, and F 1s peaks obtained using X-
ray photoelectron spectroscopy for (a) crumpled and (b) uncrumpled MX/Si=32/68
electrode before and after 100 cycles of charge-discharge.

To evaluate the SEI layer formed on the crumpled and uncrumpled MX/Si=32/68
electrode’s surface after cycling, we performed XPS analysis before and after 100 cycles
(Figure V-15and Figure V-16). We first analyzed the peaks observed for both crumpled

and uncrumpled electrodes before cycling. The XPS survey scan of both the electrodes

before cycling reveal presence of C 1s, O 1s, F 1s, Si 2p, and Ti 2p; with the atomic%
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listed in Table V-2. The deconvoluted C 1s spectra shows presence of CF, (~292 eV) peak
attributed to bonds present in PVDF binder along with C-C/C-H (284.5 eV), symmetric
C-Ti-Tx (~281.7 eV, 280 eV), C-OH/C-O-C (~286.1), and O-C=0 (~288.1 eV) peaks
from MXene nanosheets. The deconvoluted O 1s spectra for crumpled MX/Si=32/68
electrode shows peaks attributed to MXene nanosheets (C-Ti-OHx ~531.2 eV, C-Ti-Ox
~530 eV, TiO; ~529.8 eV, Al;03 ~532.7 eV, and H>O ~533 eV) and a peak attributed to
possible bond formation between silicon particles and MXene nanosheets (Si-O-Ti ~531.2
eV). We did not observe Si-O-Ti peak for the case of uncrumpled electrode. The
deconvoluted F 1s peak shows presence of C-F (~687.8 eV) and C-Ti-Fx (~684.7 eV),
and that for deconvoluted Si 2p peak shows presence of Si-Si (~99.8 eV) and Si-O (~103
eV) peaks. The deconvoluted Ti 2p peak shows several bonds which are typically present
in MXene nanosheets.® The Ti peak was not distinctly observed for the case of
uncrumpled electrode and thus we did not deconvolute it further. The deconvoluted peaks

were verified from previous reports.3® %
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Figure V-16. Deconvoluted O 1s and Ti 2p before and after cycling, and P 2p and Li 1s
after cycling for (a) crumpled and (b) uncrumpled MX/Si=32/68 electrode.

We then analyzed the peaks observed for both crumpled and uncrumpled electrode
after cycling. The XPS survey scan of both electrodes after cycling shows presence of Li
1s and P 2p, which is attributed to the SEI layer, in addition to the peaks observed before
cycling. We further deconvoluted the peaks to evaluate the SEI composition. The
deconvoluted peaks of Li, F, and P revealed presence of LiF, Li2COs, POF, and LixSiOy,
LixPOyF;, LixPFy, SiOx from the decomposition of EC, DEC, FEC, and LiPFg salt, which

are typically observed in silicon anode’s SEI layer as reported previously.®*% We
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observed a drop in atomic% of Si, Ti, F and C, which is because of electrode getting
buried under the SEI layer. For the case of crumpled electrodes, we observed a drop in Si
and Ti content by 72.5% and 82.5%, respectively. For the case of uncrumpled electrodes,
we observed a higher drop in Si and Ti content, 82.1% and 85.7%, respectively (Table
V-2). This could be a possible indication of more SEI formation on uncrumpled electrodes
as compared to the crumpled electrodes. This is further supported by the EIS data (Table
V-1and Figure VV-13b) where uncrumpled electrodes after cycling showed higher Rsg (125
Q) as compared to crumpled electrodes (2 Q).

Table V-2. Atomic% of different elements in crumpled and uncrumpled MX/Si=32/68
electrode before and after cycling.

Atomic%
Elements Crumpled electrode Uncrumpled electrode
Before cycling After cycling Before cycling After cycling

Cls 50.7 36.7 47.0 43.2
O 1s 15.5 13.6 21.4 20.9
F1s 20.3 11.5 8.51 1.79
Si 2p 11.3 3.10 22.4 4.00
Ti2p 211 0.37 0.70 0.10
Li 1s - 33.1 - 29.7
P2p - 1.50 - 0.30

Finally, we compared the long-term cycling performance and rate performance of
our electrodes to those reported in literature. First, we compared the cycling performance
of our electrodes to other reports that used non MXene core-shell geometries (Figure

V-17a) and to Si/MXene electrodes (Figure V-17b). Generally, we observed that our

145



crumpled MX/Si electrodes (data in pink) were able to achieve higher capacities at higher
current densities (with a few exceptions® #6). To be specific, our crumpled electrodes
achieved specific energy of 550 Wh/kguwta at specific power of 1720 W/Kgiota at 200"
cycle. Particularly, we noticed that we were able to obtain higher silicon content in our
electrodes, with a few exceptions.*® 2% 28 The previously reported flat MX/Si electrode
showed higher capacities than our electrodes, probably because of lower electrode loading
(<1 mg/cm?) for the former. Yan et al., reported that there crumpled MX/Si electrodes can
sustain much higher current densities (~2 A/g) and achieve capacities of ~400 mAh/grotar.?’
On the other hand, our crumpled electrodes can sustain current densities upto ~1.7 A/g

and achieve capacities of ~550 mAh/gtotal.
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Figure V-17. (a) 3D plot of cycling electrode capacity (at n™ cycle) (mAh/grotal), current
density (A/gwta), and silicon content in entire electrode comparing (a) yolk-shell type
electrode architectures available in literature and (b) Si/MXene electrode architectures. (c)
3D plot of rate performance comparing yolk-shell type Si/MXene architectures available

in literature. Here mass of total electrode is considered.
Next, we compared the rate performance with previously reported core-shell
MX/Si electrodes (Figure VV-17c). Here, the electrode performance reported by Yan et al.
was exceptional. But, our electrodes showed comparable performance to those reported
by Xia et al.?® However, we noted that our electrode can sustain higher current densities
(upto ~15 A/g). Thus, we our electrodes can possibly find application in devices which

require high power over high capacities, with volume constrain.
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Conclusions

Here, we made MXene/Si core-shell type structure using a one-step spray drying
procedure. The spray drying technique is scalable and can be easily applied to other anodes
where volumetric expansion and excessive SEI formation is an issue. We optimized the
Si/MX content in the capsule as well the PVDF binder content in the electrode to increase
the active material loading. The high capacities observed for Si/MX=32/68 wt% electrode
with 5 wt% PVDF binder is attributed to balance of MXene and silicon nanoparticles in
a capsule. This balance allowed for achieving high silicon loading without diluting the
active material toa large extent. We show that our crumpled electrodes demonstrated
specific capacity of 550 mAh/grota at a current density of 1.7 A/gial (or 0.5 C-rate) at 200"
cycle for electrode loading of 1.5 mg/cm?. We further showed that our crumpled electrodes
showed a decent cycling capacity of ~400 mAh/gta at 200" cycle at current density of
0.3 A/gota (0r 0.1 C-rate). b-Value analysis revealed that electrodes exhibited dual energy
storage mechanism, wherein silicon and MXenes stored Faradaic and non-Faradaic
energy, respectively. We showed that MXenes are better than rGO by presenting SEM and
cycling data which revealed that MXenes wrapped the silicon particles more effective than
rGO due to larger lateral size of the former which overall helped in achieving higher
cycling capacities. An in-house comparison of crumpled architecture to the uncrumpled
architecture revealed the advantages of effective wrapping of silicon particles by MXene
nanosheets which minimized SEI formation and improved cycle life of anode. XPS and
EIS analysis showed that large amounts of SEI had formed on cycled uncrumpled

electrodes as compared to the crumpled electrodes. Compared to previous literature on
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yolk-shell and flat Si/MX electrodes, our electrodes showed comparable cycling
performance. Practically, our crumpled electrodes had showed comparable capacities at
higher power. Our crumpled electrodes had second highest silicon content in the entire
electrode as compared to other reported yolk-shell electrodes. Thus, by reducing the
unnecessary inactive material content, the active material content can be further increased.
Thus to conclude, our crumpled electrodes can be possibly used in devices requiring high
power.
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CHAPTER VI
SUMMARY AND FUTURE DIRECTIONS
Summary

Silicon anodes were successfully fabricated and their device performance was
shown. We critically evaluated three major issues with silicon anodes, which is
delamination, low energy density due to excessive dead weight, and unstable solid
electrolyte interphase (SEI) formation.

Delamination in silicon anodes occurs due to huge volume changes during
lithiation and delithiation. This issue can be minimized by adding binder to the silicon
anode. We evaluated redox-active polymer, poly(fluorene-alt-naphthalene diimide)
(PFNDI) as a binder for silicon anodes. As a binder, PFNDI exhibited poor performance,
which was attributed to its poor adhesion to the silicon particles and its non-redox activity
within silicon working potential window of 0.01 V to 1 V vs. Li/Li*.

Typically, high molecular weight long chain polymeric binders are added to silicon
anode in order to minimize delamination during battery cycling. On the other hand, we
showed that small molecules, such as tannic acid, can be used as binder. Tannic acid (TA)
is a small, branched, water-soluble polyphenol with a large number of hydroxyl (-OH)
functional groups, and it performed comparably to many polymeric binders and excelled
in an in-house comparison to poly(vinylidene fluoride) (PVDF) and poly(acrylic acid)
(PAA). We showed that the optimum electrode composition of 70 wt% silicon, 10 wt%
TA, 20 wt% CB balanced both electronic conductivity and active material accessibility

and this electrode demonstrated a discharge capacity of 850 mAh/g at the 600" cycle at
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0.5 C. We showed that density of functional groups on a binder is an important parameter,
and higher the value, better is the binding ability to silicon. Along with density of
functional groups, the architecture of binder is important, and branching increases the
point of contact to silicon, further improving the binding ability. Additionally, by using a
representative molecules of tannic acid, we isolated the effects of hydrogen bonding
without the effects of large-scale particle-to-particle bridging caused by high molecular
weight polymers.

Owing to the poor electronic conductivity of silicon, huge amounts of carbon
conductive additives (30-50 wt%), along with binder (5-25 wt%), are added to improve
the electronic network and mechanical integrity of the anode, respectively. These additives
are considered as “dead weight” because they do not store energy. Excessive usage of
these additives dilutes the silicon active material, which overall reduces the total energy
density of the anode. We showed that the carbon additives can be replaced with much
lower amount of TisCoTx MXene nanosheets to overall improve the total capacity of the
anode. We designed electrodes with a high silicon content of 80 wt%, 16 wt% Alg binder
and 4 wt% MXene nanosheets. These electrodes demonstrated stable capacities around
900 mAh/gsi (720 mAh/gwtal) at a high C-rate of 0.5 C, which was higher than a
comparable electrode made in-house containing 4 wt% carbon black. Despite having such
a low MXene content (4 wt%), our electrodes exhibited specific energies comparable to
electrode containing higher amounts of rGO, CNTs or MXenes. The stable electrode
performance even with a minimal MXene content is attributed to several factors: (1)

highly uniform silicon electrodes due to the dispersibility of MXenes in water, (2) the high
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MXene aspect ratio that enables improved electrical connections, and (3) hydrogen
bonding among MXenes, sodium alginate, and silicon particles.

The one major issue with silicon anode which was not evaluated in the previous
chapters is the formation of unstable SEI. This occurs because of continuous exposure of
silicon to electrolyte during battery cycling because of volume changes. This is a critical
problem because SEI formation drastically drops the cycling capacities and Coulombic
efficiencies. Adding binder would probably wrap the silicon particles and minimize its
exposure to electrolyte, however, the excessive volume changes would still cause SEI
buildup due to breakage of binder protective layer. On the other hand, a “yolk-shell” type
structure will ensure that minimum exposure of silicon particles to electrolyte. We made
a Yyolk-shell structure by crumpling/encapsulating silicon particles using MXene
nanosheets via a spray dryer. This method is fairly easy and straightforward compared to
the traditional method of creating such a structure, which involves multiple steps of
forming and removing sacrificial layer. We optimized the Si/MX content in the capsule as
well the PVDF binder content in the electrode to increase the active material loading. The
high capacities observed for Si/MX=32/68 wt% electrode with 5 wt% PVDF binder is
attributed to balance of MXene and silicon nanoparticles in a capsule. We show that our
crumpled electrodes demonstrated specific capacity of 550 mAh/gwta at a current density
of 1.7 Algwtwl (or 0.5 C-rate) at 200" cycle for electrode loading of 1.5 mg/cm?2. We
reduced the cross-section expansion after cycling to 13%, which is lowest compared to
our previous studies on silicon anodes. An in-house comparison of crumpled architecture

to the uncrumpled architecture revealed the advantages of effective wrapping of silicon
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particles by MXene nanosheets which minimized SEI formation and improved cycle life

of anode.

I Si+TA work
I si+flat MX work
I Crumpled Si/MX capsule work

Figure VI-1. Summary of cycling data form Chapter 11, IV, and V.

Figure VI-1 summarizes the data from Chapter IlI, IV, and V. We plotted a 3D
graph with capacity (MAh/gita), loading (mgrotai/cm?), and silicon content (wt%). Battery
performance depends on wide range of parameters, but we chose to represent electrode
loading and silicon content as we believe that these two are critical parameters to achieve
high energy density silicon anodes. For Si+TA work (Chapter 111), we were able to achieve
optimum cycling performance with silicon content of 70 wt%. However, when we tried to
either increase or decrease the silicon content, the cycling capacities dropped. Also, as we
increases the electrode loading, we observed a slight drop in the cycling capacities. This
can be attributed to increased cell resistance due to formation of thicker electrodes. For
the Si+low MX work (Chapter 1V), when we replaced the carbon additives with MXene
nanosheets, we were able to increase the silicon content to 80 wt% without affecting

cycling capacities to greater extent. However, when we further tried to increase the silicon
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content we observed drastic drop in capacities. This can be attributed to imbalance of
electrode components that led to poor formation of hydrogen bonding interactions and
poor electronic connectivity. Finally, for the crumpled S/MX capsule work (Chapter V),
unfortunately, we were not able to increase the silicon content in the electrode beyond
65Wt%. However, we were able to make higher loading electrodes (>1.2 mgiota/cm?),
which we were not able to do for the previous chapters. This shows that the high tap
density of capsules allow for formation of higher loading electrodes without any issues of
crack formation of delamination.

Future directions

Through silicon anodes with TA as a binder showed comparable performance as
compared to other widely studied binders widely for silicon anodes, the performance can
be further improved by either making a composite of TA with other binders or cross-
linking the TA.

We combined TA with binders such as carboxymethyl cellulose (CMC) and
polydopamine (PD). However, we did not see any significant improvement in capacities
(Figure VI-2). This is probably because the essential hydrogen bonding groups of TA ware
utilized to form interactions with CMC or PD, which reduced its availability to bind with
silicon. Thus, instead of combing TA with other binders, it is recommended to cross-link
TA with itself or with other binder molecules that has high density of hydrogen bonding
functional groups (for e.qg. citric acid).

Because the phenol moieties of TA can be further modified to impart additional

functionality using simple organic chemistry, it should not be difficult to incorporate
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crosslinking into TA structures. We performed initial evaluations on a thermally cross-
linked TA. For that, we first synthesized methacrylated TA (MTA) following a previous
report.! Following that, we made silicon electrodes using MTA as binder, and (2-hydroxy-
2-methylpropiophenone) as a thermal initiator. We observed lower cycling capacities as
compared to anodes made using TA as a binder. We attributed this behavior to the steric
hindrance cause by the bulky groups, that minimized the exposure of -OH groups which
are critical to improve the binding ability to silicon. A future direction would be to
systematically methacrylate the pyrogallol groups on TA so as to find an optimum balance
that will allow for effective cross-linking without causing much steric hindrance. Another
future direction would be add Li* ion conducting groups, which will not only improve

binding ability to silicon, but also improve the ion-diffusion within the binder.
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Figure VI-2. Galvanostatic cycling performance of silicon electrodes with different
binders.
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Addition of just 4 wt% MXenes improved the cycling performance of silicon
anode and also the total energy density. We made electrodes with high silicon content of
80 wt%. However, we added 16 wt% of sodium alginate binder so as to make structurally
strong electrode. A future direction will be to further reduce the binder content in ethe
electrode. This can be achieved by choosing a new binder, for e.g. TA that has abundant -
-OH groups to improve binding ability to both silicon and MXenes. Due to very low
viscosity of TA+water composite, there is a possibility of aggregation of MXene
nanosheets causing inhomogeneous electrode formation. This can be reduced by utilizing
crosslinked TA. Additionally, the antioxidative property of TA would reduce oxidation of
MXene nanosheets and improve its stability.? We believe that in the future, as the MXene
synthesis becomes more mature, it would be easier to tune the properties of MXenes, For
e.g., the dead weight in silicon anodes can be further reduced by utilizing MXenes which
have larger lateral size, are more conductive, and have a uniform distribution of -OH
functional groups. A systematic study on varying the MXene properties and understanding
its effect on anode performance should be conducted, so as to find the best performing
MXene for silicon anode.

Though the Si/MX crumpled electrode architecture improved the SEI stability and
reduced the through plane expansion during cycling, the capacities obtained were very
low. This is probably because of excessive crowding of silicon particles within the capsule
which affects the contact of silicon particles with the conductive MXene shell. Future

work will involve optimization of MXene sheet size for efficient contact of silicon particle
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within capsules. Instead of using PVDF as a binder, crosslinked TA can be used as a binder

here to further improve structural integrity of the electrode made with Si/MX capsules.
Finally, future work to make silicon electrode made with Si/MX capsule, TA as

binder, and MXene as conductive additive/binder is desired.
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