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ABSTRACT

Current Li-ion battery technologies are limited by the low capacities of the
electrode materials and require developments to meet stringent performance demands for
future energy storage devices. Electrode materials that alloy with Li, such as Si, are one
of the most promising alternatives for Li-ion battery anodes due to their high capacities.
Tetrel (Si, Ge, Sn) clathrates are a class of host-guest crystalline structures in which
Tetrel elements form a cage framework and encapsulate metal guest atoms. These
structures can form with defects such as framework/guest atom substitutions and
vacancies which result in a wide design space for tuning materials properties. The goal of
this work is to establish structure property relationships within the context of Li-ion
battery anode applications. The type | BagAlyGese.y Clathrates are investigated for their
electrochemical reactions with Li and show high capacities indicative of alloying
reactions. DFT calculations show that Li insertion into the framework vacancies is
favorable, but the migration barriers are too high for room temperature diffusion. Then,
guest free type I clathrates are investigated for their Li and Na migration barriers. The
results show that Li migration in the clathrate frameworks have low energy barriers (0.1-
0.4 eV) which suggest the possibility for room temperature diffusion. Then, the guest
free, type Il Si clathrate (NaiSiiss) is synthesized and reversible Li insertion into the type
I1 Si clathrate structure is demonstrated. Based on the reasonable capacity (230 mAh/qg),
low reaction voltage (0.30 V) and low volume expansion (0.21 %), the Si clathrate could
be a promising insertion anode for Li-ion batteries. Next, synchrotron X-ray
measurements and pair distribution function (PDF) analysis are used to investigate the

lithiation pathways of BasGess, BasAlisGeso, BagGaisSns1 and Nao.3Siize. The results



show that the Ba-clathrates undergo amorphous phase transformations which is distinct
from their elemental analogues (Ge, Sn) which feature crystalline lithiation pathways.
Based on the high capacities and solid-solution reaction mechanism, guest-filled
clathrates could be promising precursors to form alloying anodes with novel
electrochemical properties. Finally, several high temperature (300-550 °C)
electrochemical synthesis methods for Na-Si and Na-Ge clathrates are demonstrated in a

cell using a Na pB’’-alumina solid electrolyte.



ACKNOWLEDGEMENTS

There are many individuals who have helped and supported my work in this
dissertation and this section will acknowledge their contributions.

First, | want to acknowledge and thank my advisor, Professor Candace K. Chan,
for accepting me into her lab group and her belief and support in my research activities.

Next, | acknowledge and thank Professor Svilen Bobev. His support and
collaboration have been pivotal for the completion of this dissertation.

| acknowledge and thank the contributions of Amanda Childs, who was vital in
helping prepare many of the clathrate samples for synthesis and for conducting
measurements at the Diamond beamline.

| acknowledge and thank the contributions of Dr. Alexander Ovchinnikov, who
conducted and helped with Rietveld refinements and synthesis of clathrate compounds
and was a great mentor during my visit to the University of Delaware.

| acknowledge and thank the contributions by Dr. Ran Zhao who provided the
basis for the initial clathrate experiments and mentored me during the start of my PhD.

| acknowledge and thank the contributions of Professor Xihong Peng, who taught
and enabled me to perform density functional theory calculations which have been crucial
for this dissertation.

I would like to thank the members of the Chan Lab group for providing a
welcoming and warm environment during my doctoral studies.

| acknowledge and thank the contributions of Dr. J. Mark Weller, who performed
transmission electron microscopy experiments and who also was a great coworker who |

shared many enjoyable discussions and coffee breaks with.



| want to acknowledge the Diamond Light Source (Didcot, UK) for access to
beamline 115-1 (proposal no. CY23152) and T. Forrest and D. Keeble for assistance with
synchrotron measurements.

| want to acknowledge the Deutsches Elektronen-Synchrotron (Hamburg,
Germany) for access to beamline P02.1 (proposal no. I- 20180707), and J. Tseng for
assistance with the XRD measurements.

| acknowledge the use of the APS at Argonne National Laboratory through the
11-BM mail in program (Proposal-63359, 66690) supported by the U.S. Department of
Energy, Office of Science, Office of Basic Energy Sciences, under Contract No. DE-
AC02-06CH11357

| acknowledge the use of the services from the Instrumental Design and
Fabrication Core Facility at Arizona State University for construction of the stainless-
steel reactors.

| acknowledge the use of the Research Computing at Arizona State University for
providing high-performance computing resources that have contributed to the research
results reported within this dissertation.

| am also extremely grateful for the financial support provided by the ASU Fulton
Schools of Engineering Dean’s Fellowship throughout my studies.

| acknowledge and thank Professor Peter A. Crozier for letting me join his group
as an undergraduate, his great classes, and his support of my PhD studies at ASU.

| acknowledge and thank Professor Houlong Zhuang for participating on my
dissertation committee and being a valuable resource when I had computational related

questions.



| acknowledge and thank Professor Mary Laura Lind for allowing me to join her
research group as an undergraduate and creating an environment that sparked my interest
in scientific research.

| acknowledge and thank Professor George Wolf for his extremely insightful
classes and helping me gain the confidence to tackle difficult scientific concepts.

| acknowledge and thank Tobias Schultz for all his assistance with the lab during
his visit and his initial ideas for the stainless-steel reactors used in this dissertation.

| gratefully acknowledge the use of facilities within the Eyring Materials Center at
Arizona State University supported in part by NNCI-ECCS-1542160.

| want to gratefully acknowledge the funding from NSF DMR-1710017 and

DMR-2004514.



TABLE OF CONTENTS

Page
LIST OF TABLES. ... ne e xii
LIST OF FIGURES ... .o XVii
PREFAGCE ...ttt xli
CHAPTER
1. INTRODUCTION AND BACKGROUND .......cccoiiiiiinieie e 1
1.1, Li-ION BAEIIES ... 1
1.1, INErOQUCTION ..o 1
1.1.2. Partsof aLi-lon Battery..........ccocovvevviiiiiicicicce e 2
1.1.3. Metrics for Li-ion Batteries..........ccccovevvineneiincieneennn 8
1.1.4. Single Phase and Two-Phase Reactions...............cccccocu... 15
1.2.  Li-ion Battery ANOES..........ccevieiieiieiiee e 21
1.2.1.0 INSEITION ...ttt 22
1.2.2. AHOYING. ..ot 27
1.3, Tetrel CIathrates..........cooieiiiiiiiiee e 37
1.3.1. StruCtural TYPES ..ccveoeeeieeiecie et 37
1.3.2. DEFECES ... 39
1.4.  Literature of Previous Applications of Tetrel Clathrates for Li-ion
BALTEITES ... 45
1.5,  Goals of RESEAICH .......coiviiiiiiic 53
2. EXPERIMENTAL AND COMPUTATIONAL METHODS ..........cccccevieennn. 55
2.1.  Electrochemical Characterization ...........c.cccooviveieieiinicnisennn, 55

Vi



CHAPTER

Page
2.1.1. Electrode and Cell Construction for Li-ion Batteries....... 55
2.1.2. Galvanostatic Measurements...........ccceovrererrerenreienennen. 58
2.1.3. Electrochemical Impedance Spectroscopy (EIS)............. 61

2.1.4. Galvanostatic Intermittent Titration Technique (GITT) .. 62

2.1.5. High Temperature Electrochemical Cells........................ 64
2.2.  Materials CharaCterization...........ccccoovrerieiiieneienesese e 69
2.2.1. Powder X-ray Diffraction (PXRD) ........cccccevvevveirernennn. 69
2.2.2. Rietveld Refinement............ccooooiiiiiiiniicice e 70
2.2.3. Total X-ray Scattering and Pair Distribution Function
(PDF) ANAIYSIS......iciiiiiieiiieie ettt 71
2.2.4. Scanning Electron Microscopy (SEM) ........cccceevvevveinnen. 76
2.2.5. Transmission Electron Microscopy (TEM) .......c.ccceueee.. 77
2.2.6. Energy Dispersive Spectroscopy (EDS) ........cccccvevvernnee. 77
2.2.7. X-ray Photoelectron Spectroscopy (XPS)......c.cccevvvruenen. 78
2.3.  Density Functional Theory (DFT) ....ccccceviivieiieiecie e 80
2.3.1. Brief INtroduCtion............ccoiieiiiineieiie e 80
2.3.2. FOrmation ENergy.......cccccooveveiiieieeie e 81
2.3.3. Average Voltage........cccovevveiiiicceee e 82
2.3.4. Nudged Elastic Band (NEB) Method.............cccccevvvennnne. 83
3. CLATHRATES AS INSERTION ANODES. ..., 86
3.1.  Experimental and Computational Study of the Lithiation of
BagAlyGess.y Based Type | Germanium Clathrates ... 86

vii



CHAPTER Page
3. 1.1, INrOQUCTION ... 86
3.1.2. Experimental and Computational Methods...................... 90
3.1.3. Results and DiSCUSSION..........cccovrirrerieiieieise e 91
314, CONCIUSIONS ... 116
3.2.  Abinitio Investigation of Li and Na Migration in Guest-free, Type
[ CIATNIALES ... 119
3.2.1. INrOAUCTION ... 119
3.2.2. Computational Methods...........cccccevveiiiiieiicie e 121
3.2.3. RESUIES ..ot 123
3.2.4, DISCUSSION ..ottt 142
3.2.5. CONCIUSIONS ... 146
3.3.  Structural Origin of the Reversible Li Insertion in Guest-free, Type
[1 SIlICON CIAthIates .......cc.ooveiiiiieeieeeee e 149
3.3.1. INrOdUCHION ... 149
3.3.2. Experimental and Computational Methods.................... 153
3.3.3. Results and DiSCUSSION.........cceovrerieiinineieeinie e 153
334, CONCIUSIONS ... 187
4. CLATHRATES AS ALLOYING ANODES ..o 190

4.1.  Understanding the Amorphous Lithiation Pathway of the Type |

BasgGess Clathrate with Synchrotron X-ray Characterization................. 190
411, INrOdUCTION ..o s 190
4.1.2. Experimental Methods ..........cccccooveviiiiiiiiicii e, 194

viii



CHAPTER

4.1.3. RESUIS ..ot 195
4,14, DISCUSSION ..ottt 214
4.1.5. CONCIUSIONS ...t 221
4.2.  Structural and Electrochemical Properties of Type VIII BagGaies-
s9N30+5 Clathrate (6 = 1) during Lithiation..........c.cccoeeviiiiiiiniiiiicie 223
4.2. 1. INrOAUCTION ...coviiiiicie e 223
4.2.2. Experimental and Computational Methods.................... 226
4.2.3. RESUIS ..ot 227
4.2.4. DISCUSSION ..ottt 249
4.2.5. CONCIUSIONS ..ottt 258
4.3.  Electrochemical Lithium Alloying Behavior of Guest-free, Type Il
SIlICON CIAathrates..........ooveiiiieiee e 260
4.3. 1. INtrOAUCTION ....oviiiiiiicieic e 260
4.3.2. Experimental Methods ..........ccccccevvveiiiiiiciciicce e, 263
4.3.3. RESUILS ... 264
4.3.4. DISCUSSION ...ttt 279
4.3.5. CONCIUSIONS .....ovviiiiiiiiiiiieees e 285

5. HIGH TEMPERATURE ELECTROCHEMICAL SYNTHESIS OF SILICON

AND GERMANIUM CLATHRATES ...t 287
5.1.  Solid-State Electrochemical Synthesis of Silicon Clathrates Using

a Sodium-Sulfur Battery Inspired Approach ..........cccoevvevieevieiie e, 287

511 INrOAUCTION ..ot 287



CHAPTER Page
5.1.2. Experimental Methods ..........cccccevviiiiiiiiiie e 290

5.1.3. Results and DiSCUSSION..........ccourirreieniierieineneeee s 295

5.1.4, CoNCIUSIONS ....c.viniiiiiiiieisieee e 308

5.2.  Electrochemical Synthesis of Type Il NaxSiyGe136-y ......ccovvrvne. 311

5.2.1. INrOAUCTION ....oveiiiiiiieieeseee e 311

5.2.2. Experimental and Computational Methods.................... 313

5.2.3. Results and DiSCUSSION.........ccccovrermeieiineieinie e 318

5.2.4. CONCIUSIONS ....cviiiiiiiiiieisicee e 332

5.3.  Electrochemical Na-Sn Flux Synthesis of Na-Si Clathrates....... 334

5.3.1.  INrOdUCTION ....oviiiiiiieiieeeee e 334

5.3.2. Experimental Methods ..........c.ccceeveiieiiiiic e 336

5.3.3. Results and DiSCUSSION.........cccovrerreieiineieinie e 339

5314, CONCIUSIONS ....c.viniiiiiiiiicisiceee e 353

6. SUMMARY AND FUTURE OQUTLOOK ......cccoiiieiieiiiesieeieeree e 355
REFERENGCES ... .ttt 359
APPENDIIX .. 383
A. SUPPORTING INFORMATION FOR CHAPTER 3.1........ccceeneee 384

B. SUPPORTING INFORMATION FOR CHAPTER 3.2 .......cccveneee 402

C. SUPPORTING INFORMATION FOR CHAPTER 3.3..........cccueee. 411

D. SUPPORTING INFORMATION FOR CHAPTER 4.1.........cc.c..... 426

E. SUPPORTING INFORMATION FOR CHAPTER 4.2 .................... 450

F. SUPPORTING INFORMATION FOR CHAPTER 4.3......ccccoveeee. 470



APPENDIX Page

G. SUPPORTING INFORMATION FOR CHAPTER5.1......cccccvee 484
H. SUPPORTING INFORMATION FOR CHAPTER 5.2.........cccue.e. 496
I. SUPPORTING INFORMATION FOR CHAPTER 5.3 ........ccocovi 499

Xi



LIST OF TABLES

Table Page
3.1.1 Lattice Parameter And Ge:Al Ratio On Each Framework Site (6¢, 16i, And
24Kk) for BagGesz As Determined From Single Crystal XRD Studies............c.ccocvvenene. 93
3.1.2  Calculated Formation Energies, Gibbs Free Energy Changes, Voltages, And
Lattice Constants Of Unlithiated And Lithiated Compounds.............cccccevvveivevieseenne. 110
3.2.1  Formation Energy And Optimized Lattice Constants Of The Guest-Free Ttss
(Tt =Si, Ge, Sn) Clathrate StrUCLUIES. .......ccueiveiieieeie e e 125
5.1.1 Summary Of The Reaction Products Obtained Prior To Washing,
Experimental Capacity, And Percentage Of Theoretical Capacity To Form NagSiss For
The Reactions CONAUCTEM. ........ccueiiiiiiiieiitesieee e 303
A.1  Cell Parameter And Phase Percentages For Ge Clathrate Samples According To
The Powder Xrd Least-Squares Refinement............cccccevvveiieie e 387
A.2  Ge 2p Peak Area Percentages After The Fitting Procedure For The Ge
ClathrateS ANA BM-GE. ......oiiiiiiiiiieeee e 389

A.3  Theoretical Conversion Capacities And Number Of Li Per Formula Unit (F.U.).

B.1  Calculated Shortest Li-Tt Distances And Lattice Parameters For The Ttse

Structures Presented In Figure 3.2.2 After Relaxation With Li In The Four Positions.

B.2  Calculated Li-Tt Bond Lengths For The Initial And Transition States, And The

Energy Of The Highest Energy Image From Neb Results In Figure 3.2.3a-b............. 404

Xii



Table Page
B.3  Calculated Shortest Na-Tt Distances And Lattice Parameters For The Ttss

Structures Presented In Figure 3.2.6 After Relaxation With Na In The Four Positions.

B.4  Calculated Na-Tt Bond Lengths For The Initial And Transition States, And The
Energy Of The Highest Energy Image, From The Neb Results In Figure 3.2.7a-b. ... 406
C.1  Atomic Coordinates, Occupancies, And Atomic Displacement Parameters For
Nao.9)Sizzs (Nal) Corresponding To The Rietveld Refinement In Figure 3.3.2a....... 418
C.2  Atomic Coordinates, Occupancies, And Atomic Displacement Parameters For
Na1o.7(1)Si1zs (Nall) Corresponding To The Rietveld Refinement In Figure 3.3.2b... 419
C.3  Atomic Coordinates, Occupancies, And Atomic Displacement Parameters For

The Lithiated Nal Sample Corresponding To The Rietveld Refinement In Figure

C.4  Atomic Coordinates, Occupancies, And Atomic Displacement Parameters For
The Pristine Nal Corresponding To Figure C.3bh. ......ccooveiieiiiiieiicce e 420
C.5 Atomic Coordinates, Occupancies, And Atomic Displacement Parameters For
The Lithiated Nal Corresponding To Figure C.3C. ....cccoveiveiiiieiiieie e 420
D.1  The Measured Voltages And Corresponding Capacity For Each Sample After
Electrochemical Lithiation To Different Li/Ge Ratios. .........c.ccoceovireniiiiiiiiciiens 432
D.2  Refined Atomic Positions, Lattice Parameters, And Atomic Displacement
Parameters FOr The Liz.75Ge SAMPIE .....oceiiiiieiiieceeee e e 432
D.3  Refined Atomic Positions, Lattice Parameters, And Atomic Displacement
Parameters For The Liz75Ge SAMPIE. ....oceoiiiiiiieieeee e 432

Xiii



Table Page
D.4  Pdfgui Refinement Parameters For Pristine A-Ge And The Liy75Ge Sample Fit
To Different Phase COmMDINALIONS. ..........cooiiiiiiiiiici e 433
D.5 PDFgui Refinement Parameters For Li»75Ge Sample Fit To Different Phase
COMBINALIONS. . ¢ttt 433
D.6  PDFgui Refinement Parameters For Liz7sGe Sample Fit To Different Phase
COMDBINALIONS. ...ttt b 433
D.7  Pdfgui Refinement Parameters For The Pristine Basgess And Li1.75Bao.10Ge PDF
PIOES IN FIQUIE DB ...ttt et et 434
D.8  PDFgui Refinement Parameters For Pristine BagAlisGeso And
Li1oBao.17Alo.35Geos5 PDF Plots In Figure D.8DC........ccccoiiieiiiiccecc e, 434
D.9 PDFgui Refinement Parameters For PDFs Of Li275Bag.19Ge And Lis7sBao.19Ge
After Heating To 450 K And 420 K, Respectively..........cccocevviiiiiiiiciciece e, 435
E.1  Crystallographic Data For BasGai49Snsi.1 From Single Crystal XRD ............ 458
E.2  Atomic Coordinates, Occupancies, And Equivalent Isotropic Displacement
Parameters (Ueq) Of BagGais4.90Sns1.1 From Single Crystal XRD Refinement.............. 459
E.3  Refinement Parameters For PDF Refinement Of Pristine Clathrate Sample Fit

To Type VIII BagGaisSns: And B-Sn. The Refinement Plot Is Presented In Figure

E.4  The Voltage And Capacity Corresponding To The Lithiated Type VIII

BagGaisSns: And B-Sn Samples Used For PDF Measurements (Corresponding To The

Points Indicated IN FIGUIE 4.2.3).....c.oiiiieie et 460

Xiv



Table Page
E.5 PDF Refinement Parameters Of Best Fits For B-Sn, Li1sSn, Li2.oSn, LizsSn,
Liz4Sn Samples. Plots of the refinements are presented in Figure E.4-5. .................. 460
E.6  PDF Refinement Parameters Of Fits For The Lithiated Clathrate Samples To

Different Phase Combinations. Plots Of The Refinements Are Presented In Figure E.6

F.1  Atomic Coordinates And Atomic Displacement Parameters For Refinement Of
As-Prepared Clathrate Sample (NaiSiizs) Corresponding To Figure F.1..................... 476

F.2  Lithiation Capacity And Voltage For Each Electrode Prepared For PDF Analysis

F.3  Pdfgui Refinement Parameters For The Pristine a-Si, 1000 mAh/g, 2000 mAh/g,
55 mV and 10 mV. The Refinement Plots Can Be Found In Figure F.3 and F.5........ 477
F.4  Pdfgui Refinement Parameters For The Pristine NaiSiizs, 1000 mAh/g, 2000
mAh/g and 10 mV. The Refinement Plots Can Be Found In Figure F.3 and F.5........ 477
G.1  Refinement Results For The Sample Synthesized At 450 °C With The Na
COUNLET EIBCIIOUE ...t 485
G.2  Refinement Results For The Sample Synthesized At 450 °C With The Sn
COUNLET EIBCIIOUE. .....eeiiieeee e 485
G.3  Refinement Results For The Sample Synthesized At 550 °C With The Na
COoUNEN EIBCIIOUE ... s 485
G.4  Summary Of The Experimental Masses Of The Working Electrode And The

Theoretical And Experimental Capacities For The Different Oxidation Conditions .. 486

XV



Table Page
H.1  Atomic Coordinates And Atomic Displacement Parameters For Refinement Of

Product Synthesized At 350 °C Corresponding To Figure 5.2.6 .........cccccvevvevvererennnne 497

XVi



LIST OF FIGURES

Figure Page
1.1.1  Schematic Of A Li-1on Battery........ccooeiiiieiiecece e 3
1.1.2 SEM Micrographs of Battery EIeCtrodes. ..........ccovevvvivieiveieiiese e 6
1.1.3  Schematic Of A Full Li-lon Battery Cell...........ccceoviiiiiiiicee e 7

1.1.4  Ragone Plot Which Plots The Specific Power And Specific Energy Ranges Of
Various Electrochemical Storages DEVICES .........ccviieiierieiieieeie e 9
1.1.5 Schematic Of A Battery Electrode Comprised Of Wire And Sphere Active
Material Connected To The Metal Current ColleCtor...........cccoovreiiiriieiiniicccees 14
1.1.6  Graph Of The Gibbs Free Energy Vs Composition And Corresponding
Voltage Profile For A Single Phase Reaction And Two Phase Reaction...................... 17
1.1.7  Schematic Of A Single Active Particle During A Two Phase Reaction Between
Li-Rich A Phase And Li-P0O0Or B Phase.........ccccoviiiiiiiiiieieisc e 18
1.2.1  Crystal Structure Of Pristine Graphite, LiC12, ANd LiCe......ccovvurrvrirnrinnnnnn. 23

1.2.2  Voltage Profile Of The Lithiation And Delithiation Of Graphite During The

1.2.4  The Volumetric And Gravimetric (Specific) Capacity Of The Fully Lithiated
States Of Different EIBMENTES ..o 27
1.2.5 Energy Density Vs The % Volume Example For Different Elements ............ 28
1.2.6  Coulombic Titration Curve Of The Lithiation At 415 °C Showing The Phases

Present IN EACh PIAtBAU .......coo oo 29

Xvii



Figure Page

1.2.7  Crystal Structures Of The Li-Si Phases Formed During The Lithiation Of Si At

1.2.8  Voltage Profile Of The Room Temperature Lithiation And Delithiation Of
Diamond Cubic Si And The Amorphous Si That Forms In The 2" Cycle Lithiation... 32
1.2.9  Schematic Of A Proposed Lithiation Mechanism Of Diamond Cubic Si At
ROOM TEMPEIALUIE. ...eeiiiiie ittt e s arb e e nnbe e s sbeeen 34
1.2.10  Schematic Showing How Si Electrodes With Film And Particle Geometries
Result In Fracture And Electronic Disconnection From The Substrate ....................... 35
1.3.1  Crystal Model Schematic Of The Expanded Unit Cell Of Type | NagSiss
CHAENTALE ...ttt bbbt e 38
1.3.2  Crystal Model Schematic Of NasSiz......cccovvvvereiiieneiiseseee e 40
1.3.3  Calculated Density Of States (DOS) And Electron Accounting For The Type |

KgBgSiag and BagGeazl 13 CIathrates ..........veeeeieeeeee oot 42

1.3.4  Periodic Table Showing The Major And Minor Clathrate Forming Elements
For The Framework And GUESE ATOIMS ........c.coiiiiiiiiieieie e 44
141 Voltage Profile Of Nayssiizs With An Enlarged Inset Of The Plateau
Corresponding To Insertion Of Li And Voltage Profile Of Cycles 1,2,3,5 And 10 Of
DIAMONGA CUDIC Sh.uvviniiiiiiiieieieeeee bbbt 45
1.4.2  Nudged Elastic Band (NEB) Calculations Showing The Energy Vs Reaction
Coordinate Of Li Migration Between Two Si2o Cages Where A Si-Si Is Broken And

THeN REFOIMEA ..., 46

XViil



Figure Page
1.4.3  The Measured Lattice Constant And Voltage Of Ge1zs As A Function Of Li
CONLENE WHEIE LixGRI36. - vverevererieiiiieieisiete ettt 47
1.4.4  Normalized dQ Plot Showing That The Reactions Of Na24Siizs¢ And Diamond
CUDIC ST AT SIMIIAT ... e 48
1.45  First 10 Cycles Of Basalio.30Sizs.61 Type | Clathrate Synthesized By Thermal
ANNEBAIING ...t et e e te e nreenreenee e 49
1.4.6  Processing Steps Investigated For The Type | Clathrate, BagAli6Siso............. 50
1.4.7  Crystal Structure Of The Recently Discovered Si Polymorph, Siz, With A
Crystal Structure Similar To Clathrates And Predicted To Have High Li Mobility ..... 51
2.2.1  Schematic That Shows The Information Contained In The Different Parts Of A
PXIA PAIEEIN ...ttt 70
2.2.2  Schematic And Photographs Of The Process Of Acquiring A PDF Using A
High-ENergy X-Ray SOUICE ........ccuiiieiiiie ittt sre e 73
2.2.3  Schematic Of 2d Hexagonal Carbon Lattice With The Atomic Coordination
Spheres Drawn And Distance Labelled From The Center Carbon Atom And
Corresponding PDF PAttern .........ccvcieiieiiiecceecte ettt 74
2.2.4  Example PDF Refinement Of A Polycrystalline Sample Of BagGeus............. 76
2.3.1  Schematic Of The NEB Method Where The Initial Band Of Positions Is

Moved To The Minimum Energy Path By Minimizing The Perpendicular Force Of The

3.1.1  Crystal Structure Of BagAlisGeso And BagGess ......ccvvvvvvviiiciiiiicie, 88

XiX



Figure Page
3.1.2 PXRD Patterns Of Hand Ground Ge Clathrates And Representation Of The
BasAlyGessy (y = 4) Structure With Anisotropic Displacement Parameters. ............... 92
3.1.3  High Resolution TEM and SAED Of The Ge Clathrates ............c.ccccceverurnnnne. 98
3.1.4  Galvanostatic Voltage Curves Obtained From The First Cycle For HG and BM
SAMPIES. ettt et e e reenaeanaern 99
3.1.5 Differential Capacity Plots Of The First Cycle Of Ball-Milled And Hand
Ground AIO And Ball-Milled And Hand Ground Al16 From Galvanostatic Cycling At
25 INAG. ettt e e e e e ta e re e e e ere s 102
3.1.6  Voltage Profiles Of The Electrodes To Specific Degrees Of Lithiation And

Corresponding Pxrd Patterns Obtained After The Lithiation For HG And BM-AIO0, BM-

3.1.7  Bode Plots Showing The Phase Angle Vs. Frequency for HG-AIO, BM-AIOQ,
HG-AI16, BM-AI16 Obtained At Different States Of Charge ..........cccccceevvevveiecneenen. 108
3.1.8  Schematic Of Two Connected Tetrakaidecahedra Showing The Li Positions Of
Path 1 Where The Starting And Ending Points Consist Of Li In Vacancies At The 6¢

Position And Neb Energies Of Path L.........ccccccoivoiiiiiiecie e 112

XX



Figure Page
3.1.9  Schematic Of Two Connected Tetrakaidecahedra Showing The Li Positions Of
Path 2 Between Vacancy Positions Within A Single Tetrakaidecahedron And Neb
Energies Of Path 2 From One Vacancy To Another Vacancy In The BagGeszooL iy
With And Without Barium Inside The Ge24 Cage ; Schematic Of A Single
Tetrakaidecahedron With The Two Vacancies In Each Hexagonal Face Filled With Li
(Red Atoms) Showing The Ending And Starting Images Of The Neb Calculation Of
Path 2. Arrows Show The Direction Of Li Movement ; Schematic Of The Highest
Energy Image With Ba In The Ge24 Cage ; Schematic Of The Highest Energy Image In
When Ba IS NOt In The Ge24 Cage.......cccviiiiiiiieieieie e e 113
3.2.1  Crystal Structures Of Type | Clathrate Ttss And Polyhedral View, With The
Black Polyhedra Representing The Tetrakaidecahedra (Tt2s Cages) And The Gray
Polyhedra Representing The Dodecahedra (Tt2o Cages); Ball-And-Stick View Of A Ttz4
And Tty Cage Viewed Down The [001]. Polyhedral View With The Three
Perpendicular Channels Of Interconnected Tt24 Cages Shaded In Different Colors... 124
3.2.2  Gibbs Free Energy Change Of Reaction (AGr) And Voltage Vs. Li/Li* For The
Reaction Ttss + Li = LiTtss, Where Tt = Si, Ge, Sn, For Each Of The 4 Li Positions.
Schematic With Two Tt24 Cages And One Ttzo Cage For Siss, Gess, and Snss Showing

The 4 Li Positions After Relaxation When Viewed Down The [001] Direction......... 126

XXi



Figure Page
3.2.3  NEB Calculated Minimum Energy Path For Li Migration In Siss And Geas
Between The Off Hex Positions In Two Adjacent Ttos Cages Through A Hexagonal
Face. NEB Calculated Minimum Energy Path For Li Migration Between The Tt2o And
Tto4 Cages Through A Pentagonal Face. Percentage Of The Area Expansion Of The
Hexagonal And Pentagonal Faces At The Highest Energy Position For The Two
PAENWAYS ...ttt e st a e r e e ae e te e e naeereene e 130
3.24  NEB Calculated Minimum Energy Paths For Tto4 Intracage Migration Of Li
(Cyan) In Gess And Snge. The Pathway Is Between Off Hex Positions Through The
Center Of The Cage Or Along The Side Of The Cage. ........ccceevvevveieiieiice e 133
3.25 NEB Calculated Minimum Energy Paths For Li Migrating From The Sizo Cage
To The Sio4 Cage With And Without The Adjacent Si2s Cages Filled With Li. Crystal
Models Of The Intersection Of Two Si2s Cages And One Sizo Of The Initial Positions
And The Transition State Positions For The Minimum Energy Path In LisSiss. Crystal
Model Viewed Down The X-Axis Showing The Si-Si Bond That Is Broken............ 135
3.2.6  Gibbs Free Energy Change Of Reaction (AGr) And Voltage Vs. Na/Na* For
The Reaction Ttss + Na = NaTtss, Where Tt = Si, Ge, Sn, For Each Of The 4 Na
Positions. Schematic Of Two Tt24 Cages And One Tt Cage For Siss, Gess, And Snae

Showing The 4 Na Positions After Relaxation Viewed Down The [100] Direction... 137

xXii



Figure Page
3.2.7 NEB Calculated Minimum Energy Paths For Na Migration In Sizs And Geas,
And Snss Through The Hexagonal Face. NEB Calculated Minimum Energy Paths For
Na Migration Between The Tt2o And Tt24 Cages For Ttss Through A Pentagonal Face.
Percentage Of Areal Expansion Of The Hexagonal And Pentagonal Face In The Type |
Clathrate Structure. Crystal Models Of NaSiss And NaGess At The 0, 4, and 8"
Reaction Coordinate Viewed Down The B And C AXIS ..c..covvireiiiniieieieeeenees 140
3.2.8 A Scheme Summarizing The Relative Energy Barriers For Li Intracage And
Intercage Migration Through Two Adjoining Tt2s Cages Connected By A Hexagonal
Face. As The Cage Size Increases, The Intracage Barrier Increases While The Intercage
BarTIEr DECIBASES. .....veveteeeiietest ettt bttt n e 144
3.3.1  Crystal Model Showing The Two Types Of Polyhedra In The Type li
Clathrate Nazs-xSi136 (0 < X < 24) Structure: The Dodecahedra (Siz) In Yellow And The
Hexakaidecahedra (Sizg) In Black. Polyhedral Model Showing The Network Of Sizs
Cages Connected By Shared Hexagonal Faces. Polyhedral View Of The Type li
Clathrate Structure Viewed Down The [011] Direction And 2 X 2 X 2 Supercell
Showing Both Sizg ANd Sizg CAQES. ....ecveveriiiirieiiiieiet e 151
3.3.2.  Rietveld Refinement Of The Pxrd Patterns Of The Nal And Nall Samples.
HRTEM Image Of Nal Along The [110] Zone Axis With Inset Showing The
Characteristic Cage Structure Of The Type li Si Clathrate Of The Region Indicated

With The Red Box. TEM-EDS data from Nal and two areas in the Nall sample.... 156

podl



Figure Page
3.3.3  Voltage Curve For Galvanostatic Lithiation Of Type li Clathrate With
Compositions Of Nao.sSi13s and Naio.7Si13s at 25 mA/g With A 0.01 V Vs. Li/Li*
CULOTT. et 158
3.3.4  Analysis Of Li Insertion Into NaiSii3s (Nal). Galvanostatic VVoltage Profile
And Corresponding dQ/dE Plot Of A Nal Electrode Lithiated At 10 mA/g. Synchrotron
PXRD (L =0.412781 A) Of The Lithiated Clathrate. Residual Electron Density Peaks
From The Difference Fourier Mapping In The Small Sizo Cages. Atomic Positions Used
In The Refinement For Na And Li Guest Atoms In The Sizo And The Sizs Cages.. ... 161
3.3.5  Dft Calculations Of Li Positions In Siizs Schematic Of A Sizg Cage Connected
With A Six Cage Showing The Dft Calculated Li Positions Viewed Down The [110]
Direction. Schematic Of The “Off Hex” and “Off Pent” li positions with select bond
Lengths. Gibbs Free Energy Of Reaction (AGr) For The Reaction Siizs + Li (metal) —
LiSit3s For Each Different Li Position. Average Lithiation Voltage As A Function Of
The Li Content. DFT Calculated Lattice Constants For Different Amounts Of Li in the
SH136 LAITICE 1. 165
3.3.6  Schematic Showing The Lithium Positions After Electrochemical Lithiation

O SI136: ceee e ettt 169

XXV



Figure Page
3.3.7  NEB-Calculated Minimum Energy Paths For Migration Of Li In Siise
Between The Si>o And Siog Cages Through A Shared Pentagonal Face And Between
The Si2s And Sizs Cages Through A Shared Hexagonal Face. NEB-Calculated
Minimum Energy Path For Li Between Off Hex And Off Pent Positions In The Sizs
Cage. NEB-Calculated Minimum Energy Path For Li Migrating From Sizg Cage To The
Sizo Cage Through A Shared Pentagonal Face With A Li In The Adjacent Sizs Cage.
Crystal Model Showing Reaction Coordinates 0, 4, And 8 Of The NEB Calculation 171
3.3.8  The Lithiation And Delithiation Voltage Profile Of Nal Cycled With
Lithiation Cutoff Voltage Of 0.26 V (Cycle 1 and 2) And 0.29 (Cycle 3) At 25 mA/g
With Distinct Voltage Regions Labelled With Letters. Normalized dQ/dE Derived
From The Voltage Profiles With Features Labelled Accordingly. GITT Profile Of The
Lithiation And Delithiation Of Nal. .........cccoieiiiiiiiie e 176
3.3.9 Voltage Profile Of Nal Cycled At 25 Ma/G With A Voltage Cutoff Of 0.26
and 0.28 V. Coulombic efficiency vs. Cycle number; Voltage Profiles Of The 29, 10%
and 20" Cycle With A 0.26 V Voltage Cutoff Showing The Increase Of Amorphous
Reactions At Longer Cycles. Voltage Profile Of Nal Cycled At 25 mA/g With A
Voltage Cutoff OF 0.28 V. ..o 180
3.3.10  Schematic Showing The Proposed Li Pathways Through The Type Il Si1zs
ClAthrate STFUCTUIE.. ...o.viiiiiieciiee e 183
4.1.1  Crystal Structure Of Type | BagGess Clathrate............ccoooveiiiiiiiinciiiiens 192
4.1.2  Voltage Profile And Corresponding Dg/De Plot Of The Lithation Of Basgess
And A-Ge At 25 mA/g With A Voltage Cutoff Of 10 mV vs. Li/Li* .....cccoovevennnne. 196

XXV



Figure Page
4.1.3  Synchrotron XRD (A= 0.20733 A) And PDF Results For Pristine o-Ge,
Li175Ge, Li2.7sGe, and Lis7sGe And Pristine BagGess, Li1.75Bao.10Ge, Li2.7sBao.19Ge,
AN Liz75B80.190GE. .. vieiiiiiiieee e 198
4.1.4  Insitu PDF Measurements Of Heating The Lithiated BasGeass (Li2.7sBao.190Ge)
From 300 to 450 K. In situ PDF Measurements Of Heating The Fully Lithiated BasGeass
(Li375B20.19G€) FITOM 300 10 420 K. ....voooeeeeeeeeeeeeeeeeeeee e 206
415 Comparison Of PDFs of Li275Bao.10Ge: Unheated, Heated To 450 K, And
Lithiated, Unheated a-Ge. Comparison Of PDFs of Liz 7sBag19Ge: Unheated, Heated
To 420 K, And Lithiated, Unheated o-Ge. ........cccereiririiiniienieiescseeee s 207
4.1.6  Synchrotron XRD Results Obtained During In Situ Heating. XRD Patterns
And False Colormap Obtained During Heating Ramp To 480 K For Fully Lithiated
BasGeas (Liz.7sBao19Ge) And Fully Lithiated a-Ge (Lis 7sGe). XRD Pattern And False
Colormap Of Lis75Bao.10Ge During Extended Heating At 480 K. ......ccoovvviviivnnnnne. 210
4.1.7  Synchrotron XRD Patterns Of Lis.7sBao.10Ge After Heating At 480 K for 6.6
hours And Lis7sGe After Heating Ramp To 480 K......ccccoiiiiiinicieieie e 212
4.1.8  Proposed Electrochemical Lithiation Mechanism Of BagGeus..................... 216

4.2.1  Crystal Structures Of Type | And Type VIII Clathrates With General Formulas

XXVi



Figure Page
4.2.2  Crystal Structure Of Type VIII BagGaisSna: Clathrate Derived From The
Single Crystal Refinement. Lab Powder XRD Of Crushed Single Crystals Of The
Clathrate Sample With The Simulated Diffraction Patterns For Type VIII BagGaisSnaz
And B-Sn. PDF Refinement Of Pristine BagGaisSnz1 Using The Structural Model
Derived From The Single Crystal Refinement ............cccoocvvveveiieicie v 228
4.2.3  Voltage Profile And Corresponding dQ/dE Plot Of The Lithiation Of
BagGaisSns1 and B-Sn at 12.5 mA/g And 25 mA/g, Respectively With A Voltage
CULOff OF 10 MV VS, Li/LiT oot 230
4.2.4  Structure Function Plots For Pristine f-Sn And Lithiated f-Sn Electrodes.
Comparison Of Structure Function Plots For B-Sn, Li1sSn, and LizsSn With Calculated
Reference Patterns For 3-Sn, LiSn, and Li7Sns. Structure Function Plots For Pristine
BasGaisSns1 And Lithiated Clathrate Electrodes. Comparison Of Structure Function
Plots For Pristine Clathrate And Li1.5Bao.17Gao.335n0.67 With Reference Pattern For
BasGaisSna1. Crystal Structures Of Intermediate Phases Identified In The Lithiation of
B-SN, LISN AN LI7SN3. 10ttt 233
425 Exsitu X-ray PDFs For Pristine -Sn, Li1sSn, Li2oSn, Li2sSn and Liz4Sn. Ex
situ X-ray PDFs for Pristine BagGai5Sns1, LiisBag.17Gao.33Sno.67, Li2.0Bao.17Gao.335N0.67,
AN Li3.2B80.17G80.33SN0.67. v c-veeeuerterteeeiestesteesie sttt 236
4.2.6  Subtracting The Li-Sn Impurity Crystalline Phase From The Amorphous
Clathrate PDF. Comparison Between The Lithiated PDFs of -Sn and the type VI
clathrate. From The Refinements, Li>sSn Was Determined To Contain LizSns, while
Liz4Sn contained a Mixture Of LizSnz and LizSNa. ..o 239

XXVil



Figure Page
4.2.7  Capacity and Coulombic Efficiency vs. Cycle Number For B-Sn and Type VIII
BagGaisSnas; Clathrate Electrodes In Half-Cells Cycled At 12.5 mAh/g With A Voltage
Range Of 0.01 - 2.5 V vs. Li/Li". Voltage Profiles For B-Sn and Type VIII BagGaisSna1
CHAENTALE. ...ttt 243
4.2.8  Schematics Of An Empty Void Connected To A Distorted Dodecahedra In
The Calculated Type VIII BagGaisSna: Structure With Investigated Li Positions
Viewed In Two Perpendicular Directions And Labelled 1-4. Gibbs Free Energy Of

Reaction (AGry) For The Reaction BagGaisSna: + Li — Li BagGaisSns; For Each

Different Li Position. NEB-calculated Minimum Energy Paths For Migration of Li
Between Positions 4 and 3 In The Distorted Dodecahedra.............cccoceveveiiiininnninns 246
4.2.9  Voltage Plot For BagGess and BagGaisSnz1 And Corresponding dQ/dE plots
Comparison Of The PDFs Of The Most Lithiated Phases Of The BagGess Clathrate And
The BagGaisSnar CIatNrate. ..........coiiiiiii e 250
4.2.10  Schematic Of The Common Local Ba Feature In The Type VIII BagGaisSns1
And Type | BagGess Clathrate Ba sublattices. Ba Sublattice Of The Type VIII
BagGaisSns; Clathrate and Type | BagGess Clathrate..........cccooveeveviveve i 251
4.3.1 Crystal Model Schematic Of The Dodecahedra And The Hexakaidecahedra
That Comprise The Type 11 Si Clathrate Structure With Na Guest Atoms In The Cage
00T 01 (=] £ J T TP TP PP PP P PRPPRPUPPRTPIN 261
4.3.2  Voltage Profile And Corresponding Normalized dQ/dE Plot Of The Lithiation

Of NaiSiizs And a-Si At 25 mA/g (~C/120) With A Voltage Cutoff Of 10 mV vs.

XXVili



Figure Page
4.3.3  Ex Situ Structure Function And PDF Plots Of The Lithiation Of a-Si and
INBLSTL36 -+ vevereereereesee ettt sttt e bbb bbbt bt et e e bbb bbbt et e e e bbbt nbenre s 268
4.3.4  difference curves for PDFs For Lithiated a-Si And Type Il NaiSiizs Electrodes
After Fitting To Crystalline a-Si or NaiSiiss, Respectively. Plot Comparing The Ratio
Of The Intensity Of The Direct Si-Si Correlations (Ggonded) TO The Indirect Si-Si
Correlations (Gnon-bonded) At The Different Stages Of Lithiation...........cccccocevviviinnne. 273
4.3.5 Difference Curves For PDFs For Lithiated Type Il Na;Siizs Electrodes After
Fitting To Crystalline Na1Siizs, Respectively And Simulated Total Partial PDF of
Li1oSiz. Crystal Structure Model Of Li12Si7 Displaying Only The Si Atoms............... 277
4.3.6  Proposed Lithium Alloying Mechanism For The Guest Free Type Il Si
CHAENTALE. ...ttt n et 280
4.3.7  Comparison Of The Voltage Profiles And dQ/dE Plots Of Various Reported Si
SHTUCTUIES ... 283
5.1.1 Schematics Of The Electrochemical Cell And Proposed Electrochemical
REACTIONS. ...t b bbbttt 295
5.1.2  The Galvanostatic Intermittent Titration Technique (GITT) Voltage Profile For
Oxidation Of NasSis Using A Na Metal Counter Electrode At 450 °C and 550 °C.... 297

5.1.3 PXRD Patterns Of Reaction Products After Washing With Ethanol And Water

5.1.4 SEM Images Of Type | Na-Si clathrates Obtained At 450 °C With Na CE 450

°C With Sn CE, And 550 °C With Na CE..........coiiiiiiiiiiiiieecie e 301

XXiX



Figure Page
5.1.5  Schematic Illustrating The Role Of Na Vapor During Electrochemical
OXIAATION OF NASTA.c..cvviviieieise e 305
5.1.6  Room Temperature Galvanostatic VVoltage Profile And dQ/dE Plot Of The
Lithiation Of NasSiss synthesized At 450 °C With The Sn Counter Electrode (40 mA/qg)
and a-Si (25 mA/g) With A Voltage Cutoff Of 0.01 V vs Li/Li*. PXRD Patterns Of The

Pristine Electrode And After Full Lithiation With References For Lii15Sis and NagSiss

5.2.1  Schematic Of The Two-Electrode Cell Used To Perform The Electrochemical
Oxidation Of The NasSiyGes.y Zintl Precursors. Photograph Of The Cell Assembled
And The Working Electrode Pellet In The Center Of The Stainless-Steel Spacer.
Photograph Of The Na Metal And Solid Electrolyte Interface Demonstrating Good Na
Wetting Of The Surface After Heating At 450 °C.......cccoeiieviiie e 319
5.2.2  Galvanostatic Intermittent Titration Technique (GITT) Voltage Profile Of The
Oxidation Of NasGe4 at 300, 350, and 400 °C With 12 Hour Current Pulses And 1 Hour
OF REIAXATION TIME....eiuiiiiitiieiieie ettt 320
5.2.3 PXRD Of The Pristine NasGes And The Products Of The Reaction Products
Synthesized. SEM micrographs Of The Products After Exposure To Air Synthesized At
300, 350, @Nd 400 OC.....c.uoiiiieiieiieie ettt bttt ne e 323
5.2.4  Galvanostatic Intermittent Titration Technique (GITT) Voltage Profile Of The
Oxidation Of NasGesSiy at 350 and 400 °C With 12 Hour Current Pulses And 1 Hour

Of Rl aXatioN TimMe. . oo 325

XXX



Figure Page
525 PXRD Of The Pristine NasGesSiz And The Products Of The Reactions At 350
and 400 °C. SEM Micrographs Of The Products After Exposure To Air Synthesized At
350 @NA 400 OC. ..ottt bbbttt 326
5.2.6  Rietveld Refinement Of The Pxrd Patterns Of The Products Of The Oxidation
Of NasGesSiy at 350 °C After Being EXP0oSed TO Al ....ccovviiiiiieieieienie s 328
5.2.7  DFT Calculations Of Na Positions In Ge1zs. Schematic Of A Gezs Cage
Connected With A Gezo Cage Showing The Dft Calculated Li Positions Viewed Down
The [110] direction. Gibbs Free Energy Of Reaction (AGr) For The Reaction Geiss +

Na (metal) — NaGei3s For Each Different Na Position.NEB-calculated Minimum

Energy Paths For Migration Of Na In Gei13s Between The Gezo and Gezg Cages Through
A Shared Pentagonal Face (Pentagon Transition) And Between The Gezs And Gezs
Cages Through A Shared Hexagonal Face (Hexagon Transition)............ccccccevvevveennene 330
5.3.1 Schematic Of The Two-Electrode Cell And Photograph Of The Cell Prior To
S, ittt 341
5.3.2  Galvanostatic Intermittent Titration Technique (GITT) Voltage Profile At 500
°C with 2 hour 1.91 mA/cm? Current Pulses And 10 Mins Of Relaxation Reaching A
Final Composition Of NaogSi1.9Sn1.0, Na21Si1.9Sn1.0, and Nap sSi2.0Sn1.0. PXRD Of The
Products Of The Reach After The Alcohol And Acid Wash. SEM Micrographs Of The

Washed Products Reaching A Final Composition Of NaogSi19Sni.0 And Naz.1Si1.9Sn1 0.

XXXI



Figure Page
5.3.3  Galvanostatic Intermittent Titration Technique (GITT) Voltage Profile At 500
°C With 2 Hour 1.91 mA/cm? Current Pulses And 10 Mins Of Relaxation For Na-NaSi-
SN, Na-SN, AN NA-NASH. ..o 346
5.3.4  Galvanostatic Intermittent Titration Technique (GITT) Voltage Profile At 500
°C With 2 hour 1.91 mA/cm? Current Pulses And 1.2 hour 3.18 mA/cm? Current Pulses
With 10 Mins Of Relaxation Times. PXRD Of The Products Of The Reaction After
The Alcohol And Acid Wash. SEM Micrographs Of The Reaction Products Obtained
With A Current Of 1.91 mA/cm? And 3.18 MA/CMZ. ..o, 349
5.3.5  Galvanostatic Intermittent Titration Technique (GITT) Voltage Profile At 500
and 550 °C With 2 hour 1.91 mA/cm?2 Current Pulses And 10 Mins Of Relaxation.
PXRD of The Products After The Alcohol And Acid Wash. SEM Micrographs Of The
Products Obtained At 550 °C Showing The Smaller Particles That Were Decanted
During The Washing Procedure And A NagSiss Single Crystal. ..........ccccooovvieiinenen. 351
A.l  XRD Patterns Ge Clathrate Powders After 40 Minutes Of Ball-Milling, Ge
clathrate Pristine Electrodes And After First Lithiation. ...........ccccoooiiniiicienicine 388
A.2  High Resolution XPS Of The Surface Of Ge Clathrate Electrodes. Ge 2p*?
Spectrum, With Ball-Milled C-Ge Powder Shown For Comparison And Al 2p
A0 1T L (1] o PR PR 389
A.3  SEM Images Of Pristine Electrodes For The Hand Ground AlO, Al4, Al8, Al12,
And Al16 Germanium Clathrate SampIes. ..o 391
A.4  SEM Images Pristine And Lithiated For BM-AIO, BM-Al4, BM-AI8, BM-Al12,

BIM-ALLG ... 392



Figure Page
A5  Galvanostatic Cycling (25 mA/g) Voltage Profiles Of The First 5 Cycles For
HG-AIO Capacity Retention For Hand Ground AIO-Al16 electrodes, With Respect To
The Initial Lithiation Capacity.Coulombic Efficiency Of First Cycle For Hand Ground
And Ball-Milled Electrodes For Different Al Content. Coulombic Efficiency Of Hand
Ground AIlO-Al16 Electrodes For The First 20 CycCles. ......cccocvvvveveeieiieiiee e 394
A.6  Differential Capacity Plots Derived From Galvanostatic Cycling (25 mA/g) For
The First 3 Cycles Of BM-AIO, HG-AIO And HG-AIL6 .......cccoovviiiiiieiecc e 394
A.7  Capacity Retention Of Bm-Ge Electrodes Showing That The Capacity Decay Is
Similar To That In The Ge CIatrates...........ccoeoviiieeiieieseseeeses e 395

A.8 Voltage Profile Of Galvanostatic Testing Procedures Applied To Sample HG-

Al0, BM-AIO, HG-AI16, and BM-AI16 For The EIS Measurements .............cc......... 396
A.9  Nyquist Plots For HG-AIO and BM-AIO. ........cccoceiiiiiieieccececee e 397
A.10  Nyquist Plots Of HG-AI16 and BM-AIL6 .........c.ccoeeviviiieieccceece e 397

A.11 Expanded View Of Nyquist Plots For HG-AI0, BM-AIO, HG-AI16, and BM-

A.12  Crystal Model Schematics Showing Two Gezs Cages From The Lithiated
Compounds Shown In Table 3.1.2.BagGessooLii, BagGeassLis, BagsGessosliy, And
BaBGRABLIBLI L. ettt e 400
A.13  Crystal Model Schematics Showing Two Gezs Cages From The Lithiated
Compounds Shown In Table 3.1.2. BasAlisGesoLii and BagAligGesoLis.........ccu..... 401
A.14  Li Diffusion Path 1 And Path 2, With Each Image Labelled According To The
Reaction Coordinate In Figure 3.1.8b and Figure 3.1.9b, Respectively...................... 402

XXXl



Figure Page
B.1  Crystal Model Schematic Of Snss and Gibbs Free Energy Change Of Reaction
(AGy) Showing Off-Pent Li Positions 1 And 2 In Comparison To The Centered Position
I LTS 1 OO RTPU PRSP PRPPTRPRN 406
B.2  Crystal Model Schematic Of Neb Pathway For Pentagonal Migration Of Li
(Figure 3.2.3D) iN G46 AN SN4B. .o.veviriiiiiiiiiieieie et 407
B.3  Crystal Structures Of A Single Tt24 Cage Showing Examples Of The Initial And
Transition States For Na or Li During Migration Through A Hexagonal Face And
Pentagonal FaCE ........ccuiiiiiice et 407
B.4  NEB Minimum Energy Path For LiBasSiis (Type Il Si Clathrate) for Li
Migration Between Two Sizo Cages. Crystal Structures For The Initial And Transition
States Of The Li Migration PathWay. ............ccccoiiviiiiiieiic i 408
B.5 NEB Minimum Energy Path For The Na Migration In NaSiizs (Type Il Si
Clathrate) Between The Siog and Sizg Cages. Crystal Models Of The Initial And
Transition States Of The Migration Pathway FOr Na. ...........ccccoevvviviiiiiiecc e, 409
B.6  Gibbs Free Energy Change Of Reaction (AGr) and Voltage vs. Mg/Mg* For The

Reaction Ttss + Mg > MgTtss, where Tt = Si, Ge, Sn, For Each Of The 4 Mg positions.

C.1  Schematic Of Stainless-Steel Tube Reactor With Water Cooling Used For The
Thermal Decomposition Of NasSis Under Vacuum. Photograph Of The Reactor And
Tube Furnace Used For The Thermal Decomposition Of NasSis. Photograph Of The

Water-Cooling Element With Na Evaporated On To It.........cccoooviiiiiiiiie e 421

XXXIV



Figure Page
C.2  Low Magnification SEM Micrograph Of Type Il Clathrate With Low Na
Content (Nal) High Magnification SEM Micrograph Of Nal. Low Magnification TEM
Image Of Type Il Si Clathrate, Nal, With Selected Area Electron Diffraction Pattern Of
The Particle 1N The INSEL..........ooiiiiiee s 422
C.3  Galvanostatic Voltage Profile Of A Nal.4 Sample Lithiated At 10 mA/g.
Synchrotron PXRD (1=0.20733 A) Of The Pristine Type 11 Si Clathrate And Lithiated
Type I Si CIAtNrate. .......ccveiieiiee e 423
C.4  The Lithiation And Delithiation Voltage Profile Of Nal Cycled Between 0.26—
2.5V (Cycle 1 and 2) And 0.29-2.5V (Cycle 3) At 25 mA/g. GITT Profile Of The
Lithiation And Delithiation Of Nal At A Current Density Of 10 mA/g With 30 Min
Pulses And 5 Hour Relaxation Times. The full GITT Profile In Terms Of Time
Showing The First Two Cycles Prior To The GITT Experiment. Zoom In Of The GITT
Profile In Terms OF TIME. ....oooiiiiiiiiiieee e 424
C.5 Laboratory PXRD (Cu Ka) Of The Cycled Electrodes After 50 cycles. The
Reflections At 206 = 43° and 51° Correspond To The Copper Current Collector Of The
EIECIIOUES. ... bbbt 425
D.1  SEM Images Of The BagGess and a-Ge Electrodes Prior To Electrochemical
(037/0] 1100 T PRSP S PP PP 436
D.2  Rietveld Refinement Of The Pxrd Patterns Of The Li175Ge And Lis7sGe
SAMIPIES. .. ettt e bbb 437
D.3  Refinements Of The a-Ge PDF Patterns At Compositions Of Pristine a-Ge,
Li1.75Ge, Li2.75GE ANU LiZ75GE. .uviiiiiciiiii ettt ettt ettt e e 438

XXXV



Figure Page
D.4  Calculated Total And Partial PDF Patterns For BasGeass LisGe2 LizGez, LizGes,
[T =V (g 1o I I ] C T 439
D.5  Crystal Structures Of LizGes, LisGez, LisGes, LizGe2, LiisGes, And BaoLiGes439
D.6  PDF Refinements For Pristine BasGeuss, BagGess After Lithiation To A
Composition Of Li17sBao.19Ge And Li1.7sBac19Ge (fit range restricted to 10 — 30 A).
Comparison Of The Amorphous Phase From The Difference Curve Of The Refinement
For Li1.7sBao.19Ge In With The PDFs of Liz7sBao.10Ge and Liz7sBao.19Ge ................ 441
D.7  Voltage Profile Of The Lithiation And Delithiation Of BagGess And a-Ge Using
25 mA/g; Corresponding dQ/dE plot of the voltage profiles. PDF plot of the BagGeass
after One Full Lithiation/Delthiation Cycle (“Delithiated BagGess). Comparison Of
Pdfs From Delithiated BagGess (amorphous) And The Crystalline BagGeas............... 442
D.8  Voltage Profile And Corresponding dQ/dE Plot Of The Lithiation Of BagGess
and BasAl16Geso using 25 mA/g; PDF Refinement Of The Pristine BagAl1sGeso
Clathrate. PDF Refinement Of The Lithiated BasAlisGeso (Li1.9Bao.17Alo35Geoss) ... 443
D.9  Comparison Of Total Scattering Structure Function, S(Q), With Intensities
Normalized By The Average Scattering Factors And Corrected By A Polynomial Fit Of
Li2.7sBao.10Ge: Unheated, Heated To 450 K, And Lithiated a-Ge; Liz 7sBao.10Ge:
Unheated , Heated To 420 K, And Lithiated o-Ge ..........ccoeoiiiiiiniiicnceens 444
D.10  Assignment Of Ge-Ge Correlation Distances Found In The Calculated PDF To

Distances Between Ge Atoms For LizGes, LizGez and LitsGes......ccevveeeieeieniinnieenne. 445

XXXVi



Figure Page
D.11  Refinements Of The PDF From Li2.7sBao.10Ge After Heating To 450 K, Fit To
LizGe, From 2 —30 A, And From 6 — 30 A. Refinement Of The PDF For Lis7sBao.10Ge
Heated T 420 K, FIt TO Li15Gea4. c.voveviriiiiiiiiiiisieieeeie e 445
D.12  Variable Temperature PDF During In Situ Heating From 310 — 420 K For
Fully Lithiated a-Ge (Lis.7sGe). Corresponding False Colormaps Of The PDF data.. 446
D.13  Rietveld Refinements For The In Situ Heating Of Lis75Bag.10Ge To The
LiisGes Structural Model From 360-480 K. Lattice Parameter Vs Temperature Plot
With A Linear Regression Model For The Dependence. ..........cccccvevveieieeiecieseene. 447
D.14  XRD Patterns Of Liz75Bao.19Ge And Liz7sGe After Heating To 480 K With
The Simulated XRD Patterns Of Possible Li/Ge/Ba Phases For Identification. Zoom In
Of The Low Angle Peaks And Their Identification...............cccooevviviiieiiccc e 448
D.15  Ex Situ Lab Powder XRD Pattern Of Lis7sBao.10Ge After Heating At 200 °C
for 8 Hours Under Argon In A Ta boat Compared To The Synchrotron In Situ XRD
Heating Pattern Taken From Lis7sBao.19Ge After Heating At 480 K for 6.6 hours In A
Borosilicate Capillary .........ccoovoiiiiii s 449
E.1 SEM Images Of The Composite Electrodes Made From Type VIl BagGaisSha;
Clathrate, And B-Sn Prior To Electrochemical Lithiation ............cccccooeveiiiienicinnnnnne. 462

E.2  Calculated Total And Partial PDF Patterns For Type VIII Clathrate BagGaisSnai.

E.3  Calculated Total And Partial PDF Patterns For LiSn, LizSns, and Li7Sno....... 464

E.4  PDF Refinement And Crystal Structure Of Pristine B-Sn.........cccccoovvvvrennnne. 464

XXXVil



Figure Page
E.5 PDF Refinements Of The Lithiated -Sn PDF Patterns At Compositions Of
Li1sSn LizoSn, LizsSn And Lis4Sn. LizsSn Fit From 2 — 30 A. Crystal Structure Of
[T ] 1 SRS PP RPPPRPRPRN 465
E.6 PDF Refinements Of The Lithiated Type Viii Clathrate Pdf Patterns At
Composition Of Li1sBao.17Gao.33Sno.e7, Li2oBao.17Gao.33Sno.67, And
Li3.2B80.17G80.33SN0.67. ++vververeerertereiiitisiei ettt 466
E.7  Crystal Models Schematic Of LizSnz Showing Only The Sn Atoms Viewed
Down The [L00] DIr€CLION. .....c.veiieeiecie ittt nas 466
E.8  Variable Temperature (310 K- 420 K) PDF Of The Fully Lithiated Type VIII
Clathrate (Li3.2Bag.17Ga0.335N0.67). «.vveveerreireerreiieiieiiesieesreesieeseesseesteeseeseesseesesseesseensens 467
E.9  Capacity And Coulombic Efficiency Vs. Cycle Number For B-Sn and Type VIII
BagGaisSns; Clathrate Electrodes In Half-Cells Cycled At 12.5 mAh/g With A Voltage
Range Of 0.01 — 2.5V VS, Li/LiT. .o 467
E.10  Crystal Structures Of B-Sn, Li2Sns and LiSN .........cccoeviviiiiciiiiiiiiee, 468
E.11  Galvanostatic Cycling Of KsLixGessx Electrodes At 25 mA/g. dQ Plot Derived
From Potentiostatic Measurements With A Current Limit Of A 100 mA/g. PXRD Of
The Clathrate Electrodes Before And After Full Lithiation. SEM Images Of The
Clathrate Electrode Before And After Lithiation............cocooviiiieininciiicees 469
F.1  Rietveld Refinement Of The PXRD Patterns Of The As-Prepared Clathrate
(Na:Siize) Sample Investigated With Ex Situ Total Scattering Measurements. .......... 478
F.2  Comparison Of Structure Function Plots For Pristine a-Si And NaiSiizs
Clathrate With Their Reference Patterns. .........cccceoeiiiiiininiiececcc s 479

XXXVili



Figure Page
F.3  PDF Refinement Of Pristine a-Si and a-Si After Lithiation To 10 mV vs. Li/Li*
Fit To Li1sSis. PDF Refinement Of Pristine Type Il Na;Siizs Clathrate And NaiSiizs
Clathrate After Lithiation To 10 mV vs. Li/Li* Fit TO Li15Sia. .ccccvrvrvrviniieiirrininine, 480
F.4  Calculated Total And Partial PDF Patterns For LiysSis. Crystal Structure Of
i 5S4 ettt bbbt e bbb b b nre s 481
F.5 Refinements Of The PDFs From a-Si And Type Il Na;Siizs Clathrate After
Lithiation To Different Points In The Two-Phase Region Of The Voltage Profile. a-Si
Lithiated To 1000 mAh/g (94 mV), 2000 mAh/g (71 mV), 2650 Ah/g (55 mV) With
Refinement Fit To a-Si. Clathrate Lithiated To 1000 mAh/g (222 mV), 2000 mAh/g
(76 mV) With Refinement Fit To The Type Il Structure............ccccovevveveiieiievecnn, 482
F.6  Comparison Of The dQ/dE Plots Of Amorphous Si And The Type Il Si
ClAtNIALE, NBISTIZ6: -+ veveverereeiirterietie sttt b ettt b 483

G.1  Photograph Of The Stainless-Steel Housing Used For The Electrochemical Cell.

G.2  GITT Profile For Oxidation Of Nassis Using A Sn Metal Counter Electrode. 487
G.3 PXRD Patterns Of As-Recovered Reaction Products After The Oxidation Of
NasSis Prior To Washing With Ethanol And Water.. .........ccccocvvinieinieneie e 488
G.4  SEM And EDS Of Pellets After Electrochemical Oxidation With The Na
EIECIIOUE ... 489
G.5 EDS Spectra Taken In An SEM For The Synthesized Type | NagSisg Powders

After Washing With Ethanol And Water............cocveiiieiiiiiic i 490

XXXIX



Figure Page
G.6  Rietveld Refinement Of The PXRD Pattern From The Clathrate Sample
Synthesized Using A Na Counter Electrode At 450 °C........cccovvevieieiiiesiee e 491
G.7  Rietveld Refinement Of The PXRD Pattern From The Clathrate Sample
Synthesized Using A Sn Counter Electrode At 450 °C........cccoovveviiieiieiiee e 492
G.8 Rietveld Refinement Of The PXRD Pattern Of The Clathrate Sample
Synthesized Using A Na Counter Electrode At 550 °C........cccovveviiviiiieiiere e 493
G.9  XRF Spectra Of The Powder Obtained At 550 °C With The Na Counter
EIECTIOMR. ..o 494

G.10  Synthesis Of Type Il Ge Clathrate From Electrochemical Oxidation Of

H.1  EDS Spectra Of The Products Taken At 20kV and 800x Of The Electrochemical
Oxidation Of NasGes After EXPOSUIE TO Al ...ocveieieieriesiesiseseeie e 497
H.2  EDS Spectra Of The Products Taken At 30kV and 1500x Of The
Electrochemical Oxidation Of NasGesSiy After Exposure TO Air. ....ccccooceveivieinnnnns 498
.1  PXRD Of The Non-Washed And Washed Powder Of The Products Of The Na-
INAST REACLION ...ttt 500

.2 SEM EDS (20 kV) Taken From The Face Of A NagSiss Single Crystal........... 501

x|



PREFACE
This dissertation contains a large fraction of my published work in addition to
some unpublished work that has gone through the proof-of-concept stage. The
dissertation is divided into 6 chapters: Introduction and Background, Experimental and
Theoretical Methods, Clathrates as Insertion Anodes, Clathrates as Alloying Anodes, and

High Temperature Electrochemical Synthesis of Silicon and Germanium Clathrates.

Chapter 1, Introduction and Background will give a brief introduction into Li-
ion batteries as a technology and the important theory behind understanding their
electrochemical and structural properties. A short introduction into Tetrel clathrates will
also be given along with a literature review of work published prior to the beginning of

my PhD work.

Chapter 2, Experimental and Computation Methods, introduces the
experimental and computation techniques used in this work. First, the electrochemical
methods will be discussed followed by the materials characterization used. Then a brief
introduction into density functional theory will be given followed by certain methods to

calculate properties relevant for Li-ion batteries.

Chapter 3, Clathrates as Insertion Anodes, contains three publications focused
on evaluating clathrates within the context of the Li-ion insertion mechanism. This is
focused on applications where Li is reversibly inserted into the clathrate framework
without destruction of the original host lattice. The first section is an experimental and

computational work published in the American Chemical Society journal — Applied

xli



Materials and Interfaces called “Experimental and Computational Study of the Lithiation

of BagAlyGess-y Based Type I Germanium Clathrates.”

The second section is a computational work published in the American Chemical
Society journal—Journal of Physical Chemistry C entitled: ”Ab Initio Investigation of Li

and Na Migration in Guest-Free, Type I Clathrates.”

The third and last section is an experimental and computational work published
by Wiley-VCH GmbH in the journal — Advanced Energy & Sustainability Research
entitled: “Structural Origin of Reversible Li Insertion in Guest-Free, Type-II Silicon

Clathrates.”

Chapter 4, Clathrates as Alloying Anodes, contains one published article and
two articles that are currently under review and seeks to investigate how the alloying
reactions (i.e. phase transformations) of clathrates differ from their elemental analogues.
The articles that are currently under review are presented in their submitted version so the
published version might differ from the version presented within this dissertation. The
first section is an experimental work published in the American Chemical Society
journal—Chemistry of Materials and is titled: “Understanding the Amorphous Lithiation

Pathway of the Type | BagGess Clathrate with Synchrotron X-Ray Characterization.”

The second section is the adapted from a manuscript that is under revision in the
American Chemical Society journal- Applied Materials and Interfaces and is titled
“Structural and Electrochemical Properties of Type VIII BasGais 5Snazo+s Clathrate (6 = 1)

during Lithiation.”
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The third section is adapted from a manuscript that is under revision in the
American Chemical Society journal- Journal of Physical Chemistry C and is titled

“Electrochemical Lithium Alloying Behavior of Guest-Free, Type II Silicon Clathrates.”

Chapter 5, High Temperature Electrochemical Synthesis of Silicon and
Germanium Clathrates includes one published article and two unpublished reports of
demonstrating the use of high temperature (300 — 550 °C) electrochemical methods to
synthesize Na-Si and Na-Ge clathrates. The first section is published by 10P Publishing
in the Journal of the Electrochemical Society and is titled: “Solid-State Electrochemical

Synthesis of Silicon Clathrates Using a Sodium-Sulfur Battery Inspired Approach.”

The second section is unpublished work and is titled “Electrochemical Synthesis
of Type Il NaxSiyGe1ze-y”” and the third section is titled “Electrochemical Na-Sn Flux
Synthesis of Na-Si Clathrates”. The results for these sections have not been as thoroughly
edited as the previous sections and will be prepared into manuscripts for future

publication.

Chapter 6, Summary, gives a recap of the results presented in this dissertation

and gives a brief outlook for future experiments and directions to pursue.

The Appendix includes the supporting information for the publications and

manuscripts.
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1. INTRODUCTION AND BACKGROUND
1.1. Li-ion Batteries
1.1.1. Introduction

The ability to store and transfer large amounts of energy on demand is a vital
commodity and resource to human societies. Perhaps the most transformative form of
stored energy is the fossil fuel, in which energy is stored in organic molecules that have
formed over millions of years. Upon combustion, the fuels release large amounts of heat
that can be used or converted into other forms of energy (i.e. mechanical/electrical).
When refined, these fuels can have very large energy densities which is important for
utilizing them for transportation and portability.* These fossil fuels have been essential
for the development of modern society and currently 80% of the world’s energy
consumption originates from these fuels, but there are several limitations and concerns
with their long-time use.?® First, the supply of fossil fuels is limited. As the terminology
“fossil” implies, the compounds are formed over millions of years from the
decomposition of organisms. This means that the reserves of fossil fuels will eventually
be depleted, and other alternative means will be needed to supply energy for societies.
The other major concern is that the combustion of organic fossil fuel releases CO> into
the atmosphere which results in the warming of the global atmosphere.?® Finally, the
emissions from combustion reactions can have detrimental health effects on humans via
pollution.* Due to the large dependence of human society on fossil fuels and their

potential downsides, alternatives to store and convert energy are desperately needed.

One of the most important alternatives for energy storage is the galvanic cell (or

battery) which allows for the conversion between chemical and electrical energy.
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Batteries have existed for centuries but generally their energy density relative to other
fuel sources (i.e. gasoline) is much lower meaning that they are only useful for niche
applications.! This changed dramatically when the first Li-ion battery was
commercialized by Sony in 1990.° The battery had an operating cell voltage of 4 V and
an energy density (80 Wh/kg, 200 Wh/L) three times higher than that of the current best
Ni-Cd rechargeable battery (1.2 V).% The dramatic increase in the energy density and the
high reversibility of the chemistry led to a revolution for batteries and their applications
in portable electrical devices. The handheld phone, laptops and other common electrical
devices are all enabled by the high energy density and reversibility of the Li-ion battery.
This importance was highlighted by the Nobel prize in chemistry in 2019 being awarded
to the three key developers of the modern Li-ion battery.® Considering the need for
alternatives for fossil fuels to store and deliver energy, the Li-ion battery has been a
contender for several other applications other than portable electronics. Most notably,
electric vehicles’ and grid storage applications® are gaining interest in the recent years in
response to attempts to move away from fossil fuels. However, current Li-ion batteries
are either too expensive or do not perform well enough to meet the demands of these new
applications.® Thus, there is a large impetus to develop batteries that utilize new

chemistries that can meet these challenging demands for the future.

1.1.2. Parts of a Li-lon Battery

A Li-ion battery is an electrochemical cell comprised of three main components:
the anode, the cathode, and the electrolyte. When the battery is discharged (i.e. operated
as a galvanic cell), the anode is oxidized while the cathode is reduced. On charging, (i.e.

operated as an electrolytic cell), the anode is reduced while the cathode is oxidized. Since
2



anode and cathode refer to which electrode is being reduced or oxidized, technically, the
anode and cathode are switched when operated as an electrolytic cell (upon charging).
Despite this, most researchers refer to the anode and cathode based on when the cell is
discharging or acting as a galvanic cell. Some researchers refer to each electrode as
negative/positive which resolves the naming discrepancy. In this work, the negative
electrode will be generally referred to as the anode and the positive electrode as the
cathode. Figure 1.1.1 shows a schematic of a modern Li-ion battery cell showing crystal
model schematics of both anode and cathodes and the movement of lithium upon

discharge.

discharge

cathode Li* conducting anode
(LiCoO,) electrolyte {graphite)

Figure 1.1.1 Schematic of a Li-ion battery. Li-ions are in green, Co oxide octahedra in
blue, and carbon atoms in black.



During the charging and discharging of a Li-ion battery, Li ions are shuttled
through an electrically insulating electrolyte between two layered compounds with large
differences in chemical potential for Li-ions. The cathode is typically comprised of a
crystalline layered Li metal oxide (LiMO2 M= Ni, Co, Mn). In such materials, the metal
ions are octahedrally coordinated by oxygen anions which form edge sharing layers as
depicted by the blue polyhedral in Figure 1.1.1. During charge and discharge, the Li-ions
move in and out of these metal oxide layers. In a similar manner, the anode, crystalline
graphitic carbon, undergoes a similar reaction by which Li moves in and out of the
hexagonal carbon layers upon discharge and charge. In between the anode and cathode is
a separator soaked with a Li conducting electrolyte. This serves to maintain the difference
of electric potential by being electronically insulating while also allowing the transport of
Li-ions between the anode and cathode. The separator is comprised of a porous
polymetric material while the electrolyte is a Li salt dissolved in a carbonate-based
electrolyte. Finally, the two electrodes are connected via an external circuit which allows
electrons to pass between the electrodes. The half reaction of the cathode upon discharge

can be written as such:
Li;_,Co0,+ xLi* + xe™ & LiCo0, (4.35V vs Li/Li")

where X refers to the amount of Li in the crystal structure of LiCoO». The half reaction

for graphite upon discharge is as follows:
LiCg & Ce+ Lit + e~ (0.10V vs Li/Li")

As can be seen by the large difference in potential vs Li/Li*, assembling these two

electrodes together in a full cell would result in a full cell voltage of 4.25 V, typical of Li-
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ion batteries. The origin of the large difference of the voltages is related to the electronic
structure of each host material and the chemical environment of the Li. In the case of
LiCoO., the charge from the Li atom is stored on the transition metal orbitals bonded
with oxygen resulting in the oxidation state of the Co atom changing from +4 to +3 upon
discharge.!* In the case of graphite, the charge is stored in the n* antibonding orbitals of
the carbon layers resulting in a maximum of one L.i stored for every six carbon atoms
resulting in the LiCs compound.*? Thus, the electronic structure of host materials and the
resulting potential couple with Li will determine if an electrode material is an anode or a
cathode. Generally, anodes have a low reaction voltage vs Li/Li* (potential of Li metal)
while cathodes have a higher voltage and the difference between them determines the

maximum operating voltage of the Li-ion battery.

Li-ion batteries are more complex than the simple schematic in Figure 1.1.1.
Typically, the anode and cathode particles are mixed with a polymeric binder and a
conductive additive to form a porous composite electrode. This composite electrode is
then put on to a metallic current collector (Cu for anode, Al for cathode) which serves as
a path for electrons to move through the external circuit. The purpose of the composite
electrode is to ensure that all anode or cathode particles are connected ionically and

electronically to the electrolyte and the current collector, respectively.



Composite
Electrode

Conductive
Additive

Figure 1.1.2 (a) SEM micrograph of a cross section of a battery electrode.'® (b) Plane
view of a composite electrode comprised of Sn particles as the active material, carbon
black as the conductive additive and PVDF as the binder.

Figure 1.1.2 shows scanning electron microscope images of a cross section and
plan view of two different composite electrodes. As can be seen in the cross-section
image in Figure 1.1.2a, the composite electrode forms a porous film that is attached to
the Cu foil current collector. The composite film is typically formed by first mixing, the
active material, the conductive additive, and a polymeric binder in a solvent to form a
viscous slurry. The slurry is then cast upon the metal foil and heated to remove the
solvent. Figure 1.1.2b shows a plan view of a composite electrode comprised of Sn

particles, carbon black, and polyvinylidene (PVDF). The large spherical particles are the



Sn which represents the active material, while the smaller nanosized particles are carbon

black which serve to connect everything electronically.

Once both composite anode and cathode are adhered onto the metal current
collectors, the electrodes can be now assembled into a full electrochemical cell. To
achieve this, the two electrodes are soaked in the liquid electrolyte and pressed together
with a polymeric separator that is soaked with electrolyte in between the two electrodes.
This is illustrated in the schematic in Figure 1.1.3 showing a fully assembled Li-ion

battery with composite anode and cathode, metal current collectors and separator.

W /) —> Al Fo

—) Composite Cathode

Separator soaked with
electrolyte

—) COmposite Anode

NN = Cu Fooi

Figure 1.1.3 Schematic of a full Li-ion battery cell.*

Once this layered cell is assembled, it is sealed under an inert gas or vacuum
sealed in some type of packing that allows it to maintain its inert atmosphere as several
cell components are highly air and moisture sensitive. Common packaging types are coin
cells and pouch cells. Coin cells, as the name implies, are flat cylindrically shaped cells

that contain the cell components in a stainless-steel housing.*® The cell is assembled



under an Argon atmosphere and then crimped under pressure to ensure the seal. The
applied pressure also ensures that the electrodes maintain contact with the current
collectors and separators. A pouch cell is a type of cell that using some sort of flexible
packaging material. Generally, pouch cells can achieve higher energy densities due to the
lighter packaging material but can have more challenges related to lifetime due to leaks
or gas evolution within the cell.!® Once the packaging is sealed, the battery can then be
used as an energy storage device. The performance of the battery depends heavily on the

choice of anode, cathode, and the electrolyte components.

1.1.3. Metrics for Li-ion Batteries

This section will introduce the various quantities and figures of merit used for
evaluating the performance of Li-ion batteries. These figures help guide researchers in
optimizing materials properties. First, the Ragone plot is presented which depicts the
energy density and power density of various energy store devices against each other on a

logarithmic scale.
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Figure 1.1.4 Ragone plot which plots the Specific power and Specific energy ranges of
various electrochemical storages devices.!’

In Figure 1.1.4, the ranges of specific energy and specific power are plotted for
each type of electrochemical storage device. Ideally, an energy storage device will be
designed to maximize both specific energy and power resulting in it moving to the top
right of the plot. However, as the specific power increases for all devices, the specific
energy decreases dramatically. This demonstrates the common trade-off between energy
and power density when designing electrochemical storage devices. As discussed earlier,
Li-ion batteries were a significant upgrade in performance on both metrics when
compared to previous battery technologies (NiMH and PbO2/Pb). These metrics are
especially important for electric vehicles as the specific energy affects the range while the

specific power affects the possible acceleration and recharging time. For instance, the
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United States Advanced Battery Consortium (USABC) has made for goals for battery
packs for electric vehicles at 235 Wh/kg and 470 W/kg.'® To achieve these higher

metrics, much work is going into developing novel materials and battery architectures.

The origin of these metrics is determined by the choice of electrode, electrolyte,
current collectors, and packaging materials. In general, to maximize the specific energy
(aka as energy density), the space that does not store energy (i.e. not the electrodes) is
minimized. This means that the amount of electrolyte, current collectors, and packaging
materials are minimized while the relative amount of electrode materials (i.e. graphite /
LiCo0O;) are maximized. The theoretical limit of a Li-ion battery electrode is determined
by the maximum amount of Li that reacts with the material. For example, the most
lithiated form of graphite is a composition of LiCs. The following equation can be used to
calculate the specific capacity (mAh/g) of an electrode material based on the composition

of Li:1®

xF

C. =
¢ 7 3.6My

where Cg is the specific capacity of the electrode in terms of mAh/g, x is the number of
Li per formula unit of the host, F is Faraday’s constant (96485.332 C/mol) and My is the
molecular weight of the host material (not including the Li). For instance, if we set x =1
and the My, is equal to Ce (72.06 g/mol), the theoretical capacity for graphite is calculated
to be 372 mAh/g. This calculation can be done to estimate the capacity of new materials
and compare experimental capacities with the theoretical. To obtain the specific energy

of a material, the specific capacity is multiplied by the voltage of the full cell:
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EG=CG*V

where Eg is the specific energy of the electrode and V is the voltage of the full cell
couple. If a full cell voltage of 4.25 V is assumed for a graphite/LiCoO: cell, then
specific energy of graphite would be 1581 Wh/kg. This is notably higher than the specific
energy of a full Li-ion battery (~250 Wh/kg) and this is because the cathode does not
have as high as a capacity as graphite. The specific energy will typically also include the
weight components of the electrolyte, current collectors, and packaging materials which

do not contribute to energy storage.

Another important point is that the specific capacity of an electrode will
sometimes be less than that of the theoretical capacity due to various factors involving the
structural transformations of the host material. For example, LiCoO; has a theoretical
specific capacity of 274 mAh/g if all the Li is removed but in commercial cells only a
capacity of 140 mAh/g was used.?° Because each electron that passes through the
electrochemical cell corresponds to a Li moving between electrodes, the capacity can be
used to estimate the composition of the host material. In this case, 140 mAh/g
corresponds to around a composition of LiosCoO2 where only half of the Li in the
structure is used for energy storage. This limitation originates from irreversible reactions
that occur past a certain voltage cutoff which result in poor long-term cycling of the
cell.? Much Li-ion battery research is related to boosting the usable capacities of the
electrode materials while maintaining the high reversibility and calendar life of the

battery. In this work, specific capacity will be a common metric used to characterize the
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reaction of electrode materials with Li ions. This metric allows for the determination of

the # of Li that react and comparison to other electrode materials.

In addition to capacity and amount of energy stored, the rate at which the energy
can moved (i.e. power) is also an important metric. For batteries, the power capability
affects the time it takes for a battery to charge or discharge and relates to the quantity
known as the C-rate. The C-rate (i.e. charge rate) is commonly used in the battery field to
describe the time in which it take a battery to fully charge/discharge. The units of C-rate
are inverse hours (hr't). For example, a C-rate of 1 C corresponds to a charge/discharge
time of one hour, while a C-rate of 0.1 C corresponds to a charge/discharge of 10 hours.
This metric allows researchers to compare electrode materials at different rates and
characterize the energy vs power curve that is shown in Figure 1.1.4. To calculate the C-
rate, the specific capacity and current need to be known. The current is controlled
galvanostatically which means the charge and discharge is performed at a constant
current. Capacity is often represented as mAh, which gives researchers a convenient way
to calculate the C-rate and the time required for charge and discharging. For instance, if
an electrode has a capacity of 400 mAh/g and a charge rate of 40 mA/g is used, the time
in hours required for the full capacity to be reached is simply the capacity (mAh/g)
divided by the charge rate (mA/g). This would result in 10 hours for the charge/discharge

time. Taking the inverse of this is the C-rate (0.1 C).

As mentioned briefly before, there is generally a trade-off between specific
energy and the specific power. As a higher current is provided by the battery, there is less

capacity for the battery to provide. This section briefly introduces the origin of this
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phenomenon. In a composite battery electrode, there is an electrolyte, active material,
and a current collector. Each part is responsible for transporting a certain charged species
for completing the desired electrochemical reaction. The electrolyte is responsible for
transporting Li ions while the current collector is responsible for transporting the
electrons from the external circuit. The active material (electrode material) however
requires the transportation of both electrons and ions for the bulk electrochemical
reactions to occur. This is notably different from traditional three-electrode solution-
based electrochemistry where dissolved ions or molecules solution react at the interface
of conducting electrode (i.e. platinum) and then diffuse away back into solution. In a
battery electrode material (i.e. graphite), the electrochemical interface is dynamic and
occurs at the surface and centers of particles as opposed to the only the surface as in the
solution-based cell. This mixed ion and electron conducting behavior is the origin of the
high energy storage capabilities of battery materials.?* This also means that the active
material for Li-ion batteries must also be good electron and ion conductors. As the Li
diffusion coefficients in electrode active materials are much lower than the Li-ion
conductivity of the electrolyte, different sized particles and geometries are used to reduce

the Li diffusion lengths in the active particles to achieve certain current rates.?

Figure 1.1.5 depicts two examples of different battery electrode geometries with
different lengths needed for ions and electrons to reach the furthest length of the active
particle. In Figure 1.1.5a, the active material (green) are wires connected to a metal
current collector (grey) and immersed in the electrolyte (blue). M** and e" refer to the
insertion of metal ions and electrons, respectively into the active material while Lion and

Leon represent the respective lengths each charge species must travel to complete the
13



reaction. 2 In the case of the wires, the diffusion length for the metal ions is the radius of
the wire, while the diffusion length of the electrons is the whole length of the wires.
Figure 1.1.5b demonstrates that by modifying the size of the particles and the electronic
contacts that these characteristic lengths can be modified. B represents a more typical
electrode where spherical particles are surrounded by each other with a conductive
additive (Figure 1.1.2). The reason these types of composite electrodes are used is to

reduce the Lion and Leon to achieve better rate performance (i.e. higher C-rate).

A B

electrolyte ‘LM“
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Figure 1.1.5 (a) Schematic of a battery electrode comprised of wire active material
connected to the metal current collector and (b) battery electrode comprised of spherical
active particles surrounded by a conductive additive. Lion and Leon cOrrespond to the
diffusion lengths for ionic and electronic transport in the cell, respectively.??

The rate performance of a battery is directly related to the diffusion coefficient,
diffusion lengths of the active energy storage phase and the conductivities of the
electrolyte and current collector. Thus, the observed rate dependence on the capacity for

all batteries (as seen in Figure 1.1.4) is related to the fact that at a certain current rate, the
14



bulk diffusion in the active materials is not high enough (or diffusion length is too long)
to operate at the same time scale as the desired current rate. This results in high
polarizations or resistance in the electrochemical cell that results in a loss of voltage to
operate the battery as a galvanostatic cell. Increasing the power capability of a cell is
quite straightforward: the diffusion coefficients in the active particles need to increase or
the diffusion lengths need to decrease. One common strategy to increase the rate
capability is to decrease the particle size of the active material, but this comes with a
sacrifice to the specific energy. Smaller particles require more pore space for the
electrolyte to reach them which in turn limits how dense the composite electrode can
pack which decreases the energy density. This is a common trade-off in electrode design
and the resulting battery design depends on the required specific power and energy

requirements of the device.

1.1.4. Single Phase and Two-Phase Reactions

The thermodynamics of a battery electrode are observable by the potential
difference between a reference electrode and the active electrode phase. The voltage is
related to the difference of chemical potentials between two electrodes by the Nernst

equation:?®

cathode anode
Ve (Mu — Ui )

e
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Where V is the voltage, uf#"°%¢ and u#'°%¢ are the chemical potentials in terms of
eV/mol for the cathode and anode, respectively and e is the charge of an electron in

Coulombs. The chemical potential varies as a function of the Li content according to:?3

_ 08
T X

Hii
Where 0Og is the Gibbs free energy function as a function of x. Figure 1.1.6 shows
various forms of the Gibbs free energy function, g(x) as a function of x, which represents
the Li content in a host material, MA. MA represents the host material (e.g. CoO2, Cs). If
one of electrodes has a fixed chemical potential as a function of Li content (e.g. Li
metal), then the voltage of the cell represents the changes in the chemical potential of a
single electrode. The chemical potential is the slope of the Gibbs free energy curve and
thus the corresponding voltage profile depends on the shape of the g(x) curve. In Figure
1.1.6a, the Gibbs free energy is a single parabola with a minimum at x = 0.3. The
corresponding voltage profile (Figure 1.1.6b), shows a continuously decreasing voltage
with increasing Li content demonstrating how the chemical potential of the electrode
continuously increasing with the incorporation of more Li. This situation where there is a

single minimum in the g(x) is referred to as a single-phase reaction and sometimes a solid

solution mechanism. A typical example of this reaction mechanism is in the LixTiS>
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system which shows a smooth sloping voltage profile.?*
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Figure 1.1.6 Graph of the Gibbs free energy vs composition and corresponding voltage
profile for a (a)(b) single phase reaction (c)(d) and two phase reaction.?

In the case where there are two minima in the g(x) curve, a two-phase reaction
occurs between the minima of the parabolas. As seen in Figure 1.1.6¢d, its more
energetically favorable to have an a and B phase in coexistence with one another then to
vary the Li content in each phase. Due to this, the slope is fixed between the o and f3
phases and thus the voltage is fixed between the minimum of each phase in g(x). This is
referred to as a two-phase reaction mechanism and is seen in many electrode materials,

with LiFePO4 being a typical example of having a very flat two-phase reaction at 3.5 V
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vs Li/Li*. The origin of a two-phase reaction plateau is also explained by the Gibbs phase

rule which is shown in the following equation:
F=C—-P+2

Where F is the number of degrees of freedom, C is the number of elemental components
in the system, and P is the number of phases. For a two component system with two
phases present and the temperature and pressure are specified, the degrees of freedom are

equal to zero. This means that the potential must be fixed when the two-phases are

present.
Bulk diffusion
Interface migration
Jyi+
i+
Nucleation

Figure 1.1.7 Schematic of a single active particle during a two phase reaction between
Li-rich o phase and Li-poor B phase. J.i+ represents the flux of Li* in the electrolyte going
toward the interface with the active particles. J.i represents the flux of Li inside the Li-
rich a phase which is required to have the two phase reaction proceed.?

A schematic representation of a two-phase reaction in a single particle is shown in

Figure 1.1.7. As Li enters the electrode, the system wants to put the Li in a phase that
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results in the lowest free energy. In a two-phase system, this first begins with nucleation
of the lithium rich phase (a)). Once nucleation has occurred, growth of this new phase can
occur. As the nominal Li content increases in the total particle, the relative fractions of
the o and B phases change until reaching the final composition of the Li-rich phase. For
the situation in Figure 1.1.6cd, the a phase would fully consume the  at a Li
composition of x = 0.85. This reaction proceeds through interface migration and there is a
clearly defined phase front that moves throughout the particle. For this reaction to occur,
the newly nucleated o phase must be able to provide bulk diffusion of Li to the interface.
This is represented by the J.i which indicate the flux of Li atoms through the o phase
toward the interface. In a single-phase reaction, the Li content of the whole particle
changes as a function of the total system Li concentration and there is no interphase

migration.

Since the voltage profile as function of Li content of an electrode material is
readily obtained from experiments, voltage plateaus are often a signature of a two-phase
reaction and allows electrochemists to characterize the electrochemical reactions
occurring in the system. Understanding the reaction mechanism of electrode materials is
important as it establishes structure property relationships. Since a battery’s usefulness is
its current-voltage relationships, the underlying causes of these properties are of
importance to boost the performance of these devices. At the core of a battery is the
atomistic storage of the active charge species in a host material, and an understanding of
this process relies on a thorough characterization of the atomistic structure of the material

to connect it to its electrochemical properties. Much of this work will be devoted to
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connecting the voltage profile of new electrode materials to their structural phase

transformations to establish the link being structure and electrochemical properties.
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1.2. Li-ion Battery Anodes

This section will introduce two types of Li-ion battery anodes that are classified
based on their corresponding reaction mechanism. An electrode material is defined as an
anode based on its potential relative to Li/Li* (typically 0 V- 2 V) and its application as
the negative electrode in a full Li-ion battery cell. A list of the desirable properties for an

anode for a Li-ion battery are listed as follows:

e Low reaction potential

e High capacity (volumetric and gravimetric)

e Good rate capability

e Minimal irreversible first cycle reactions

e Low volume expansion

e High electron and ionic conductivity

e High cycling stability

e Low voltage hysteresis

Finding an anode with all these properties is a challenge and many times certain

parameters are correlated against each other. For instance, capacity and volume
expansion are intrinsically linked by the space Li atoms occupy. Thus, choosing an anode
is often dependent on the voltage-current characteristics needed for a specific application.
The following discussion will highlight some of the major anode chemistries and briefly

discuss high level trades offs that occur based on the electrode material.

The first section is about insertion anodes which includes graphite and is the most

widely used type of anode currently used in Li-ion batteries.® The second section will
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discuss alloying anodes in which the electrode undergoes phase transformations with the
electrochemical incorporation of Li to form high-capacity Li-rich phases. These anodes
are very promising for next-generation batteries due to their high capacities. Insertion and
alloying anodes are the main focus of this work. Conversion anodes are another type of
anode that undergo phase transformations with high capacities.?> Another type of anode
that has gained renewed popularity in recent years is the Li metal anode, which is
considered the holy-grail of Li-ion battery anodes.?® Due to different mechanism of Li

storage, | will defer the reader to pertinent reviews for this system.

1.2.1. Insertion

The topotactic insertion (also known as intercalation) of Li atoms into a host
material is the key development that enabled the revolutionary electrochemical properties
of a Li-ion battery. This process involves the bulk diffusion of Li into a host structure
without significantly altering the original structure of the host. The lack of structural
transformations during the lithiation and delithiation process results in very high
reversibility of the electrochemical reactions which is beneficial for the long lifetime of a
battery. Generally, insertion anodes have good cycling stability but are limited in capacity
due to their host framework. Two examples of widely used commercial anodes will be

highlighted here: graphite and Lis3Tis304 (LTO).?’

Graphite is the most used anode material for Li-ion batteries.® It has a high
capacity (for insertion anodes), low reaction potential, made of an abundant element,

good electric/ionic conductivity, and high cycling stability. These set of properties make
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graphite an ideal Li-ion battery anode and has resulted in the widespread success of the

material.
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Figure 1.2.1 Crystal structure of (a) pristine graphite, (b) LiC12, and (c) LiCs.?®

During electrochemical lithiation, graphite undergoes goes a series of phase
transformations between different LixCs “stages”. Pristine graphite is comprised of
carbon sheets and is described by the hexagonal P6s/mmc space group. Figure 1.2.1
shows crystal model schematics of pristine graphite, LiC12 and LiCs. LiC12 and LiCe are
the two major lithium intercalation compounds that form during electrochemical
lithiation. The voltage profile for the 2" cycle for graphite is shown in Figure 1.2.2. Note
that since capacity of a cell is related to the amount of Li reacting with the electrode,
voltage profiles can be shown in terms of the composition which allows for a more direct
connection to the structural/electrochemical property relationship. The voltage profile
shows a series of plateaus and slopes on lithiation (red curve) and a similar mirrored
behavior on delithiation (blue). The voltage difference between lithiation and delithiation

is known as the voltage hysteresis and is dependent on the current rate (ohmic drop) and
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the thermodynamics of the system. Insertion anodes generally have a low hysteresis due
to the similarities of the structures upon lithiation and delithiation. This is another benefit

of insertion electrodes as a low hysteresis results in a higher energy storage efficiency.
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Figure 1.2.2 (a) VVoltage profile of the lithiation and delithiation of graphite during the
2" cycle. (b) Voltage profile of the lithiation of graphite with labels corresponding to the
phases present during lithiation at a specific composition and voltage. 2

Based on the voltage plateaus during lithiation and delithiation, it is expected that
the LixCe is going through various phase transformations during lithiation. Figure 1.2.2b
shows the lithiation profile with the labelled lithium stages and the two-phase and single
phase regions. The number of each stage refers to number of unoccupied graphite layers
between two occupied layers. The energy landscape for lithiated graphite is quite
complex and is a good example of how single phase and two-phase regions can occur as
the Li content is changed. Upon full lithiation to Lio.esCs, a total volume expansion of

~13% has been reported.?®
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The lithium titanium oxide (Li4;3Tis3O4, LTO) spinel structure is another
successful and commercialized anode that has attractive properties as a Li insertion
anode.?’ The voltage profile of the lithiation and delithiation of LTO is shown in Figure
1.2.3a.2° Unlike the many phase transformations in graphite, LTO undergoes a two-phase
reaction with a flat voltage plateau at 1.55 V with a capacity of ~155 mAh/g. The Li-poor
phase consists of a defect spinel structure where Li and Ti occupy the octahedral 16d
sites and Li occupy the tetrahedral 8a sites (Figure 1.2.3b).%° During lithiation a two-
phase reaction occurs between the original phase and a Li-rich rock salt phase in which
Li reside in the 16¢ octahedral sites (Figure 1.2.3c). The phase transformation does not
result in a change in the lattice parameter between the two phases which results in a very
low volume change between the lithiated and deithiated phases. The low volume change
and high reaction potential result in LTO having exceptional cycling stability. However,
the high reaction voltage (1.55 V) and low capacity (155 mAh/g) mean that the energy
density of a full cell with LTO will have lower energy density compared to a full cell
using graphite. LTO cells generally have very long calendar lives and can be safely

charged more quickly than graphite-based cells.
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Figure 1.2.3 (a) Voltage profile of the lithiation and delithiation of LissTis304 (LTO). 2
Crystal structure of (b) LiasTissO4and (c) the fully lithiated state, LizzTiss04.%°

Overall, anodes based on topotactic insertion reactions have very good
reversibility and lifetime but are limited in their capacities due to the host material taking
up space. Two examples of insertion anodes were given to introduce concepts related to
the operation and electrochemistry of insertion anodes. Based on the different voltage
profiles and their corresponding structural transformations, each anode has a different use
case depending on the requirements for the battery. For high energy density applications
such as portable electronics, graphite is the preferred anode due to its high capacity and
low reaction voltage. For fast charging and long calendar life, LTO is optimal due to its

very good cycling stability despite having a lower capacity and energy density.

26



1.2.2. Alloying

In contrast to the minimal structural changes of insertion anodes, alloying anodes
undergo significant phase changes with large volume expansion. As a result, alloying
anodes have much higher capacities than insertion anodes. Alloying refers to the process
in which Li forms multicomponent phases starting from an unlithiated phase. For

instance, a general reaction can be written as:

xLi + M - Li,M

where X is the number of Li and M is an elemental phase that can form binary compounds
with Li. This is notably similar to graphite where x = 0.1667 however for other elements,
Li can react with up to x = 4.4 which results in a much higher capacity than graphite. To
illustrate this point, Figure 1.2.4 shows the volumetric and gravimetric capacities of

various elements.
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Figure 1.2.4 The (a) volumetric and (b) gravimetric (specific) capacity of the fully
lithiated states of different elements.!*

Compared to graphite, Li alloys show improved volumetric and gravimetric

capacities. Notably, Si has both the highest capacities in both categories by forming a
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Lis75Si phase at the end of lithiation. Using pure Si as an anode would result in around a
10x increase in gravimetric capacity when compared to graphite. This large increase in
capacity has motivated much interest in alloying anodes, particularly Si, for next
generation batteries. However, the large volume expansion associated with the alloying
reaction is detrimental for cycling stability and results in low Coulombic efficiencies.
Columbic efficiency refers to the ratio of capacities upon charge and discharge and is
important for the lifetime of a battery. Figure 1.2.5 shows a plot of the energy density vs
the percent volume expansion of several alloying anodes. Compared to the ~13% volume
expansion of graphite after lithiation, the 200-300% expansion for alloying anodes serves
as a significant challenge for designing electrodes that can withstand the large volume

changes upon charging and discharging.
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Figure 1.2.5 Energy density vs the % volume example for different elements. 4

Generally, the reaction mechanism for alloying anodes is not as simple as single
reaction step and typically follow various phase transformations between crystalline and
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amorphous phases. To illustrate this concept, the Li reaction pathways of Si at high and

low temperatures will be discussed.
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Figure 1.2.6 Coulombic titration curve of the lithiation at 415 °C showing the phases
present in each plateau. 3!

Figure 1.2.6 shows a coulometric titration cure of the lithiation of Si at 415 °C.
The coulometric titration curve involves current pules with time for relaxation at open
circuit voltage which allows for the observation of the system without any polarization.
The curve in Figure 1.2.6 represents the equilibrium potentials obtained from the periods
at open circuit voltage. The lithiation of Si at elevated temperatures involves many phase
transformations between crystalline Li-Si phases. As described before, voltage plateaus

indicate two-phase reactions where the phase fraction of each phase changes as a function
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of the Li content. For instance, at 325 mV vs Li/Li*, diamond cubic Si (a-Si) undergoes a
two-phase reaction to form Li12Si7. At a composition of Li17Si, Li12Siv is the only phase
present in the system. As more lithium is added, a new two-phase region begins at 290
mV between Li12Siz and Li-Sis. Phase transformations to higher Li content phases occur

until the potential of the LixSi reaches the potential of Li metal (at 0.0 V vs Li/Li")

Crystal models of the phases that are formed during lithiation are shown in
Figure 1.2.7. These intermetallic Li-Si phases are part of a family of compounds known
as Zintl phases. Zintl phases are compounds in which electropositive cations donate their
electrons to electronegative anions which allows for a completion of their valence. In
most cases, the electronegative anion is a cluster comprised of intermetallic elements. In
the case of the of the compounds shown in Figure 1.2.7, Si forms clusters with different
amounts of Si atoms which result in different charges for anion. The Si clusters will have
covalent bonding between Si-Si bonds while the Li-Si interactions will be mostly ionic in
nature. At the bottom of each model lists the type of Si anions present in the phase. As
the Li content increases, the Si needs to accommodate more electrons and thus forms
anions with fewer Si-Si bonds. At the highest lithiated phases, Si single atoms are

surrounded by Li atoms, as in the Li17Sis phase.
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Figure 1.2.7 Crystal structures of the Li-Si phases formed during the lithiation of Si at
415 °C. Li atoms are cyan and Si atoms are orange. The text below each structure lists the
type of Si clusters present in the structure.

The important distinction between the insertion mechanism and alloying
mechanism is that the original host structure is significantly transformed from its original
state during lithiation. If we start with diamond cubic Si and compared it to Li12Si7, the
lithiated phase is structurally different and many Si-Si bonds have been broken. Such
large structural transformations typically occur via two-phase reactions and voltage
plateaus. Although, graphite and LTO also undergo two-phase reactions, the structural
similarity between the different lithiated phases is the defining feature of an

insertion/topotactic mechanism.

Figure 1.2.6 shows a voltage profile that is obtained at 415 °C which is much
higher than typical Li-ion battery temperatures. This means that any kinetically limited
reactions are bypassed during the phase transformations which allows the system to reach
equilibrium by forming the most energetically favorable set of phases. In the case of Si at

high temperatures, the coulometric titration closely follows the binary Li-Si phase

31



diagram if the Li content is modulated. However, at room temperature there are
significant kinetic barriers during the formation of alloying phases with lithiation that
result in non-equilibrium pathways. The most important example of this behavior is the

lithiation of diamond cubic and amorphous Si at room temperature.*
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Figure 1.2.8 Voltage profile of the room temperature lithiation and delithiation of
diamond cubic Si and the amorphous Si that forms in the 2" cycle lithiation. 32

Instead of the many voltage plateaus seen in the lithiation at 415 °C, the lithiation
of diamond cubic Si at room temperature shows a single voltage plateau around 0.10-0.15
V (Figure 1.2.8) which then slopes off reaching a capacity of 4000 mAh/g (Li4Si).*® The
structural origin of this plateau has been assigned to a two-phase reaction between

diamond cubic Si and an amorphous LixSi where x is estimated to be 3.5.3% After the full
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conversion of Si to an amorphous phase and reaching a potential of around 50-60 mV, the
amorphous phase crystallizes into a metastable LiisSis phase.®® Notably, all of the
cyrstalline phases described above in the high temperature lithiation process are bypassed
in lieu of amorphous and metastable phases suggesting that there are kinetic limitations
occurring during the lithiation. During delithiation, there is a voltage plateau related to
the phase transformation between Li1sSis and an amorphous LixSi where X is estimated to
be 2.33 After one full charge and discharge, the originally crystalline Si is converted into
an amorphous Si phase. The 2" cycle (starting with amorphous Si) shows a significantly
different behavior upon lithiation with a more sloped features that start at higher
potentials. However, similar to the first lithiation, LiisSis forms at low potentials. After

amorphous Si is formed, it follows a similar reaction pathway for subsequent cycles.®*

The non-equilibrium amorphous lithiation pathway of diamond cubic Si
highlights an important factor of room temperature lithiations in that kinetic limitations
can dominate the local phase space. For Li-Si, the Li atoms are expected to be
significantly more mobile than the Si at room temperature which explains why
crystallization of the Li-Si phases cannot occur, as a large amount of Si rearrangements
would need to happen for them to crystallize. At higher temperatures (e.g. 415 °C), the Si
kinetics are not a limiting factor and thus the system can assume the equilibrium state of

crystalline phases at a certain composition.

The structures of the amorphous LixSi phases are more difficult to determine due
to the materials not containing long-range order. This means that methods that

characterize the local structure are needed. Using nuclear magnetic resonance
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spectroscopy and pair distribution function analysis, the structure of the amorphous Si
during lithiation and delithiation has been proposed and is shown in Figure 1.2.9.% As
discussed before, Si during lithiation is kinetically limited and is unable to form
equilibrium crystalline phases. However, the crystalline phases are useful as a reference
for discussing and comparing to the structure of the amorphous phases. It can be seen in
Figure 1.2.9 at 100 mV, that the lithium containing phase coexisting with the diamond
cubic Si consist of different types of Si clusters such as trimers, dimers and single atoms.
Similar to the crystalline phases, the amorphous phase is found to be comprised of some
type of Si clusters surrounded by Li atoms. At full lithiation (0 mV), the sample is
comprised mostly of isolated Si atoms, similar to the Li17Sis phase that forms at 415 °C.
In general, all alloying anodes undergo a similar reaction process in which the original
structure is broken up until Li atoms occupy most of the space and surround the original
host atoms. Which type of crystalline or amorphous phases form and what types of
clusters are present during the lithiation and delithiation is important to understand as
these intermediate phases determine the properties of the anode during charge and

discharge.

Pristine Si 100 mV 85 mV 0omV
diamond Liy 3351 Li, 5,Si Lis 75,55i

Figure 1.2.9 Schematic of a proposed lithiation mechanism of diamond cubic Si at room
temperature.3® Si atoms are blue and Li atoms are red.
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The main issue with implementation of these high-capacity alloying anodes is the
large irreversible capacities that occur over cycling when using traditional electrode
construction. Figure 1.2.10 shows a schematic of when silicon is cycled as a film or as
particles.® If the film or particles are too large, the volume expansion and contraction
associated with the alloying reaction creates large stress fields that result in particle
fracture. The fractured particles reveal fresh reactive surfaces to the electrolyte which
then results in continuous irreversible solid electrolyte interphase formation. The volume
expansion also can result in particles becoming unconnected from the current collector

which results in quick capacity fade.

Initial substrate After cycling

Nanowires

N Facile strain
Efficient 1D relaxation

electron transport

Good contact with current collector

Figure 1.2.10 Schematic showing how Si electrodes with film and particle geometries
result in fracture and electronic disconnection from the substrate. Nanowires, however,
are able to buffer the volume expansion that occurs during lithiation/delithiation and stay
connected after cycling.®
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Many strategies have been developed to solve these issues but the most widespread one is
the implementation of nanostructured materials which allows the volume expansion to be
buffered. Figure 1.2.10 shows that Si nanowires (~90 nm diameter) can be used
effectively as an anode with high reversibly by allowing for the large 300% volume
expansion of Si to occur without fracture or without loss contact with the current
collector.®® Many reports of Si and alloyed anode nanostructures have been reported with
excellent performance.®>37-3% However, it’s important to note that the high surface area of
nanostructures reduces the energy density of the electrode and increases the surface area
for more side reactions with the electrolyte which is detrimental for the life time of a

battery.
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1.3. Tetrel Clathrates

Tetrel clathrates are host-guest crystalline structures that form a cage framework of
group IV (Si, Ge, Sn) elements and host alkali-metal and alkali-earth metal atoms. The
clathrate structure was first observed as a hydrate with gas molecules encapsulated in a
framework of water atoms. The first Tetrel clathrate structures based on Na and Si were
solved by Kasper et al. in 1965 “° which sparked wide interest in discovering other
compositions of intermetallic clathrates.*! Since then, a large number of compositions
and structural types have been synthesized and their properties investigated.*> An
excellent book detailing the structure, chemistry and properties of Tetrel clathrates is
titled “The Physics and Chemistry of Inorganic Clathrates” published by Springer.*® The
following section will briefly some important structural characteristics of Tetrel clathrates

that will be important to understand for the proceeding chapters.

1.3.1. Structural Types

Tetrel clathrates form different repeating units of framework and guest atom
arrangements. These different structures are referred to as “types” and each different type
describes a particular crystalline structure. The type I structure is the most common Tetrel
clathrate and has the general formula MgTtss where M refers to the guest atom, typically a
alkali metal or alkaline earth metal and Tt refers to a group IV elements such as Si, Ge,
and Sn. The structure is described by the Pm3n (223) space group. A crystal model
schematic is presented in Figure 1.3.1 of the NagSiss with Si as the framework atoms and
Na sitting in the middle of the structure. Clathrate types are commonly described by the

types of polyhedra, or cages, the structure forms, and the connections between them.
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b)

Dodecahedra (Si,,)

Figure 1.3.1 (a) Crystal model schematic of the expanded unit cell of type | NagSiss
clathrate with dodecahedra (Si2o) shaded in yellow and tetrakaidecahedra (Si2s) shaded in
grey. (b) Schematic of the two types of polyhedral cages that comprised the type |
clathrate structure.

In Figure 1.3.1, the two different types of polyhedra are shaded in grey and
yellow. and a close up of the two of the polyhedra are shown connected by a pentagonal
face in Figure 1.3.1b. The main distinguishing feature between the polyhedra is the
amount of hexagonal and pentagonal faces that comprise the polyhedra. The
tetrakaidecahedra are comprised of 12 pentagonal faces and 2 hexagonal faces while the
dodecahedra are only comprised of 12 pentagonal faces. The number of hexagonal faces
in the polyhedra determines the size of the cages, therefore the Tto4 cage has a larger free
volume than the Ttoo cage. In the NagSiass structure, the center of each of these cavities is
occupied by a Na atom. Since there are six Si4 cages and two Sizg cages in a single unit
cell and each guest atom position is symmetrically unique. The formula can also be
written as NasNa2Siss Where the occupancy of each guest atom position is split based on

the amount of polyhedra per formula unit. Because the size of each cage is different,
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metal atoms prefer to occupy different types of cages. For instance, the BasNa,Siss can be
synthesized where the Ba atoms prefer to occupy the larger Si24 cages while Na occupy

the smaller Siyo cages.**

There are many types of clathrates with their own unique characteristics and this
first example serves to introduce the concept and description of the structure. The type |
structure is the most prominent example of the clathrate structure with an estimated ~200
compositions synthesized.*? The following chapters will introduce the structures of other

clathrate types that are investigated such as the type 11 and type VIII structures.

1.3.2. Defects
This section will briefly introduce some of the defects that clathrates form in
deviation from their general formula. Guest atom vacancies and framework vacancies and

substitutions will be discussed and clathrates as Zintl phases will be introduced.

A Zintl phase is an intermetallic compound whereby electropositive atoms donate
electrons to electronegative atoms in order to complete valency rules.*® Typically, alkali
metals and alkaline earth metals donate their electrons to clusters of p-group elements.
Typically, “true” Zintl phases are closed-shell compounds where the number of electrons
allows for complete covalent bonding of the p-group elements. For instance, consider the
prototypical Zintl compound: NasSis.*® In this structure, the Si form tetrahedral clusters
which accept 4 electrons from the Na atoms resulting in an electronically balanced

structure.
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Figure 1.3.2 Crystal model schematic of NasSis with Na in yellow and Si in orange.*°

A crystal model schematic of NasSis is shown in Figure 1.3.2. Counting the
electrons in the Si tetrahedra results in 16 electrons from the 4 Si atoms. Based on
achieving a fully closed octet for the tetrahedra, this would require 20 electrons.
Therefore 4 more electrons are needed by the cluster, and these are provided by the 4 Na
atoms for each tetrahedra. Based on this electronic configuration, a closed shell can be

completed.®

Tetrel clathrates are often viewed in a similar type of bonding picture whereby the
electropositive guest atoms donate their electrons to the host framework of Tetrel
elements.*” Considering NagSiss described above, Na donates their electrons to the
conduction band of the Si framework thus resulting in metallic behavior for the clathrate
due to the free electrons from the Na atoms. This situation is referred to as a metallic

Zintl phase where free electrons are delocalized in the structure.*®
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To compensate for the excess charge from the electropositive atoms, the clathrate
structure can form with defects on the framework sites that reduce the overall electron
count of the system.*” There are two main forms of charge compensation: framework

substitutions and framework vacancies. Figure 1.3.3 shows density of states for type |

clathrates KgBsSiss*® and BasGess3* with the electron accounting below each plot. In

the case of KgBsSiss, the B atoms substitute for Si on the framework sites. Boron is a
group Il elements which means it has one less electron than Si. This means that the 8 e
of excess charge from the K atoms will be compensated by the one less electron from the
eight boron atoms resulting in an electron balanced system. This is reflected in density of
states of the material which shows the Fermi level (Es) in the gap which is indicative of
semiconducting behavior. The electron accounting show how each element in the
structure can be assigned a charge in terms of the total electron balance. The K atoms
have a positive charge which represent the charge transfer to the framework atoms. The
Si atoms have a no charge because they can form 4 bonds (4b) with themselves while
remaining neutral. The B atoms also form 4 bonds but require an extra electron to do so
and thus are assigned a negative charge. Overall, the system is balanced as the amount of

electrons donated by the K are balanced by the B.
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Figure 1.3.3 Calculated density of states (DOS) and electron accounting for the type | (a)
KsBsSiss and (b) BagGesss clathrates.*®

For BasGess[s, the type | structure forms with Ge vacancies which serve to

reduce the total electron count of the system to compensate for the electrons from the Ba
guest atoms. Similar to the previous case, the Ba atoms are expected to donate their
electrons to the host framework for a total of 16 e”. When there are framework vacancies,
the four surrounding Ge atoms only make 3 bonds (3b) and then take an electron from the
Ba to achieve a compete shell. This results in 12 electrons from the Ba atoms
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compensating for dangling bonds of the Ge atoms surrounding the vacancies. The 4
excess electrons result in a non-balanced accounting and are the origin of the metallic

electronic behavior. This is reflected in the calculated density of states where the Fermi

level is in the conduction band. The electron accounting for BagGess[3s is shown below

the density of states plot.

The guest atom, framework atom, and atom substitutions result in a wide design
space for tuning the properties of clathrates structures. Figure 1.3.4 shows a periodic
table showing the major and minor clathrate-forming elements.*> Notably, the Tetrel
elements and alkali metals comprise the main clathrate-forming elements. Although the
thermoelectric performance of clathrates has been studied extensively in relation to the
defects of clathrates,* comparatively little work has been done considering their possible
electrochemical reactions with Li. Considering the large interest in Tetrel elements for
Li-ion battery anodes, the investigation into the wide design space of clathrates is
warranted. The following section will overview the previous literature regarding the

electrochemical performance of Tetrel clathrates and some other related materials.
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Figure 1.3.4 Periodic table showing the major and minor clathrate forming elements for
the framework and guest atoms.*?
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1.4. Literature of Previous Applications of Tetrel Clathrates for Li-ion Batteries

In 2012, Langer et. al reported the synthesis, characterization and electrochemical
lithiation of Type Il Si clathrate.*® The Type |1 Si clathrate was synthesized via the
thermal decomposition of NasSis under dynamic vacuum at 450 °C for 5 days resulted in
Type Il Si clathrate with minor Type | Si impurities. The Na content of the clathrate was
estimated by Rietveld refinement from powder diffraction data and resulted in a
composition of Na1.3Si1zs. This suggests that most of the cages of the clathrate are empty.
Half-cells with Li metal were used to test the electrochemical properties and one full
lithiation is reported with ex-situ XRD at different points in lithiation. Figure 1.4.1
shows the voltage profile from the Nai.3Siizs from Langer et. al and the voltage profile
from diamond cubic Si.>® Note that the first lithiation of diamond cubic silicon shows a

flat voltage plateau without much sloping until the end of lithiation.
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Figure 1.4.1 (a) Voltage profile of Na1.3Si1zs with an enlarged inset of the plateau
corresponding to insertion of Li.*® (b) Voltage profile of cycles 1,2,3,5 and 10 of diamond
cubic Si.>°
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Ex-situ NMR was performed on electrode at the point “a” (Figure 1.4.1a) to
assess the local Li environment. The authors found from “Li NMR, chemical shifts at 412
and 433 ppm in a 2:1 ratio from the "Li NMR analysis. They attribute the two resonances
to Li occupation inside the clathrate structure because the chemical shifts are higher than
that for Li metal (270 ppm). This is analogous to the situation in NaxSiizs where Na
resonates at a chemical shift higher than Na metal which indicate strongly metallic

bonding character of the Li/Na atoms in the clathrate cages.

1.2 i
(a) LiBa,Si,,,
2 = 6
= & 3 S5 3
> o .
o
5 04 )
< 8
wl K ;
g Y
oo] W Y
12 ; D
(b) Li BasSi .
m:m%
0.8 : )
43 5 )
2 S ®
> x ®
9 0.4 o ‘2)
@ S a
C ] %
Ll j -
0.0 ~ é%,
0 2 4 6 8

Reaction Coordinate (A)

Figure 1.4.2 Nudged elastic band (NEB) calculations showing the energy vs reaction

coordinate of Li migration between two Sizo cages where a Si-Si is broken and then
reformed.>*

In 2013, Yang et al. published an article titled “Silicon clathrates as anode
materials for lithium ion batteries?” and evaluated Type II Si clathrates for Li-ion anode

applications with first principles density functional theory (DFT) calculations.®* The
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formation energy, voltage, volume expansion and band structure of Bae-gSii3s at various
states of Li insertion were evaluated. In addition, the migration of Li between the cages
were considered by using the nudged elastic band (NEB) method. The authors found that
Li insertion into the small Sizo cages of BagSiiss resulted in flat voltage profile at 0.4 V,
small volume change, and metallic character. The NEB calculations found that the lowest
migration barrier for Li was through a hexagonal face (0.33 eV) and that moving Li
moving through a pentagonal face involved breaking and reforming a Si-Si bond with a
barrier of 0.73-85 eV. Figure 1.4.2 shows the NEB energies vs reaction coordinate
(Figure 1.4.2ab) and the transition states of the bond breaking pathway (Figure 1.4.2cd)

for Li in LiBagSii3s and LiisBagSiizs.
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Figure 1.4.3 The measured lattice constant and voltage of Geiss as a function of Li
content where LixGeiss. >

In 2014, a brief communication investigated the lithiation of guest free Type 1l Ge
clathrate, Geiss With in-situ powder X-ray diffraction.5? The lattice constant of the Ge

clathrate phase was monitored as a function of lithiation (Figure 1.4.3). The authors

47



attributed the increase of the lattice constant during increasing Li as evidence of Li

occupation of the clathrate cages.
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Figure 1.4.4 Normalized dQ plot showing that the reactions of Na24Siizs and diamond
cubic Si are similar.®

In 2014, Wagner et al investigated the electrochemical cycling of sodium-filled
silicon clathrates.>® The investigated material was mixture of 80% Type 11 Naz4Siizs and
20% Type | NagSise. The authors found that the electrochemical reactions of this mixture
of clathrates behaved very similarly to diamond cubic Si (c-Si) which is shown in Figure
1.4.4. Ex situ XRD after full lithiation of the Si clathrate detected the presence of LiisSia,
which is typical of the full lithiation of diamond cubic Si. DFT calculations were also
performed to investigate the energetics of potential Li insertion sites into the Na2sSiizs by
calculating the formation energy. Authors evaluated the composition LiigNa24Siize with
three different Li configurations in the cage structure and concluded that with the

negative formation energies, these configurations were potentially accessible.
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In 2015, Li et. al reported the synthesis and characterization of the Type |
BagAl,Siss-y clathrate synthesized by thermal annealing and arc-melting.>
Electrochemical cycling, nuclear magnetic resonance spectroscopy, X-ray diffraction,
and X-ray photoelectron spectroscopy were used to evaluate the structural and
electrochemical properties. The authors found that reversible capacities of 499 mAh/g at
5 mA/g could be obtained without destruction of the clathrate lattice, as evidenced by ex-
situ XRD and NMR. The electrochemical voltage profile is also distinctly different than
that of diamond cubic Si showing a sloped reaction with a much lower capacity, as shown
in Figure 1.4.5. The NMR spectroscopy showed no changes in the 2°Si chemical shift,
suggesting no changes to the Si clathrate lattice. The ’Li showed a resonance similar to
LiSi and different than the resonances of Li in the Type Il Si clathrate suggesting a
different chemical environment for Li based on the occupation of Ba in the clathrate

cages.
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Figure 1.4.5 First 10 cycles of BagAli0.39Siza61 Type | Clathrate synthesized by thermal
annealing.>*
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In 2015, Peng et al. reported a DFT investigation of the lithiation of Ba-doped Si
clathrate, BagSiss>® Various Li positions inside the Type | clathrate crystal structure were
investigated and evaluated by calculating the formation energies and voltages with
respect to Li metal. The structural distortion and band structure from Li insertion were

also analyzed.
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Figure 1.4.6 Processing step investigated for the Type | clathrate, BagAl16Siso.*®

In 2017, Zhao et al. investigated the role of processing on the surface properties
and the electrochemical behavior of the Type I Si clathrate, BagAl16Siz0 > In the previous
work by Li et. al, various processing steps were applied to the clathrate powder before
electrochemical evaluation including ball-milling and acid/base treatment. Zhao et al.
performed electrochemical and structural characterization in between each of these
processing steps. Figure 1.4.6 shows the different processes applied to the clathrate. The
authors found that the surfaces of the ball-milled powder (AM-2, AM-4, AM-5) exhibited
significant amorphous surfaces surrounding a crystalline clathrate core from the

transmission electron microscopy imaging. This was correlated to electrochemical
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performance as the powder with the thicker amorphous surface had a higher capacity.
The authors concluded that the BasAl1Siso Clathrate powders were electrochemically

inactive to Li unless defects were introduced by ball-milling.

Figure 1.4.7 Crystal structure of the recently discovered Si polymorph, Sizs, with a
crystal structure similar to clathrates and predicted to have high Li mobility.°’

That concludes the clathrate literature related to applications for batteries. A
summary of two papers evalulating a recently discovered Si polymorph Sio4 for Li-ion
battery and Na-ion battery applications is given in the following dicussion. The Si2s
material is an open cage framework of Si obtained from NasSiz4 by heating under vacuum
similar to the way Siiss is obtained.>” A picture of the crystal structure is shown in Figure
1.4.7.In 2017, Arrieta et. al investigated sodium intercalation in the NaxSi2s for Na-ion
anodes with DFT calculations.*® By using cluster expansions to generate possible NaxSiz4
supercell configurations the authors evalulated 235 different configurations to generate a
realtionship between formation energy and Na content. The voltage profile dervied from
this suggested a solid solution mechansim for Na intercalation. NEB calculations were
also performed resulting in 0.7-0.8 eV barriers for Na hopping. In 2018, He et al

investigated Sizs for Li-ion and Na-ion anode applications with DFT.%® For both Li and
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Na, the voltage, volume expansion, electronic structure, and diffusivity were evalulated.
The authors found that Li and Na insertion into the structure resulted in small volume
changes and both structures had had high diffusion of Li and Na based on ab-inito

molecular dyanamics calculations.
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1.5. Goals of Research

Overall, the literature related to Tetrel clathrates has been limited to Si clathrates
with one brief experimental work related to Ge clathrates. Ge and Sn clathrates represent
a large design space for Tetrel clathrates and since Si, Ge, and Sn are all promising
alloying anode materials with high capacities, understanding how their Li-alloying
reactions differ is of interest for Li-ion batteries. Furthermore, from the evidence of Li
insertion in Siiss and the DFT calculations regarding Siiss and Siz4, it seems that Li
insertion into empty frameworks of Tt elements could have interesting properties.
However, there has been no report of reversible insertion of Li into these structures
without guest atoms. The main goal of this work is to develop relationships between the
clathrate structures and their electrochemical properties which to date has mainly been
limited to Si clathrates. From the review it can be seen that the electrochemistry is similar
to the host elements and in some other cases very different. This work hopes to shed light
on to why these similarities and differences occur and what implications they have for Li-

ion batteries.

Based on these considerations, this dissertation is split into three parts: Clathrates
as Insertion Anodes, Clathrates as Alloying Anodes, and High Temperature
Electrochemical Synthesis of Si and Ge Clathrates. The first section investigates the open
structure of Tetrel clathrates as topotactic insertion anodes where Li is able to reversibly
diffuse in and out of the clathrate lattice upon electrochemical bias. To investigate this a
combination of density functional theory and experimental methods will be used to
identify structural features that are amenable to bulk Li diffusion. The second section

investigates how the clathrate structure affects the Li alloying pathways of Ge, Sn and Si
53



clathrates with a comparison to the common elemental analogue (i.e. diamond cubic
Ge/Si). The goal is to give a clearer understanding of how the structural features of
clathrates can be used to modify the subsequent lithiation pathways which is important
for optimizing the performance of Li-ion battery anodes. To do this, synchrotron X-ray
diffraction and pair distribution function analysis is used to investigate the long and short
range order of the clathrates at different Li compositions. Finally, the last section
demonstrates the viability of using high temperature electrochemistry to synthesize the
metastable Na-Si and Na-Ge clathrates. Since these clathrates are of technological
interest, developing more controllable synthesis methods will aid in understanding their
structure-property relationships. This section focuses on using an electrochemical cell
with Na B’’-alumina solid electrolyte to desodiate the NasTts (Tt= Si, Ge) Zintl phases at

300-550 °C, which under some conditions result in the synthesis of the Tetrel clathrates.
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2. EXPERIMENTAL AND COMPUTATIONAL METHODS
2.1.Electrochemical Characterization

2.1.1. Electrode and Cell Construction for Li-ion Batteries

In this work, powdered samples of clathrate materials are investigated in two
electrode half-cells with Li metal to investigate their electrochemical reactions with Li. Li
metal is used as both the reference and counter electrode because the potential of Li metal
does not change as the state of charge changes. The reference allows the composition

dependent potential changes of the materials to be investigated.

The composite electrodes for the clathrate and comparison active materials are
constructed in the following way. First, the clathrate material is grinded up so that a
suitable slurry can be made. In some cases, the clathrate material is already a powder
with sufficiently small particles size and no intermediate grinding is needed. Grinding is
done either via ball-milling or by hand grinding with a mortar and pestle. After the
powder is ready, the clathrate active material, carbon black conductive additive, and
polyvinylidene fluoride (PVDF) binder is mixed in an 80/10/10 weight% ratio. Then N-
Methyl-2-pyrrolidone (NMP) is added to the solids and mixed with a stir bar until the
slurry reaches a desirable consistency. Sometimes to facilitate dissolving the PVDF in the
NMP, the slurry is heated to 50-75 °C during vigorous stirring. Generally, the amount of
active material was quite low (0.2-0.3 g) and thus a small vial (20-50 mL) could be used

to form the slurry.

Once the slurry has been evenly mixed, the slurry is cast upon dendritic copper

foil with a Mayer rod. To control the thickness of the film, different layers of scotch tape
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were used. Then the film was dried at 120 °C on a hotplate to evaporate the NMP for 4-5
hours. Now the electrode film can be cut into 15 mm disc electrodes and evaluated in

electrochemical cells.

Cathode
Electrode

an091wé

-,

Figure 2.1.1 Labelled parts of a coin cell including the spring, circle electrode, positive
case, negative case, and spacers.

Two types of cells are used in this work: coin cells and pouch cells. Coin cells
were generally used for longer term cycling experiments while pouch cells were used for
samples that needed to be extracted for ex situ characterization (e.g. XRD/SEM). Coin
cells are comprised of stainless-steel casing and are then crimped to seal the coin cell.
Figure 2.1.1 shows the parts used to construct the coin cell. There is a spring that is used
to maintain pressure after crimping, the electrode (in the case of a half-cell with Li metal

as the counter electrode, the other electrode is considered the cathode), the spacers, and
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the negative and positive case. In addition, there is the circular Li metal chip which acts
as the counter/reference electrode, the separator, and the electrolyte. Then these

components are assembled in the following order:

1) Negative case

2) Spring

3) 2 Spacers

4) Copper anode

5) Place 3-5 drops or a measured amount of electrolyte (~20-40 pL) on top the
electrode so it appears evenly wetted.

6) Place the polymer separator (Celgard) on top of the electrode so it covers it

7) Place 2 more drops of electrolyte on top of the separator and place the Li
metal foil on top so it is concentric with the composite electrode.

8) Positive case

9) Crimp the coin cell to seal it.

Then the coin cell is ready for electrochemical testing.

For pouch cells, the cell is assembled in a similar way, but the packaging is a
polyfoil bag and is heat sealed. The current collector leads are strips of Cu foil. The cell

is assembled in the following order:

1) Cu lead (leading to outside the polyfoil bag)
2) Place a small drop of electrolyte next to the lead and place to copper anode
electrode on top with the active side facing up. This creates a good adhesion for

the electrode to make the cell construction easier.

57



3) Place 3-5 drops or a measured amount of electrolyte (~20-40 pL) on top the
electrode so it appears evenly wetted.

4) Place the polymer separator (Celgard) on top of the electrode so it covers it

5) Place 2 more drops of electrolyte on top of the separator and place the Li metal
foil on top so it is concentric with the composite electrode.

6) Place the 2" copper lead on top of the Li metal.

7) Seal both sides of the polyfoil bag where the Cu leads come out.

2.1.2. Galvanostatic Measurements

Once a half-cell has been constructed, the cell can be charged and discharged with
a potentiostat. A potentiostat allows for the precise control and measurement of the
voltage and current of an electrochemical cell. Biologic VMP3 and MPG potentiostats
are mainly used in this work to conduct the galvanostatic current with potential limits
(GCPL) technique. This technique forces a constant current charge or discharge on the
cell and the voltage of the cell is changed in order to achieve the constant current
measurement. Constant current measurements are standard for testing battery materials,
and they allow for straightforward calculations of the current rate needed for a desired C-
rate. For instance, if the capacity of the material is 200 mAh/g, then a constant current of
200 mA/g will charge/discharge the cell in one hour (i.e. C-rate of 1). The active mass of
the electrode is measured by subtracting away the mass contribution of the Cu current
collector and then multiplying the mass by the ratio used in the slurry (usually 80wt%).

Typically, potential limits are used during constant current to maintain the electrode in
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voltage ranges where the materials are stable. In this work the typical voltage range for
measurements is 0.01 V — 2.5 V vs Li/Li*. However, this can be altered depending on the

specific voltage ranges that are interesting for investigation.

Once a cell is constructed and is being charged and discharged with the
potentiostat, a voltage profile is obtained which relates the potential to the extent of the
reaction. Since constant current measurements are used, the time of applied current is
proportional to the capacity via the magnitude of the applied current. As described
earlier, the capacity can be converted into a number of Li as well which is often useful for

directly connecting the chemistry of the system to specific electrochemical reactions.
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Figure 2.1.2 Voltage profile and corresponding dQ/dE plot of diamond cubic Ge
showing the first lithiation and delithiation.

Figure 2.1.2 shows an example of a voltage profile obtained from the lithiation of
diamond cubic Ge powder in a two electrode half-cell with Li metal. Figure 2.1.2a
shows the voltage profile in terms of Potential vs. Li/Li* versus the # of Li* per Ge atom.

Typically, adding lithium to the composite electrode will decrease the potential of the cell
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until it reaches the lower voltage cutoff of 0.01 V. Since 0.00 V corresponds to the
energy of Li metal, low reaction voltage corresponds to higher energy states, while high
potentials correspond to lower energy states. When the current is reversed and lithium is
moved away from composite electrode, the potential of electrode increases relative to Li
metal. This is shown for the part of the curve labelled delithiation which refers to the
removal of Li from the active material. In the voltage profile of diamond cubic Ge, there
are various features such as plateaus and sloped regions. From the previous discussion,
observing these features is important for identifying the electrochemical reactions
occurring within the material. Figure 2.1.2 labels significant features upon lithiation and

delithiation.

Figure 2.1.2b shows a plot of the derivative, dQ/dE, versus the potential. This
type of plot called a dQ plot or a dQ/dE plot is an alternative way to view the information
contained in the voltage profile. This is a useful way to view the information because it
emphasizes features in the voltage profile with high dQ/dE (or plateaus). The
corresponding dQ/dE plot shows plateaus as peaks and allow for the convenient
assignment of electrochemical reactions based on the peak position. For instance, the
plateau during lithiation labelled “D”, corresponds to a sharp peak in the dQ/dE plot. The

higher the magnitude of the peak, the flatter the plateau.

Another feature of the voltage profile is being able to quantify the irreversible
capacity, which is the difference in charge between the lithiation and delithiation. This
quantity is related to the Coulombic efficiency and is an important parameter for

measuring the amount of irreversible reactions in an electrochemical cell. As can be seen
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in Figure 2.1.2a, there is an irreversible capacity of around 1 Li* between lithiation and
delithiation. Notably, this is not obviously apparent in the dQ/dE plot where the capacity
can be measured by integrating the curves in terms of the potential. For this reason, the
voltage profile is useful for observing changes in capacity over time while the dQ/dE plot
is insightful for monitoring changes in the electrochemical features during the reaction.
Understanding the structural origin of the electrochemical plateaus (e.g. B, C D, E) is the
main goal for a battery researcher as it allows for the connection of the electrochemical

properties to the structure of the material as a function of state of charge.

2.1.3. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy is a useful electrochemical technique
that utilizes AC potentials to measure the frequency dependent impedance of an
electrochemical cell. Since different electrochemical impedances occur in different times
scales, or frequency ranges, this method allows for the characterization of quantities
related to charge transfer resistance, capacitance, resistance, and diffusion. The
measurement is implemented by applying a sinusoid perturbation (current or potential) at
a certain frequency and measuring the corresponding response of the system. Like
traditional AC circuits, the system will have a certain response based on type of circuit

elements present. The impedance of the system is represented by the following equation:

Z(w) = ? =Zy,exp(jop) = Z, exp(cos¢ + jsing)
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Where Z(w) is the impedance of the system as a function of the frequency, E is the
voltage, | is the current, Z, is the magnitude of the impedance, and ¢ is the phase shift.
An electrochemical cell can be modeled as an equivalent circuit which allows for the
modelling of the features of the EIS experiment. For instance, a resistor and parallel in
parallel shows up as a semicircle in the Nyquist plot, which shows the negative imaginary
impedance vs the real impedance. This resistor and capacitor in parallel represent an
electrochemical interface where charge transfer can occur. The equivalent circuit model
can be used to describe the impedance response of a battery and gain quantitative data

about the impedance of the system.

2.1.4. Galvanostatic Intermittent Titration Technique (GITT)

The Galvanostatic Intermittent Titration Technique is an electrochemical
technique that involves constant current pulses in between periods of open circuit voltage
relaxation.%® After a current pulse is applied, the state of charge of the system changes
and during relaxation the new open circuit voltage contains information about the kinetics
and thermodynamics of the electrochemical system. This method can be used to estimate
the diffusivity of an electroactive ion in a solid solution electrode material and observe
how the polarization of a cell changes as a function of charge. In this work, the latter
application will be used. Figure 2.1.3 shows a plot of the current, and voltage vs time to

demonstrate the voltage current relationship during the measurement.
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Figure 2.1.3 Plot of the current and voltage vs time for a single current pulse of the
galvanostatic intermittent titration technique.®

This method is useful for several situations because it allows for the open circuit
voltage to be viewed as a function of charge. Sometimes the voltage response to a
constant applied current is dominated by polarizations that are not related to the
equilibrium behavior of the system. By allowing the system to relax, the kinetic effects
on the potential can be mitigated and better understanding of the capacity dependent

effects on the potential can be elucidated.

63



2.1.5. High Temperature Electrochemical Cells

The 5% chapter of this dissertation will explore the high temperature
electrochemical synthesis Si and Ge clathrates. This section will briefly go over the
construction of the housing of these cells and their implementation. The specifics of the

cell construction will be discussed within each of the sections of Chapter 5.

The standard Li-ion cells that are tested in this work are all measured at room
temperature. However, many times the sluggish Kinetics at room temperature result in
non-equilibrium pathways. For example, the previously described amorphous Si phase
transformation is an excellent example of how room temperature lithiation results in a
non-equilibrium reaction pathway. There has been various work done in performing
electrochemical experiments at higher temperatures which have been useful for revealing
the equilibrium behavior of certain systems. Since the commonly used organic
electrolyte, separator and binder in Li-ion batteries are not stable up to higher
temperatures (200-600 °C) alternative electrolytes and components need to be used to
achieve stable electrochemistry. For this reason, the high temperature cells investigated in
this work use Na ’’-alumina solid electrolytes to shuttle Na atoms for the synthesis of

Si/Ge clathrates.

Another challenge is the housing used to contain the electrochemical cell. The

housing must have the following requirements for practical use:

e Stable under high temperatures

e Creates an effective seal to maintain a closed volume.

64



e Allows for a current collector that is electronically isolated from another

current collector

e Easy to open and close after operation

High temperature electrochemical experiments are often done in a glovebox
which is inconvenient as it requires a custom setup for heating and performing the
measurements. To perform the high temperature electrochemical measurements, a
stainless-steel housing reactor comprised of commonly available high vacuum parts is
used to perform electrochemical experiments outside of the glovebox in common lab

furnaces.

Electronically
Insulated

N

Figure 2.1.4 Images of the high temperature cell parts: (a) stainless steel half nipple
(Kurt J. Lesker, HN-0275) and (b) stainless-steel electrical feedthrough (Kurt J. Lesker,
EFT0512093)

The electrochemical reactor is comprised of a stainless-steel half nipple with a
stainless-steel cap welded to the bottom of it. The machine and electrical shop in the

Instrument Design and Fabrication Core Facility at ASU were used for the welding. The
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electronically insulated part is an electrical feed through with a stainless-steel current
collector and alumina insulation. Pictures of these parts from the supplier website are
shown in Figure 2.1.4. To assemble the cell, the parts are brought into the glovebox and
the electrochemical cell is placed inside the housing and then the electrical feedthrough is
sealed together with the half-nipple with a copper O-ring and tightened with screws and
bolts. Wires can then be attached to the main body of the housing and the top of the
feedthrough which correspond to the two current collectors for the negative and positive
terminals of the cell. The housing is then placed in an oven and then hooked to a
potentiostat. Figure 2.1.5a shows a photograph of the housing in the glovebox prior to
assembly with the Cu O-ring in place. Figure 2.1.5b shows the housing sealed and
outside the glovebox with the stainless-steel wires coming from the different terminals.
Figure 2.1.5c shows a photograph of the cells after they are placed in the furnace. The
stainless-steel wiring surrounded by Alumina bead insulation comes out of the edge of

the furnace door so that it can connect to the potentiostat terminals.
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Figure 2.1.5 (a) Photograph of the high temperature cell housing prior to assembling in
the glove box. (b) Photograph of the high temperature cell housing after assembly with
the stainless-steel wires connected to the two terminals. (c) Photograph of the furnace
used for the high temperature electrochemical experiments with the leads coming out and
connecting to the potenitostat leads.

The stainless-steel housing has been tested to up to 450 °C in air and shows stable
operation after long periods of heating. Temperatures above 450 °C result in more
significant oxidation of the housing parts and make it difficult to open the cell because
the screws and bolts seize where the screws are unable to be screwed off. If this happens
the bolt itself needs to be fractured. To operate at temperatures higher than 450 °C, it is
recommended that the cell be heated inside a glovebox with an inert, oxygen free
atmosphere which results in less oxidation to the housing. Overall, this housing for high

temperature electrochemical cells has been proven to allow for a sealed oxygen free
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environment and significantly simplifies the requirements for operating cells at high

temperatures.
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2.2 .Materials Characterization

2.2.1. Powder X-ray Diffraction (PXRD)

X-ray diffraction (XRD) is a widely used non-destructive technique to
characterize the long-range order in solid materials. Powder XRD refers to the method by
which powders comprised of many crystallites are investigated which result in smooth
rings in a diffraction pattern. An X-ray source provides X-rays of a wavelength on a
similar length scale as the separation of atoms in the material. This allows for the
constructive and deconstructive interference of X-rays as they scatter off the electrons of
the atoms. At certain angles and spacing between atoms, constructive interference occurs,
and reflections can be observed which correspond to specific spacings between atoms in
a crystalline lattice. The relationship between atomic plane distance (d), angle (6), and

wavelength (1) is described by Braggs’ law:
niA = 2dsinf

Based on this equation, a relationship between the position of reflections as a
function of angle can be related to the spacing of the lattice in a crystalline material. A
more detailed derivation and description of PXRD can be found in a book on the

subject.5!

Figure 2.2.1 shows an overview of the information content of a powder pattern.5?
For this work, PXRD will be commonly used to identify crystalline structures and refine
their atomic positions and parameters using the Rietveld refinement technique (see
below). Since many Li anode materials are originally crystalline, PXRD will be an

important tool for identifying the structural transformations at intermediates points of
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lithiation. It is important to emphasize that Bragg diffraction only gives information
about structures that have long-range order, and many times materials undergo disordered
phase transformations. For this reason, pair distribution function (PDF) analysis will be
used in conjunction with Bragg diffraction to give a complete picture of the structure of

the lithiation intermediates.

Information content of a powder pattern

Background Reflections
/\ _ . /1\‘ Profile
Sample Scattering from Position Intensity (FWHM, peak shape)
sample holder,
air etc.
Compton scattering Instrument Sample
function broadening
Diffuse scatlering: Lattice parameters, Crystal structure: Real structure:
Space group:
Local structure Macro-strain Atomic positions Micro-strain
Amorphous fraction Qualitative phase Temperature factor Domain size
Lattice dynamics analysis Occupancy
Texture

Quantitative

phase analvsis

Figure 2.2.1 Schematic that shows the information contained in the different parts of a
PXRD pattern.®*

2.2.2. Rietveld Refinement
Rietveld refinement is a method to simulate a PXRD pattern and fit it to an

experimental PXRD pattern in order to obtain quantitative structural information.®*®3 The
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method involves a least squares regression to minimize the difference between the
experimental and simulated patterns. The method is only applicable to crystalline
structures and requires a structural model to refine the experimental pattern. The PXRD
pattern is not just influenced by the structure of the sample but also the characteristics of
the instrumental setup. The Rietveld refinement method models both structural and
instrumental parameters which allow for the full description of the patterns. For instance,
the peak shapes of the Bragg peaks are modelled by the pseudo-Voigt function and the
background is modelled with Legendre polynomials. Once the instrumental features are
sufficiently modelled, then the structural features that affect the pattern can be refined to
obtain quantitative structural information such as atomic positions, atomic displacement
parameters and partial occupancies. Obtaining quantitative structural information is
important for drawing conclusions between the electrochemical profiles and the
corresponding structural changes. A more detailed introduction into this method can be
found in the following references. For this work, the JANA2006% is used to perform the

refinements of PXRD from either lab X-ray sources or synchrotron X-ray sources.

2.2.3. Total X-ray Scattering and Pair Distribution Function (PDF) Analysis

The structural investigation of amorphous materials is a great challenge for the
scientific community. The typical X-ray diffraction method based on Bragg diffraction
used to characterize crystalline structures is not applicable and a method that probes the
local structure is necessary to establish structure property relationships. Total X-ray

scattering is used to obtain a PXRD pattern of a material out to very high scattering
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angles. The diffuse scattering out to high angles contains information about the structure
of a material and be viewed by creating a pair distribution function (PDF) plot which is a
function of real space.% Due to the high scattering angle requirement to achieve quality
data, these measurements are often performed at a Synchrotron light source which are
very bright and have high-energy X-rays compared to laboratory sources.®® Figure 2.2.2
shows a schematic of a material sample being illuminated with high-energy X-rays and
the resulting PXRD ring pattern on the flat X-ray detector. The resulting PXRD contains
both Bragg peaks (if crystalline) and diffuse scattering which is why it is referred to as
total scattering. By correcting the pattern for the background, multiple scattering, and
adsorption and then taking a Fourier transform, the result is the generation of PDF plot.
As seen in Figure 2.2.2a, a PDF of amorphous SiO is shown demonstrating how
structural information can be obtained from an amorphous material. Figure 2.2.2b shows
the experimental setup for the PDF measurements conducted at the Diamond Light
Source in Didcot, UK. Figure 2.2.2c shows a photograph of the sample contained in a
glass capillary, sample holder, X-ray source, and heater. The X-rays are shot through the
center of the glass capillary and the scattering is recorded on the X-ray detector. The
glass capillary is spun at high speeds to compensate for any orientation related artifacts in

the powder.
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Figure 2.2.2 (a) Schematic of the process of acquiring a PDF using a high-energy X-ray
source.®® (b) Photograph of the X-ray source and detector at the PDF beamline at the
Diamond Light Source. (c) Photograph of the sample holder, capillary, X-ray source and
heater at the Diamond Light Source.

Once the PDF plot is obtained local bonding information can be obtained and
modelled. Figure 2.2.3 shows a schematic of a 2D hexagon carbon lattice with the
corresponding simulated PDF pattern. If circles are drawn from a center atom
corresponding to each of the next closest distance atom to the center, a series of circles
can be created that correspond to certain atom-atom distances within the material. The
PDF plot is a histogram that corresponds to these specific atom-atom distances within a
material. For instance, Figure 2.2.3b shows the PDF with G(r) as a function of distance
in angstroms. At 1.42 A, there is a peak present in the PDF which matches with the first
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circle drawn from the center atom in Figure 2.2.3a. Similarly, there are peaks at 2.46 and
2.84 A which correspond to the 2" closest and 3™ closest atom from the center atom. If
the material is an infinite crystal, these peaks, referred to as correlations, continue out to
infinity. However, if the material is disordered, then these correlations will become broad
and end at a certain distance depending on the amount of similar atom-atom distances.
This can be seen in Figure 2.2.2a which shows the correlations in the PDF plot of SiO>
ending around 10 A. The important characteristic of the PDF analysis is that both
crystalline and amorphous structures can be analyzed with the same technique which

gives a more complete view of the structure of the investigated material.

a) | b)
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Figure 2.2.3 Schematic of 2D hexagonal carbon lattice with the atomic coordination
spheres drawn and distance labelled from the center carbon atom. (b) Corresponding PDF
pattern from the structure in (a).%’
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Similar to the Rietveld refinement method for PXRD patterns, the PDF plot can
be simulated and refined to an experimental pattern by reducing the least squares error. 8
This allows materials that are crystalline to be fit a structural model and quantitative
structural data can be extracted. An example of a refined PDF plot is presented in Figure
2.2.4 which shows the experimental, simulated and difference curves for the PDF of the
type | BagGess clathrate. A quantitative structural model for amorphous structures is more
difficult to achieve to the massive increase in possible positional parameters of the atomic
positions. This is typically achieved by using the reverse Monte Carlo method (RMC)
which fits a super cell of atoms to the PDF pattern.®® This method is out of the scope of
the current work and generally, a qualitative analysis of amorphous PDF is achieved by
comparison with crystalline patterns. The refinement of the PDF plots is done with
PDFgui program.%® More details of mathematical transformations done to the total
scattering data and details about the PDF refinements can be found in the supporting
information of Chapter 4 where PDF is used to analyze the amorphous phase
transformations of Tetrel clathrates. In addition, the book titled “Underneath the Bragg
Peaks: Structural Analysis of Complex Materials” is recommended for the theory and

derivation for the PDF method.®®
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Figure 2.2.4 PDF refinement of a polycrystalline sample of BasGess. The blue circles
represent the experimental pattern, the red curve is the simulated pattern, and the green
curve is the difference curve between the experimental and simulated.

2.2.4. Scanning Electron Microscopy (SEM)

Scanning electron microscopy is a technique that characterizes the morphology of
solid materials. In the microscope, an electron source is focused on to the sample with a
series of electron optics and the focused beam of electrons is rastered across an area of
the sample to form the image. As this occurs, the sample emits secondary electrons which
are detected by an electron detector. The number of electrons detected at each pixel
determines the intensity of the pixel and forms image as the beam is scanned over the
area. The secondary image detector mode gives a topographic based image of the sample
which is useful for characterizing the shape and size of features in the sample. In this

work, SEM is used to characterize the morphology and particle sizes of synthesized

76



materials. An FEI Nova 200 Nanolab SEM and a Phillips XL-30 ESEM are used for the

SEM images in this work.

2.2.5. Transmission Electron Microscopy (TEM)

TEM is a microscopy technique that uses a high energy beam of electrons to
characterize the morphology and structure of thin material samples. The method requires
transmission of electrons through the sample; thus, the sample must be thin enough to be
electron transparent. As electrons are transmitted through the sample, the electrons
interact in various ways which can give structural and morphological information of the
sample. One of these interactions is electron diffraction which can be used to characterize
the local crystallinity of materials. Electron diffraction is similar to X-ray diffraction and
gives information about the long-range order in the sample. The ability to differentiate
regions of amorphous and crystalline components of a material on a local scale is of great
value especially for properties that rely heavily on interfacial reactions like Li-ion
batteries. The TEM in this work was conducted using an aberration corrected FEI Titan

microscope operated at 300 kV.

2.2.6. Energy Dispersive Spectroscopy (EDS)

Energy dispersive spectroscopy (EDS) is a method for characterizing the
elemental composition of materials and is often implemented inside SEM and TEM
instruments. In an electron microscope, the sample is bombarded with electrons which
excites core electrons to higher energy levels. When the excited electron relaxes to a
lower energy state, the energy is released in the form of an X-ray which is detected by an

energy dispersive spectrometer. Since the energies of these transitions are characteristic
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of each element, this method can be used to quantify and identify the elemental
composition present the sample. Notably, in the electron microscope only the area that is
hit with electrons excites X-ray meaning that the compositional information can be
obtained in a spatial resolution of the microscope electron beam. In this dissertation, EDS
is often used to compliment other materials characterization tools to confirm the
suspected composition based on X-ray diffraction structural information. EDS is also
useful for identifying spatial dependent compositional inhomogeneities that can occur in

materials which do not show up in bulk characterization techniques.

2.2.7. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a technique based on the photoelectric
effect that is surface sensitive and provides information about the composition and
chemical nature of the sample. In an XPS instrument, a focused beam of X-rays is shot at
the sample which results in electrons being ejected from various core atomic states in the
material. A detector then calculates the energy of the ejected electrons and compares it
with the original energy of the incident X-rays. The difference of these values is termed
the binding energy which refers to the energy required to eject the electron from the core
atomic states. The binding energy of the electron is determined by the atomic
composition and the type of chemical environment the atom is in. Therefore, this
technique provides quantitative compositional information and details of the chemical
states of the atoms (i.e. oxidation states). However, the detection depth of the instrument
is often restricted to ~10 nm within the surface making it primarily used for surface

analysis. The XPS used in this work was a VG ESCALAB 220i-XL with Al Ka anode
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(1486.6 eV) operating at 63 W and 12 kV. Fitting of the XPS data was performed with

casaXPS.
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2.3.Density Functional Theory (DFT)

2.3.1. Brief Introduction

Density functional theory (DFT) is a widely used computational method to
approximate and solve the many-body Schrodinger equation. The origins of DFT arise
from the Hohenberg-Kohn theorems.”® The first theorem states that the electronic
structure of a many-electron system is defined by its electron density which can be
mapped to three spatial coordinates. This is a key point as the most common method,
Hatree-Fock, for solving the Schrodinger equation involved the orbitals and spatial
coordinates of each electron. As a result, the computational scaling of a the common
Hartree-Fock method is N* where N is the number basis functions used while, DFT scales
with N3 The improved computational scaling allows for the calculation of systems with
a larger number of atoms. The next Hohenberg-Kohn established an energy functional

that is defined in terms of the charge density.

From these theorems, Kohn and Sham developed the widely used method for calculating
the many-body problem in an analogous way to the Hatree-Fock method whereby a non-
interacting electron gas interacts with an external potential and the correlation and
exchange effects appear as additional effective potentials.’? The exchange-correlation
functional is the key approximation for the DFT theory and has been a key area of
determining different types of DFT. The simplest approximation is the local density
approximation (LDA) which is based on the exact exchange energy and parameterized
correlation for a homogeneous electron gas.’? This functional performs well with metallic
systems where, the electron density is spread out but the suffers when the electron density

is more localized. To improve this other more computational demanding functionals have
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been developed and are now the most widely used functionals. The functional used in this
work is the Perdew, Burke, and Ernzerhof (PBE) functional ”® which is classified as
generalized gradient approximation (GGA) functional* and is a standard functional used
for bulk solids. The GGA functional adds additional terms to compensate for the non-
homogeneity of the true electron density which significantly improves the results of
systems that are defined by more localized electron densities. More detailed descriptions
of the theory of DFT and electronic calculations can be found in the following books by
Martin” and Cramer’?. | also recommend the review article by Van der Ven et al. for
DFT calculations related to battery materials.”® To carry out the DFT calculations in this
work, the Vienna Ab initio Simulation Package (VASP)"’ was used with the PBE
functional, the projector augmented wave potentials’® with a plane-wave basis set. The
more specific details of the calculations can be found in the computational methods
section of the following chapters or in the corresponding Appendices. The following

section will go over the property calculations used frequently in this dissertation.

2.3.2. Formation Energy

The formation energy refers to the energy difference of a multicomponent
compound with respect to its elemental forms. To calculate this with DFT, the energies of
the multicomponent are subtracted from the energies of the elemental form on a per atom

basis. The equation for a hypothetical two-component system, XY, would be:

E(XY) —E(X) — E(Y)

form — 2

where E(XY), E(X), and E(Y) is the energy from the DFT calculation and then divided

by the total number of atoms to obtain the energy per atom. This calculation gives an
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estimate of the stability of a compound relative to its elemental forms however it does not

consider other competing multicomponent phases.

2.3.3. Average Voltage

The voltage of an electrochemical reaction can be estimated based on simple DFT
energy calculations.!! The voltage of a battery is determined by the difference of the
chemical potential between the two electrodes. For a Li-ion battery this was described
earlier as:

(e Ge) — ot ()

V(x) = p

where @ is the voltage, uf%t"°4¢ and u%7°% are the chemical potentials in terms of
eV/mol as a function of the Li content (x) for the cathode and anode, respectively and e is
the charge of an electron in Coulombs. Then by considering only the end member Li
compositions of uf#1°%¢ the average lithiation voltage between these two Li
compositions can be written in terms of the changes in Gibbs free energy of reaction:

—AG,

Y00 = G e

where x2 and X1 are the Li compositions of the two end members. Take for example, a
general Li metal oxide, LiMOg. The fully lithiated phase is LiMO; and the delithiated
phase is MO.. The average lithiation voltage would then be:

E(LiMO,) — E(MO,) — E(Li)

Voo = - (1-0)e
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where E(LiMO,), E(MO,), and E (Li) are the DFT energies. The important assumption
here is that the 0 K DFT energy is a good approximation for the Gibbs free energy. AG,. is
equal to AE, + PAV, — TAS, and the P and T terms are predicted to be sufficiently small
compared to internal energy of AE,. so that. AG, ~ AE,. Therefore, the internal energy
obtained from the DFT calculations can be used to estimate the average voltage between

two lithiated end members.!!

Essentially, the volage calculation evaluates the energy of two difference of two
different Li compositions with respect to Li metal. The important difference between this
and the formation energy is that the formation energy is relative to all elemental forms
while the voltage is relative to Li metal. In electrochemical cells, often the electrode can
achieve metastable states with respect to the elemental forms but is stable relative to Li
metal.”® Thus for predicting the electrochemical properties of a Li host, the voltage

calculations is often more useful.

2.3.4. Nudged Elastic Band (NEB) Method

As mentioned in the previous sections, Li diffusion is a key component to the
operational of a Li-ion battery. In insertion materials, Li hops between difference lattice
sites randomly and in response to a chemical gradient. The kinetics of this hop are
important for the speed at which Li-ion batteries can be charged and discharged and is
often a limiting factor of materials in this respect. Therefore, computational methods that
can be used to estimate the energy barrier of this hop are important for evaluating new

electrode materials.
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Figure 2.3.1 Schematic of the NEB method where the initial band of positions is moved
to the minimum energy path by minimizing the perpendicular force of the NEB. &°

The nudged elastic band (NEB) method constructs a set of different positions,
called images, between two local minimum and calculates the minimum energy path
between them.®! Each image is connected by spring forces so that the distance between
each image is maintained. The minimum energy path is found by minimizing the
perpendicular force to the band. Figure 2.3.1 shows a scheme of a two-dimension energy
landscape with the initial and final positions in the basin of two energy wells. The
original band (NEB) is not at the minimum energy path (MEP) so the calculations
converge this original set of positions to reach the MEP. The highest energy position is
the saddle point and corresponds to the transition state energy. This is the key value that
for evaluating Li diffusion. The diffusion of Li can be thought of a similar way as in the

Figure 2.3.1, however the energy of the system is a variable of the position of the host



atoms that surround the Li and the position of Li. The host atoms and Li will move in a

way that minimizes the energy between the local minimum positions.

This method has been useful for developing an atomic scale model of the Li
movement in intercalation materials and is simple and not very computationally
demanding.?382-8 The downside is that the positions of the Li and the pathway have to be
decided by the user and it becomes difficult to evaluate all the possible combination of
pathways in some cases. In the case of simple systems, the migration barrier for Li
hopping can be calculated simply and gives a reasonable estimate of whether or not Li
migration through a lattice will be possible. This method is mainly used for evaluating

the mobility in insertion reactions due to generally highly crystalline structures.

The NEB method is implemented in VASP as the Climbing image NEB®® within

the Transition State Tools for VASP (VTST) package.
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3. CLATHRATES AS INSERTION ANODES

3.1.Experimental and Computational Study of the Lithiation of BagAlyGess.y Based

Type | Germanium Clathrates

Reproduced with permission from Dopilka, A.; Zhao, R.; Weller, J. M.; Bobev,
S.; Peng, X.; Chan, C. K. Experimental and Computational Study of the Lithiation of
BagAlyGess-y Based Type | Germanium Clathrates. ACS Appl. Mater. Interfaces 2018,

10, 37981-37993. Copyright 2021 American Chemical Society.

3.1.1. Introduction

Clathrates**® are known for their unique cage-like structures and their potential
as promising superconducting®—°, thermoelectric®?~*8, magnetic**°1%  hydrogen
storage®>1% and hard materials'®®1%, Recently, clathrates have also been investigated as
potential electrode materials for Li-ion batteries*®:5253:5556.105-108 \w/e have previously
investigated the electrochemical properties of ternary type | clathrates based on
BagAl,Siss.y in great detail®®%. In our group’s prior work, we found that off-
stoichiometric silicon clathrates (8 <y < 12) displayed capacities corresponding to
insertion of ~40 Li* per formula unit'®, whereas materials close to the Zintl condition (y
~ 16) displayed very low capacities unless disordered/amorphous surface layers were
introduced via ball-milling®®. Based on these results, we hypothesized that Li* insertion at
defects or vacancies could play an important role in the electrochemical properties of
clathrates. Interestingly, for all silicon clathrate compositions studied, no

electrochemically-induced amorphization of the material was observed, and there were
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no discernable changes to the lattice constant of the bulk structure. This is distinctly
different from what occurs during electrochemical lithiation of diamond cubic silicon (c-
Si), where a more than 300% change in volume and transformation to amorphous lithium

silicide phases are observed®,

In order to further elucidate the electrochemical properties of clathrates, herein we
extend our studies to type | clathrates based on BagAlyGessy and explore the effect of
defects in the clathrate structure on the lithiation behavior using experimental and first-
principles density functional theory (DFT) investigations. Similar to the aforementioned
silicon clathrates studied previously, these germanium clathrates are made up of two
pentagonal dodecahedra (Gezo) and six tetrakaidecahedra (Gezs) per unit cell (Figure
3.1.1), crystallizing in the Pm3n (223) space group. Each Gezo cage is composed of 12
pentagonal faces, while the Ge24 cages are made up of 12 pentagonal and 2 hexagonal
faces. The Ba guest atoms are found at the 6d and 2a sites in the center of the Gez4 and
Ge2o cavities, respectively, while the Ge and Al atoms occupy the framework sites at the
6¢, 16i, and 24k positions as described by Wyckoff symmetry notation''%!t, The
framework substitution of Ge by Al atoms enables the structure to be rationalized by the
Zintl concept, where each element achieves a (nearly) closed-shell electronic

configuration*?,
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Figure 3.1.1 (a) Crystal structure BagAlisGeso. The blue polyhedra are the
tetrakaidecahedra with two hexagonal faces and the dodecahedra are shaded grey. (b)
Crystal structure of BagGess showing the chains of connected hexagons containing
vacancies. The dark blue atoms are Ge atoms occupying 6c¢ positions and the white atoms
represent the positions of the vacancies, also at the 6c¢ sites.

Ge clathrate frameworks have been shown to be able to accommodate vacancies
and even Li atoms. For example, to compensate the excess electrons donated to the

framework from the Ba atoms, BagGeas (but not BasSiss) can spontaneously form three

vacancies in the 6c¢ positions to form BagGess[s, where O is a vacancy (from now on

referred to as BasGeas)'™® (Figure 3.1.1b). Framework vacancies have also been reported
in the ternary BasAl,Gess-y (4 <y < 16) clathrates''?. Electrochemical Li insertion into
these framework vacancies has to our knowledge, not been reported, but clathrate
compounds containing Li framework substitution, e.g. KsLiyGessy (0 <y <2.3), have
been synthesized!4. Li framework substitution is particularly interesting because it
suggests that there are defined, stable Li positions in the clathrate structure; however, if
Li movement between these positions is possible has yet to be addressed. In this work,

we investigate the electrochemical properties of BasAlyGessy (y =0, 4, 8, 12, 16)
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clathrates synthesized by arc-melting. We find that all of the compositions undergo two-
phase reactions to form Li-rich amorphous phases, similar to the transformations seen in
diamond structured Si (c-Si) and certain forms of diamond Ge (c-Ge) 1*~*2, This is
distinctly different from the Si clathrate analogues, which do not transform to amorphous
phases during electrochemical reaction. A composition dependence on the capacity and
reaction voltage is seen with changes in Al framework substitution. It is also found that
ball-milling significantly amorphized the clathrate structure as determined using X-ray
diffraction (XRD) and transmission electron microscopy (TEM). Si clathrates subjected
to the same ball-milling conditions did not display as much amorphous phase
formation®®, suggesting that the Ge framework is less structurally stable. Electrochemical
impedance spectroscopy is used to confirm the presence of Warburg diffusion of Li* in

the amorphous phases by inspection of the Bode plots in the low frequency region.

Finally, we investigate the possibility of Li insertion into the clathrate structure
prior to the two-phase reaction with XRD and first-principles DFT calculations. Single
crystal XRD results indicate the presence of vacancies in clathrates with low Al content.
From DFT calculations, we find that Li insertion into the 3 framework vacancies in
BasGeus is energetically favorable at a calculated lithiation voltage of 0.77 V vs. Li/Li".
However, the calculated energy barrier for Li diffusion between vacancies is 1.6 eV,
which is too high for significant room temperature diffusion. If Ba is removed from the
Geo4 cage, the activation barrier decreases to 0.5 eV, indicating that the guest atom
impedes Li motion. DFT also predicts an increase in lattice constant after insertion of the
3 Li into the vacancies; however ex situ XRD shows no increase in lattice constant before

or during the onset of the two-phase reaction, suggesting no Li incorporation into the
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vacancies. These results show that framework vacancies are unlikely to have a significant
impact on the capacity of the clathrates but do suggest that guest atom vacancies could

open diffusion paths for Li, allowing for empty framework positions to be occupied.

3.1.2. Experimental and Computational Methods

3.1.2.1  Synthesis of BagAlyGessy Clathrates

A series of clathrates with composition of BasAlyGess—y (y = 0, 4, 8, 12, 16) were
synthesized using arc-melting (Appendix A.1). The samples were named according to
Aly, where y represents the nominal amount of Al, e.g. Al16 meansy = 16 or
BagAlisGezo. The as-made, arc-melted ingots were processed further: HG-Aly refers to
the sample ground by hand using a mortar and pestle, while BM-Aly refers to the HG-Aly

sample after ball-milling.

3.1.2.2 Material Characterization

The Ge clathrates were characterized using single-crystal (SCXRD) and powder
X-ray diffraction (PXRD), X-ray photoelectron spectroscopy (XPS), scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). Composite electrodes
containing the clathrate powders, carbon black, and binder on copper foils were evaluated
in half cells with Li metal counter electrodes and nonaqueous electrolyte. More details

about the materials and electrochemical measurements are described in Appendix A.2.
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3.1.2.3  Computational Methods

First-principles density-functional theory (DFT) calculations were performed in a
similar manner as in our previous work> and are described in more detail in Appendix
A.7. The formation energies, Gibbs free energy change, and average lithiation voltages
were calculated as described previously®®. The climbing image nudged elastic band

(NEB) method was used to calculate the Li diffusion barriers®®.

3.1.3. Results and Discussion

3.1.3.1. Structural Characterization

PXRD patterns were taken on the synthesized Ge clathrates samples before and
after ball-milling. All of the hand ground samples displayed crystalline peaks (Figure
3.1.2a) matching the reflections for BasGeas clathrate (PDF 01-073-5638)!!3, and in
excellent agreement with the simulated PXRD patterns from the refined structures via
single-crystal XRD methods. For the Al containing samples, the reflections were shifted
to lower angles and least-squares refinement showed the lattice constant increased from
10.653 A for AIO to 10.835 A for Al16 (Table A.1). These cell parameters match closely
with those previously reported!!! as well as the SCXRD results (Table 3.1.1). Crystalline
diamond cubic Ge (c-Ge), identified by the (111) reflection, was noticeable in the PXRD
patterns for AlO and Al4, but the phase fraction determined from the refinement showed
that the quantity was very small (Table A.1). No other crystalline peaks were observed.
The powder after ball-milling (Figure A.1a) also displayed a crystalline clathrate

structure without any change of the cell parameter and impurities, but the PXRD
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diffraction intensities decreased and the peaks were broader, which is consistent with a

smaller particle size in the ball-milled samples.
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Figure 3.1.2 (a) PXRD patterns of hand ground Ge clathrates with reference pattern PDF
01-073-5638 corresponding to BasGeass on the bottom; (m) c-Ge. (b) Representation of the
BasAlyGess_y (y = 4) structure with anisotropic displacement parameters. The thermal
ellipsoids are drawn at the 90% probability level, where the Ba atoms are colored in red
and the Ge/Al framework positions are differentiated as follows: 24Kk sites are represented
with light blue ellipsoids with octant shading; the 16i sites are shown as light blue outline
ellipsoids, and the 6c sites are in dark blue (with the principal ellipses shown). The data
are obtained from the single-crystal refinement for sample Al4. The distinctive shape of
the ellipsoid of the atoms occupying the 24k sites is indicative of small positional
disorder — a direct consequence of vacancies present at the neighboring 6c sites.

SCXRD was performed on the as-synthesized clathrate samples by extracting

small crystallites from the crushed arc-melted ingots. The lattice parameters and Ge:Al

92



ratios obtained from the SCXRD data are shown in Table 3.1.1 and the crystallographic
information files can be found in Appendix A.2. Standard deviations on the occupancies
were 1% or better. The four samples with the highest Al content (Al8 — Al16) showed
unit cell parameters in the narrow range of 10.8008(5) to 10.8425(6) A and refined

compositions of BagAl11.41)Gess.6(1) to BagAl1s.6(1)Ge30.4(2).

Table 3.1.1 Lattice parameter and Ge:Al ratio on each framework site (6¢, 16i, and 24k)
as determined from single crystal XRD studies (*: the balance to 100% occupancy is
attributed to vacancies)

] ¢ Ge:Al Ratio

Sample Nominal a parameter

" (A) from
Name Composition SCXRD

6C 16i 24k

AlO BasGess 10.6335(15) | -- -- --
Ald BasAlL:Gesz | 10.7411(10) 2143* 9:1 ~100:0
Al8 BagAlsGess 10.8008(5) | 1:99 69 : 31 98:2
Al12 BagAl12Gezs 10.8385(17) | 8: 92 60 : 40 92:18
All4 BagAl14Gesn 10.8425(6) | 18:82 62 : 38 86:14
Al16 BasAli6Geso 10.819(3) 30:70 69 : 31 74 : 26

The structure refinements for almost all prepared clathrates showed excellent
agreement between the nominal (loading) and final composition, which is indirect proof
for the homogeneity of the samples. The unit cell volumes subtly decrease with the
decrease of the Al-content, corresponding to the small difference in the elemental radii

(Al is 1.248 A while Ge is 1.242 A), but the variations in the unit cell volume were not
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monotonic. Since Al and Ge atoms scatter X-rays in a significantly different way, the
refinements of the occupancies of Al on the 3 framework positions was possible and
confirmed the preference of Al for the 6c¢ site. This is in contrast to the BagAlySise.y
clathrates, where the exact Al:Si ratios on the individual framework sites cannot be
reliably established using X-rays'?122, The ratios are in agreement with the literature on

other type | clathrates, where the preference for the 6¢ site is well documented 23124,

For the sample with the lowest Al content (Al4), the 24Kk site appeared to contain
no measurable amount of Al; the 16i site was co-occupied by Ge and Al in a ratio of 9:1,
and for the first time, the 6c¢ site in a Ba-Al-Ge clathrate system was found to be under-
occupied — when freed, the site occupation factor of this position was less than 100%,
suggesting that the atom(s) located at 6¢ is almost 1/4 lighter than Al. This, together with
the drastic decrease in the unit cell parameter (a = 10.741 A) is an indicator of vacancies
at the 6¢ site. The diffraction data can then be modeled with ca. 2 vacancies at the 6c¢ site.
This results in a refined composition of BagAl-sGe-3s, which is in good, but not excellent
agreement with the nominal composition of BagAlsGes.. This structural description is
consistent with the interatomic distances within the framework, which for the Al-rich
samples show Ge/Al (6¢) — Ge/Al (24k) bond lengths exceeding 2.51-2.53 A (recall that
the 6¢ site is mostly occupied by Al, which is spatially more demanding than Ge), while

for Al4, the corresponding bond distance is 2.4660(9) A.

The anisotropic displacement parameters of the Ge atoms neighboring the
vacancies (i.e, in the 24k sites) are also worthy of a mention — instead of spherical, the

mean square atomic displacements (0.0273 A%, 0.0141 A2, and 0.0140 A?) show that one
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of the principal directions is nearly twice as large as the other two. This is also readily
seen in Figure 3.1.2b, where the nearest Ge/Al neighbors at the 24k site are strongly
affected by the vacancy, causing the ellipsoid to be elongated in the direction of the

Ge/Al (6¢) — Ge/Al (24k) bond.

Exactly the same phenomenology concerning the bond distances and anisotropic
displacement parameters is also seen in the structure refinements for Al0, BagGess. The
unit cell parameter decreased sharply to 10.6335(15) A with the 6¢ site being vacant
nearly 50% of the time. As a result, the unrealistically short Ge—Ge distance of 2.354(1)
A is avoided. The anisotropic displacement parameter of the Ge atoms neighboring the
vacancies is also clear indication that these atoms are “vibrating” around their
equilibrium positions — the principal direction is nearly three times as large as the other
two, as evident from the principal mean square displacements of 0.0510 A2, 0.0160 A?,
and 0.0153 A2, The latter is a sign that the structural description of the AlO clathrate in
the same space group as the others leads to a structurally-deficient compound and
alternatives must be sought. Other groups have shown that using an 8-times larger unit
cell volume with cell edge in excess of 21 A and body-centered cubic symmetry might
resolve these problems!31251%6 although the diffraction patterns of our arc-melted

samples did not show reflections that violate the presumed symmetry.

3.1.3.2. XPS Characterization

XPS was used to further characterize the surfaces of the hand ground and ball-

milled clathrate electrodes. Deconvolution of the high resolution Ge 2p spectrum (Figure
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A.2a), showed characteristics typical for GeO2, GeO, and Ge-Ge at binding energies of
1220.8 eV, 1219.2 eV and 1217.8 eV, respectively*?’. From the fitting procedure, the
amount of Ge-Ge signal was found to be 9% for AlO and 15% for Al16 in both HG and
BM cases (Table A.2). To serve as a reference, c-Ge powder was ball-milled and
characterized by XPS; the Ge-Ge contribution was 21% of the total Ge 2p signal (Table
A.2). This suggests that the oxide layer on the Ge clathrates is thicker than the native
oxide layer on c-Ge. A similar observation was made in epitaxially grown Ge clathrate,
where only the Ge oxide signals were seen in the Ge 2p XPS spectrum taken from the
surface!?®. The high resolution XPS profile for Al 2p (Figure A.2b) showed a single peak
at 75.44 eV and 75.07 eV for BM-AI16 and HG-AI16 respectively. These binding
energies are in the range for aluminum oxide!?°. Due to the care taken to minimize
oxygen contamination during the arc-melting synthesis, the oxidized surfaces likely

formed from the exposure of the germanium clathrates to atmospheric oxygen.
3.1.3.3. SEM and TEM Characterization

SEM was used to characterize the morphology of the pristine electrodes prepared
from hand ground (Figure A.3) and ball-milled clathrates (Figure A.4). The SEM
micrographs of the HG samples show large shards (greater than 3 um) of clathrate
particles covered in carbon black. The BM samples contained spherically-shaped
particles generally around 1 um or smaller in diameter, demonstrating that ball-milling
changed the morphology and particles sizes. No morphological differences were

observed between the clathrates of varying Al substitution.
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TEM was used to characterize the surfaces and crystallinity of the hand ground
and ball-milled AlO and Al16 samples (Figure 3.1.3). Selected area electron diffraction
(SAED) was also used to assess the crystallinity of an entire particle. Similar to our
previous work with the BagAl,Siss.y clathrates, we find that ball-milling has a
considerable effect on the crystallinity of the samples, particularly at the surface. For HG-
AlO, distinct lattice fringes and a spot pattern in the fast Fourier transform (FFT, inset)
were observed, indicating crystalline clathrate in the center of the particle, although with
a thick amorphous layer (up to ~15 nm) on the surface (Figure 3.1.3a). The amorphous
layer on the surface of the particles is consistent with the oxide layer observed in the XPS
results. From the TEM image, small crystalline regions could be seen in the BM-AIQ
particles, but the SAED pattern showed diffuse rings, indicating that the particle lacked
long range order and contained large amorphous content (Figure 3.1.3b). This indicates
that the ball-milling process significantly amorphized the AlO clathrate particles, which is
consistent with the lower and broader intensities from the PXRD patterns of the ball-

milled powders (Figure A.l1a).
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Figure 3.1.3 High resolution TEM and SAED of Ge clathrates (a) HG-AIO, (b) BM-AIOQ,
(c) HG-AI16, and (d) BM-AI16.

For the Al16 samples, a similar trend is seen whereby HG-AI6 (Figure 3.1.3c) is
more crystalline than BM-AI16 (Figure 3.1.3d) based on the SAED patterns of the
particles. The BM-AI16 sample appears to have retained more of its crystallinity after the
ball-milling based on the decreased amount of amorphous background in the SAED
compared to BM-AIO. This is consistent with the XRD pattern (Figure A.1a) where BM-
Al16 had sharper and more intense reflections than the BM-AIO pattern, suggesting a

higher crystallinity for BM-AI16.
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3.1.3.4. Galvanostatic Measurements

To study the electrochemical properties of the Ge clathrate samples, galvanostatic
cycling was performed between 0.01 — 2.5 V vs. Li/Li* at 25 mA/g. The first charge
(lithiation) and discharge (delithiation) voltage curves are shown in Figure 3.1.4. As
indicated by the voltage plateaus observed during charging, the clathrates undergo two-
phase conversion reactions!® to form Li-rich phases, with a large amount of Li reacted
per clathrate formula unit (f.u.), as designated by the numbers next to each voltage
profile. For example, HG-AIO (BasGeass) reacted with 173 Li per f.u. in the first charge,
which corresponds to 4 Li/Ge (assuming all of the charge went towards the lithiation
reaction with the clathrate). However, due to the irreversible capacity loss in the first
cycle, there is likely substantial solid electrolyte interphase (SEI) formation from

electrolyte reduction and the actual Li/Ge ratio is much lower.
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Figure 3.1.4 Galvanostatic voltage curves obtained from the first cycle for (a) HG and
(b) BM samples. Numbers indicate the equivalent number of Li per formula unit of
clathrate.
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It is well known that c-Ge will react with Li to form a series of amorphous and
crystalline Li-Ge phases, accompanied by a large volume expansion®*8, In contrast to c-
Ge, which reacts at ~350 mV vs. Li/Li* 118131132 e find that the reaction potential for
the clathrates occurs at a lower voltage (~160 — 200 mV for HG-AI0) and decreases with
increasing amount of Al content. The capacity of the first charge also decreases with
increasing Al content, suggesting that framework substitution of Al alters the properties
of the two-phase reaction. The voltage profiles are more sloped in the ball-milled samples
(Figure 3.1.4b) than in the hand ground ones (Figure 3.1.4a), which is consistent with
the higher amount of amorphous content in the ball-milled powders, since lithium is
expected to react with the amorphous clathrate phase in a solid-solution mechanism,

similar to lithiation of amorphous Si and Ge%2133,

The delithiation voltage profiles for the HG and BM samples are similar and show
a gradually sloping voltage profile, indicating a single-phase reaction. The voltage
profiles of the subsequent cycles were also sloped (as shown in Figure A.5a for HG-
AlOQ). These observations are similar to those found in lithiation of c-Si and c-Ge,
whereby amorphous lithium silicide/germanide phases grow at the expense of the
unlithiated crystalline phase as the electrochemical reaction proceeds in the first charge,
but subsequent cycling involves lithium insertion/deinsertion into the amorphous phases
in a solid-solution mechanism. XRD of the electrodes at the end of the first charge
(Figure A.1b) showed no reflections, which suggest that the phases after lithiation are
amorphous. This is different from the lithiation of Ge and type 11 Na24Siise clathrates,
where the formation of Li containing crystalline phases is observed at low voltages® 18,

These ex situ XRD results suggest that the presence of Ba and Al seem to impede the
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formation of these phases in Ge clathrates, although operando studies would be more
suitable for detecting the presence or absence of transient Li-Ge phases®. The capacities
also increase after ball-milling, which can be attributed to enhanced lithiation in the
smaller particle sizes due to the decreased diffusion length, as observed in the SEM

images (Figure A.3 and Figure A.4).

The differential capacity (dQ) plots for Al0 and Al16 (Figure 3.1.5), derived from
galvanostatic cycling, are presented to elucidate the differences between the HG and BM
voltage profiles. The reduction peaks are attributed to the two-phase reaction between the
unlithiated Ge clathrate and the amorphous Li germanide phases. The HG-AIO0 dQ plot
(Figure 3.1.5a) displayed two sharp reduction peaks at 0.16 and 0.12 V vs. Li/Li*,
suggesting the formation of a series of Li germanide phases with different compositions.
This potential-dependent redox behavior is distinctly different from that in c-Ge, where
peaks at ~0.35 V and ~0.18 V are seen in dQ plots during lithiation*®*%2, The BM-AIO
sample, however, shows a much broader voltage profile with the reactions starting at ~0.4
V in contrast to ~0.2 V for HG-AIQ. This is consistent with the large amount of
amorphous content in BM-AIOQ, as seen in the TEM results (Figure 3.1.3b) and the
tendency for amorphous materials to display a much wider reaction window due to a
larger distribution of possible Li reaction site energies***. Upon delithiation, both BM and
HG-AIO0 show similar behavior with an oxidation peak at 0.3 V, suggesting that the
phases created at the end of lithiation are similar. The dQ plots for HG and BM-AIl16
match closely with each other (Figure 3.1.5b), indicating that the ball-milling did not
significantly affect the electrochemical properties. This is consistent with the TEM and

XRD results showing that the BM-AI16 retained more of its crystallinity than BM-AIO.
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The reaction begins at 0.08 V in the Al16 samples, demonstrating a decrease in reaction
voltage as the Al content increases. The delithiation of Al16 is characterized by a broad
peak stretching from 0.15 to 0.6 V, which contrasts with the sharper profile observed in
AlQ. We attribute this to the distribution of Al over many possible configurations in the
amorphous phase, which would result in the reaction voltage to be more spread out,
reflecting the different possible chemical environments for Li. The dQ plots of
subsequent cycles (Figure A.6) showed little change in the potential-dependence

behavior, with broad reaction peaks characteristic of the lithiation of amorphous phases.
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Figure 3.1.5 Differential capacity plots of the first cycle of (a) ball-milled and hand
ground AIO and (b) ball-milled and hand ground Al16 from galvanostatic cycling at 25
mA/g.

The capacity retention plots for the HG samples (Figure A.5b) showed that the
capacity of the AlO, Al4, and Al8 clathrates quickly decreased to less than 5% of their
initial lithiation capacity while Al12 and Al16 retained 10% and 20%, respectively, of the

initial capacity after 20 cycles. The results also show that Al16 showed the highest

102



capacity retention, but lowest charge capacity in the first cycle. Al12 and Al16 react with
the least amount of Li and thus suffer less from the volume expansion induced capacity
degradation during cycling. The Coulombic efficiency (CE) of the first cycle for the BM
and HG samples (Figure A.5c) decreases with increasing Al content, and is also higher

for the ball milled samples.

This quick capacity fade is typical of unoptimized Si and Ge electrodes and arises
due to large volume changes during charge and discharge, which can cause particle
decrepitation/pulverization and detachment from the current collector®0199135 Qur
electrode preparation (Appendix A.5) is not optimized for large volume expansion, as
generally more conductive additives are used to maintain electronic contact'®. Ge
powder that was ball-milled was also tested and a similar capacity fade was observed
(Figure A.7). Therefore, this low capacity retention could be due to the pulverization and
particle detachment of the clathrate materials after the amorphization reaction and hence
could be improved with subsequent modification of the electrode formulation and particle

sizes.

The composition dependence of the capacity can be rationalized by considering
the electrochemical behavior of Li with Ge vs. Al. Al reacts with 1 Li to form the LiAl
phase at room temperature™®’, while Ge can react with up to 4.4 Li'®2, This means that
replacing Ge with Al will decrease the capacity of the resulting amorphous phase. In
Table A.3, the theoretical and observed experimental capacities are compared assuming
reaction of 4.4 Li/Ge. Note that in order to understand the effect of composition to the

observed capacities, the contribution of charge to SEI formation is not considered. AlO
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shows the closest correspondence to the theoretical values, but as the Al content
increases, the difference between theoretical and experimental values increases. Previous
studies on amorphous Si-Al sputtered thin films'*® have suggested that the formation of

ternary phases, such as LiAISi 3

, may trap Li and limit the lithiation. LiAlGe also exists,
but its electrochemical properties have not been investigated. The formation of a
kinetically trapping phase could also explain the lower CE found for the clathrates with
higher Al content (Figure A.5c). However, no other crystalline phases are detected after
lithiation (Figure A.1b), indicating that if present, any crystalline regions are too small to
detect via XRD. Different SEI formation properties could also contribute to this trend in
the CE. The presence of Ba in these amorphous phases further complicates the analysis

and more detailed studies would be needed to understand the properties and formation of

the amorphous phases.

3.1.3.5. Post-Mortem Characterization

As discussed previously, PXRD of the electrodes after the first charge showed
that the reflections associated with the clathrates had all disappeared, suggesting the
amorphization of the material and a conversion reaction mechanism (Figure A.1b).
Comparing the morphology of the clathrate electrodes before and after the first lithiation
(Figure A.4) showed indication of particle volume expansion and coating of the
electrode with an SEI layer, which explains the fast decay of the capacities (Figure A.5b)

and generally low Coulombic efficiencies (Figure A.5c-d).
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These results confirm that the reaction mechanism of Li with the Ge clathrates is a
conversion reaction to a Li-rich phase like that seen in the electrochemical lithiation of c-
Si and c-Ge. However, the question of whether Li insertion into the crystal structure is
possible is still yet to be answered. The voltage region before the start of the voltage
plateau is considerably more sloped for the BM samples, indicating a single-phase
reaction™*. Ex situ PXRD was performed for the BM and HG samples before and after
the beginning of this region, which corresponds to 40 and 60 Li inserted per f.u. (with the
assumption that all the charge went towards Li insertion), to assess the crystallinity at
these points in the lithiation process. The voltage profiles and corresponding XRD results

from these experiments are shown in Figure 3.1.6a-b.
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Figure 3.1.6 Voltage profiles (galvanostatic charging at 25 mA/g) of the electrodes to
specific degrees of lithiation (left) and corresponding PXRD patterns obtained after the
lithiation (right) for (a)(b) HG and BM-AIO, (c)(d) BM-Al4.

For the pristine (unlithiated) electrodes, the HG-AIO sample is more crystalline
when compared to the BM sample, as seen by the higher intensity and sharper reflections.
This is also consistent with the TEM characterization results (Figure 3.1.3). After
insertion of 40 Li per f.u., the intensities of the clathrate peaks in the XRD decreased in
both AIO samples, but by different amounts. The intensity of the reflections in HG-AIO
decreased by more than half, while that for BM-AIO decreased to ~75% of those in the
pristine sample. After insertion of 60 Li, the reflections decreased more for both samples.
The larger decrease in peak intensity for HG-AIO suggests that the Li being inserted is
participating in the two-phase conversion reaction between the Ge clathrate and the Li-
rich amorphous phase, thus decreasing the amount of crystalline clathrate. This is
corroborated by the flat voltage profile at this point in the first lithiation step (Figure
3.1.6a). The voltage profile for BM-AIO, however, is more sloped indicating a solid-
solution insertion into an amorphous phase!**4° which in this case is the amorphous
clathrate phase that was formed during ball-milling. BM-Al4 was investigated in a
similar manner (Figure 3.1.6¢-d). After insertion of 40 Li per f.u., no decrease in the
intensity of the clathrate reflections was detected. This suggests that these Li were not
participating in a two-phase conversion of the crystalline clathrate, but a reaction with the
amorphous surfaces (i.e., the surface oxides, the amorphous layer formed from ball-
milling). As more Li was inserted, the clathrate structure was completely converted to the

amorphous phase at around 120 Li per f.u.. No significant change in peak positions was
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seen after the insertion of these different amounts of Li, suggesting that the clathrate
structure was maintained without large change in lattice constant until the conversion

reaction.

The PXRD results were confirmed with SCXRD measurements on samples after
lithiation. AIO powders were chemically lithiated using direct contact with Li foil, but the
refinement results showed no statistically significant differences from the lattice constant

and formula of the as-synthesized AlO (Appendix A.2).

3.1.3.6. Electrochemical Impedance Spectroscopy

In our previous investigation of Si clathrates, electrochemical impedance
spectroscopy (EIS) was used to identify the mechanism of lithiation as being confined to
the surface of the particles in a pseudocapacitive-Faradaic process, primarily by
inspection of the Bode plots®®. The same galvanostatic pulse protocol we used in that
study was applied to both the hand ground and ball-milled AlO and Al16 Ge clathrate
samples (Appendix A.6, Figure A.8-A.11). In the Bode plot, the low frequency phase
angle close to -45°is an indication of Warburg-type, solid-state diffusion of Li into the
electrode, while a phase angle close to -90° would indicate a blocking electrode or surface
adsorption of Li**. As shown in Figure 3.1.7, the low frequency angle moved towards -
45° for all samples as the state-of-charge (SOC) increased, which is consistent with the
conversion of the crystalline clathrate into amorphous phases that can react with lithium.
When comparing the Bode plots for HG-AIO (Figure 3.1.7a) with HG-AI16 (Figure

3.1.7b), we see that the phase angles for HG-AI16 remained less than -60°, indicating a
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more blocking character. This is also consistent with the increased crystallinity of the

pristine sample as observed by TEM, as well as the lower lithiation capacities obtained in

the galvanostatic cycling. On the other hand, the phase angle at low frequencies remained

close to -80° for silicon clathrates lacking an amorphous surface layer®®, indicating the

blocking character of the structure. We attribute the Warburg feature to Li diffusion in

the amorphous phases present in the Ge clathrates, which originate from the decreased

structural stability of the Ge clathrates to atmospheric oxygen, ball-milling, and also to

electrochemically-induced amorphization, while the blocking character of the electrodes

originate from the crystalline clathrate domains.
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Figure 3.1.7 Bode plots showing the phase angle vs. frequency for (a) HG-AIO, (b) BM-
AlQ, (c) HG-AI16, (d) BM-AI16 obtained at different SOC, where L1 is the lowest SOC
and L5 is the highest. The lithiation capacities for each SOC are shown in Figure A.8.
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The reaction mechanism for the hand ground and ball-milled Ge clathrate samples
can thus be summarized as follows. After reduction (presumably) of the surface oxide
species and formation of the SEI layer, the Li reacts with the HG clathrate in a two-phase
reaction between the unlithiated crystalline clathrate and a Li-rich amorphous germanide
phase. For the BM samples, lithium insertion into the amorphous layer on the outside of
the crystalline cores (presumably arising from the damage caused by ball-milling)
precedes the two-phase reaction. For both cases, full lithiation results in complete
amorphization, with subsequent lithium cycling occurring through a single-phase,

amorphous solid-solution.

3.1.3.7. Theoretical Calculations

DFT was used to theoretically investigate the lithiation voltages and diffusion
barriers (Appendix A.7) for the AlO and Al16 Ge clathrates to rationalize why Li
insertion into the clathrate structure is not observed experimentally unless it is
amorphous. The framework vacancies can occupy the 6¢ position in a random or ordered
arrangement depending on the synthesis conditions and heat treatment®'3, For arc-
melted BasGeuas, it has been reported that there is an absence of vacancy ordering® and
this is consistent with single crystal refinements of the arc-melted AlO clathrates
synthesized in this work (Appendix A.2). For this reason, we chose to model BagGess
with randomly chosen vacancies at the 6¢ positions in the conventional unit cell. For the

Al16 clathrate, we followed previous calculations showing that the lowest energy
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configuration consists of 3 Al at the 6¢ sites, 1 Al at a 16i site, and 12 Al in the 24Kk sites,
with no Al-Al bonds'*!42, The formation energy and lattice constants for the unlithiated
structures are shown in Table 3.1.2. The lattice constants match well with the

experimental results and show the increase of lattice constant with substitution of 16 Ge

with Al.

Table 3.1.2 Calculated formation energies, Gibbs free energy changes, voltages, and
lattice constants of unlithiated and lithiated compounds. Parentheses after the
composition indicate the site(s) occupied by the Li.

Composition Formatio | Gibbs Average Lattice
n Energy | Free Lithiation | Constant (A)
(eV/atom) | Energy | Voltage (V)
Change
(eV)
BasGessOoLiy (6¢) | 0-228 -0.85 0.85 10.88
BagGeasslis -0.247 -2.31 0.77 11.02
BasGessOsLiy (6b) | 0-203 0.48 -0.48 10.90
BasGeassLisLis (6¢c | -0.241 0.10 -0.10 11.05
+ 6b)
BasAl16Geso -0.303 - - 10.95
BasAlisGesoLis -0.288 0.53 -0.53 10.98
(6b)
BasAlisGesoLis -0.286 0.63 -0.63 10.99
(Off pentagon in
Geza)

For Li insertion to occur in a material, there must be favorable positions in the
crystal structure for Li to reside and a low energy pathway between these positions for
bulk diffusion. The formation energies, Gibbs free energy change, average lithiation

voltages, and lattice constants of simulated lithiated compositions are displayed in Table
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3.1.2 and schematics of these structures in Figure A.12 and Figure A.13. The

composition BagGes3d3 means that the 6¢ framework vacancies are unoccupied while
BasGess2Lis means that 1 Li occupies one of the 6¢ sites in place of the vacancy. The

BasGesszLiy structure (Figure A.12a) is found to be energetically favorable, resulting

in a decrease in the formation energy and a high average lithiation voltage of 0.85 V vs
Li/Li*. Filling the three vacancies with Li (i.e., BagGessLis, Figure A.12b) is also
favorable with an average lithiation voltage of 0.77 V. The formation energy of these
compounds also decreases with Li incorporation, indicating a stabilization of Li in the
clathrate structure with respect to bcc Li. This is consistent with experiments findings that
type | clathrates can be synthesized with Li in the framework positions'#143, suggesting
that BasGeass could also be synthesized with Li in these positions. Further, according to
the results in Table 3.1.2, a lattice parameter increase is calculated with framework Li
incorporation, which is consistent with experimental results reported by others. For
example, the lattice constants of KsGess and KsLi>Gess are 10.677 and 10.735 A,

respectively*'®. The calculated lattice parameter increase is ~0.2 A for Li filling all three

vacancies in BagGes33, which should be detectable by XRD. However, no lattice
constant increase was observed in our PXRD measurements at different points in
lithiation (Figure 3.1.6b), suggesting no bulk incorporation of Li into the vacancies.

Further, single crystal XRD measurements of lithiated samples showed no changes in

lattice constant or any of the refined metrics (Appendix A.2).
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Next, the nudged band elastic band (NEB) method was used to assess potential

pathways for bulk Li diffusion within the BagGess2Li1 structure through the estimation

of energy barriers for Li migration. The vacancy positions reside on the hexagonal faces
of the Gez4 cages and are rotated by 90 degrees relative to adjacent hexagonal faces. One
possible pathway, denoted as Path 1 in Figure 3.1.8a, is for Li to move to the next closest
vacancy along the same chain of connected hexagons. This path involves Li moving
through the hexagonal face of the Gezs cage until it reaches the center position, which is
the 6b site; then the Li traverses through a pentagonal face connecting the Gez4 cages and
follows a symmetrical pathway to the 6c site in the adjacent Ge.4 cage that houses the
other vacancy position, also via a 6b site. Another pathway, which is more direct and

denoted as Path 2 in Figure 3.1.9a, is for Li to move within a Ge,4 cage to the vacancy

site on the other hexagonal face.
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Figure 3.1.8 (a) Schematic of two connected tetrakaidecahedra showing the Li positions
of Path 1 where the starting and ending points consist of Li in vacancies at the 6¢ position
(white atom indiciates unfilled vacancy). (b) NEB energies of Path 1.
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Figure 3.1.9 (a) Schematic of two connected tetrakaidecahedra showing the Li positions
of Path 2 between vacancy positions within a single tetrakaidecahedron (white atom
represents unfilled vacancy) (b) NEB energies of Path 2 from one vacancy to another
vacancy in the BagGessO2Li1 with and without barium inside the Gezs cage (¢) Schematic
of a single tetrakaidecahedron with the two vacancies in each hexagonal face filled with
Li (red atoms) showing the ending and starting images of the NEB calculation of Path 2.
Arrows show the direction of Li movement. (d) Schematic of the highest energy image in
(b) with Ba in the Gez4 cage. (e) Schematic of the highest energy image in (b) when Ba is
not in the Gez4 cage.

The calculated energy barriers for Path 1 and Path 2 are presented in Figure

3.1.8b and Figure 3.1.9b respectively, with the images for each pathway labelled in
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Figure A.14 according to each respective reaction coordinate number. We find that the
highest energy barrier between two Li vacancy sites via Path 1 is 2.1 eV. There is a local
energy minimum when L. is at the 6b site; the highest energy barrier is found when Li is
moved to a position off a pentagon inside the Gez4 cage (image 5 in Figure A.14a). For
Path 2, the energy barrier between the two vacancy sites is 1.6 eV, where the saddle point
occurs when the Li is above a Ge-Ge bridge position between two pentagons (image 4 in
Figure A.14b). Both paths involve the movement of Li around the Ba guest atom inside
the Ge24 cage, and the highest energy positions arise in both when Ba is displaced from
its favorable position in the center of the cavity, incurring a high energetic cost. Figure
3.1.9¢ shows a single Ge24 cage looking down the b-axis (left) and a-axis (right) with Li
(red atoms) in the 6¢ vacancy sites and the arrow indicating Path 2. Figure 3.1.9d shows
the structure corresponding to the highest energy image from the NEB calculation, where
the displacement of the Ba from the center is clearly seen. If, however, the Ba atom is
absent from the cage center, the energy barrier for Li movement between the vacancies
decreases to 0.5 eV (Figure 3.1.9b) and the Li is positioned closer to the cage center
(Figure 3.1.9e). As the Li diffusion barrier in c-Si is 0.47 eV %414 and that for c-Ge is
0.35 eV % these results suggest that Li movement through the clathrate structure could
be feasible, but that guest atoms in the cage cavities impede lithium movement between
framework vacancies. Despite lithiation into the vacancies at the 6¢ positions being
energetically favorable, the high energy barrier between them (1.6 eV or 2.1 eV,
depending on the pathway) would prevent these positions from being occupied through

electrochemical lithiation at room temperature.
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Other Li positions aside from the framework vacancies in BagGess and
BagAl1sGeso were also considered and shown in Table 3.1.2. For the BasSiss clathrates,
the most favorable position for Li was found to be the 6b site, where the Li is centered
within the hexagonal plane separating two Sizs cages®. This is also found to be the lowest
energy position in the AlO and Al16 Ge clathrates (Figure A.13). However, the formation
energy relative to the starting structure increased when placing Li in the 6b site, and the
calculated lithiation voltages were negative. This indicates that lithiation relative to
metallic Li is not energetically favorable. This was also seen in the BasSias case>®, but

with a lower voltage of -1.23 V compared to -0.48 V for the AlIO Ge clathrate.

Much like the high energy transition state between two vacancies, the instability
of these positions can be rationalized by unfavorable guest atom displacements. When Li
is relaxed at the 6b position in BasAlisGeso (Figure A.13a), the two Ba atoms in the
adjacent cages are pushed 0.35 A away from the cage center, resulting in a 3.1 A Ba-Li
distance. The other local minimum position found was in the Ge.4 cage off-plane of the
pentagon adjacent to the Gezo cage (Figure A.13b). This configuration had 0.1 eV higher
energy than Li in the 6b position, and resulted in the Ba atom to be pushed 0.78 A off
center, resulting in a 3.07 A Ba-Li distance. In contrast, Li in the framework vacancies in
BasGeas results in no Ba displacement from the center and a Ba-Li distance of 3.84 A.
When Li is added to the 6b site in BagGeassLis, the relaxed structure has large distortions
in the framework as seen in Figure A.12d. The voltage (-0.10 V) is higher than when the
vacancies are not filled (-0.48 V) suggesting that the framework distortions are more
energetically favorable. This Li-induced framework distortion could lead to eventual

framework destruction with the introduction of more Li where Ge-Ge bonds are broken
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to form the phase front of the amorphous transition, similar to what has been predicted in

c-Si 146

It is interesting to note that Li insertion at the 6b site in Ge clathrate does seem to
be more favorable than the Si clathrate case as the voltage is higher (-0.48 V vs -1.23 V).
This could suggest that the Ge framework more favorably accommodates Ba
displacements (resulting from Li insertion) due to the larger cage size or different
framework stiffness. Previously, ab initio molecular dynamics studies have shown that
Ge atoms migrate significantly during lithiation of diamond cubic Ge, while Si atoms
remain in a static position during lithiation'4"148, The structural rigidity of Si frameworks
and limited of migration during lithiation compared to Ge could also explain the
significant difference of lithiation between Si clathrates and Ge clathrates. This is
consistent with our experimental XPS, XRD, and TEM results showing that Ge clathrates
are less structurally stable than the Si analogues. Overall, we find that unfavorable Li
positions in the Ge clathrates and high energy barriers between vacancies suggest that Li
insertion into the crystal structure is not feasible, which is consistent with experimental

results.

3.1.4. Conclusions

We investigated a series of BagAl,Gessy (y =0, 4, 8, 12, 16) type I clathrates as
Li-ion battery anodes for the first time. Similar to diamond cubic Si and Ge, but different
from the silicon clathrate analogues we investigated in our previous studies, the Ge
clathrates underwent conversion reactions to Li-rich amorphous phases. Increasing the

amount of Al substitution for Ge in the clathrate resulted in an decrease in framework
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vacancies, a decrease in the lithiation capacity, and a reduction in the two-phase reaction
voltage. BagGeas reacted at ~0.2 V vs. Li/Li* with a capacity of 1098 mAh/g and
BagAl1sGeso reacted at 0.08 V with a capacity of 518 mAh/g. Ball-milling the hand
ground powders resulted in significant amorphization of the Ge clathrates, which led to
more sloped voltage profiles characteristic of electrochemical lithiation of amorphous
phases. Galvanostatic cycling demonstrated capacity fading typical of unoptimized Li-
alloy electrodes, consistent with large volume changes and particle decrepitation during
the reactions. The EIS analysis at low frequency support the presence of a Warburg
diffusion mechanism, which we attribute to bulk Li diffusion in the amorphous phases.
DFT calculations were used to determine whether Li insertion and diffusion in the bulk
structure is feasible. It was found that Li insertion at framework vacancies of BagGess at
the 6¢ position is energetically favorable, but a high energy barrier (1.6 eV) would
prevent Li diffusion between vacancies unless the Ba guest atom is absent. A lattice
constant increase is calculated for BagGessL iz but not observed experimentally during
lithiation, suggesting no Li incorporation into the bulk clathrate structure. Overall, the
bulk type | BagAlsGeas-s clathrates seem to be electrochemically inactive until they are

converted to amorphous phases.

These results are similar to the type | Si clathrates that we previously investigated.
However, the Si clathrates did not undergo a two-phase reaction to an amorphous phase,
indicating that the structure is stable under these potentials. Future studies will explore
the origin of the electrochemically-induced amorphization observed in the type | Ge
clathrates, but it could be due to the apparent greater instability of the Ge structures (e.g.

to air oxidation, ball-milling) compared to the Si analogues. It could also be due to the
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higher stabilization of Li in Ge phases compared to Si (as indicated by higher reaction
voltages for Ge). Understanding the nature of the amorphous phase transition in these
intermetallic-type compounds could aid in the identification of new, stable Li-ion anodes
that do not suffer from larger volume expansions due to electrochemical alloying with

lithium.
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3.2. Ab initio Investigation of Li and Na Migration in Guest-free, Type | Clathrates

Reproduced with permission from Dopilka, A.; Peng, X.; Chan, C. K. Ab Initio
Investigation of Li and Na Migration in Guest-Free, Type | Clathrates. J. Phys. Chem. C

2019, 123, 22812-22822. Copyright 2021 American Chemical Society.

3.2.1. Introduction

To meet the stringent power and energy density requirements for next-generation
batteries, there has been considerable attention given to the search for materials with high
ionic mobility, an important connection to the diffusion coefficient, which contributes to
the rate capability of a battery electrode. The energy landscape of the migrating ion is a
key factor in determining the ionic mobility in solid materials. In general, fast ion
conductors are characterized by diffusing ions in a “frustrated” or flat energy landscape,
where there is considerable disorder on the intercalant sites, leading to small kinetic

barriers for transport!314°,

Intermetallic clathrates have cage structures that host guest atoms and exhibit
interesting characteristics including superconductivity®-®!, hydrogen storage%1%2,
tunable optical properties® and thermoelectricity®2-%, The origin of such properties is
the unique interaction between the sp*® bonded host framework with the guest atoms and
the defects associated with this structural type. Recently, there has been much interest in
the mobility of ions within clathrates and the potential of this class of materials to be used

as anodes in lithium-ion batterigs?®°2-°6:105107.151.152 ‘Haowever, more investigation is

119



needed to identify the structural features of the unique cage framework that are suitable
for ion conduction. Understanding the mobility of guest atoms within clathrates is
relevant not only for battery insertion electrodes that rely on bulk ion diffusion, but also
for the synthesis of clathrates and other novel polymorphs> (e.g., Si1z6* 15155, Sip®7
SigHs'*, Gei36!*17 | allo-Ge'®®, germanane®®®), where the removal of the alkali metal
guests via thermal evaporation or oxidative deintercalation at the surface are possible

paths to obtaining the desired structures.

Our group has thoroughly investigated the electrochemical reactions of Tetrel (Tt)
clathrates with Li and has found that type | clathrates based on BasgTtss (Tt = Si, Ge) do
not intercalate Li atoms, with the observed reactions mainly confined to the surface or
occurring through bulk, electrochemically induced conversion processes to amorphous
phases>*°%1%2_In our recent study on BasGeas clathrates, density functional theory (DFT)
calculations suggested that it was energetically feasible for Li to occupy vacancies on the
framework sites, but the migration energy barrier between them was found to be too high
for room temperature lithiation due to the presence of Ba atoms in the cages*®2. If the Ba
atom was absent, the calculated migration barrier decreased dramatically, suggesting the

need for guest atom vacancies to enable Li migration.

To further investigate the mobility of ions in clathrates, herein we use first
principles DFT methods to calculate the migration pathways of Li and Na in guest free,
type | clathrates Ttss (Tt = Si, Ge, and Sn) and to explore how the energy barrier varies
with the type of framework atom. The preferred Li and Na atom positions were

calculated based on the Gibbs free energy change of reaction; the nudged elastic band
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(NEB) method was used to estimate migration barriers for different pathways within and
between cages to evaluate the ionic mobility. We find that Li migration in guest free, type
| clathrates is accompanied by low energy barriers comparable to those in state-of-the-art
Li-ion conductors, which suggests the possibility of facile Li migration through the
clathrate frameworks. This is attributed to the destabilization of Li in the large Tt24 cages,
since the lowest energy sites are not in the center of the cage cavity, resulting in
considerable disorder. The energy barrier is dependent on the cage size, with Gess
displaying the lowest Li migration barrier of 0.13 eV. For Na migration, the migration
barriers are significantly higher between cages, suggesting limited Na mobility through
the clathrate frameworks. These results will help guide researchers in the design and
experimentation of clathrates and other open framework intermetallic compounds as

potential anodes for Li and Na ion batteries.

3.2.2. Computational Methods

The first-principles DFT calculations were performed to explore Li (Na) insertion
and migration in guest free type | clathrates using a similar manner as in our previous
work>>1%2_ The calculations were carried out using the VASP code’”8, the PBE
functional’®, and projector augmented wave (PAW) potentials with a plane wave basis
set’8. In the PAW potentials, the Si 3s and 3p, Ge 4p and 3d, Sn 5p and 4d, Li 1s and 2s,
Na 3s and 2p, Mg 3s and 2p, Ba 5s and 5p electrons were treated as valence electrons.
The kinetic energy cutoff for the plane wave basis set was chosen to be 400 eV and the

reciprocal space was sampled with the Monkhorst pack meshes 3 x 3 x 3 centered at I,
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The cubic Ttss unit cell (Pm3n space group) was used in all calculations. The
convergence criteria for the electronic and ionic relaxations were set to be 0.01 and 0.1
meV, respectively. These criteria resulted in relaxed structures with residual forces below
0.03 eV/A. The geometric optimization was performed in two steps. First, the unit cell
volume was optimized without the constraint of the cubic symmetry. Then the relaxed
lattice constant, taken from the relaxed volume, was used in a second step where only
ionic relaxation was allowed under the cubic symmetry constraint. The crystal structures

with the ionic positions of the second step are reported.

The Gibbs free energy change of reaction (AGy) and the average voltage were
calculated as described previously®>%2, The formulas used for calculating the Gibbs free
energy change and average voltage for insertion of Li in Ttse, for example, are shown in

equation (1) and (2), respectively:

AG, = E(LiTt,g) — E(Li) — E(Ttyg) (1)
V(x) = —%,xz#ofu ()

where E(LiTt,s) and E (Tt,,) are the total free energies for the clathrate systems with
and without the Li atom, and E (Li) is the energy per atom for Li metal. The calculated
values for E(Li) and E(Na) are -1.904 eV/atom and -1.311 eV/atom, respectively. A
negative AG (i.e. positive voltage) represents a spontaneous reaction relative to Li (or
Na) metal, suggesting the feasibility of lithiation (sodiation) in a half cell with Li (Na)
metal as the counter electrode. The formation energies for the clathrate structures were
obtained using the equations described in our previous work®1°2, The elemental energies

used for Si, Ge, and Sn were -5.419, -4.621, and -3.912 eVV/mol from the diamond cubic
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(Si, Ge) and tetragonal (Sn) structures. All crystal structure figures were created with

Diamond 4.5.3.

The climbing image nudged elastic band (NEB) method was used to calculate the
Li and Na migration barriers®®. All NEB calculations used a linear interpolation as a
starting band with 7 intermediate images between the beginning and ending images. The

images were converged until the force on each image was below 0.03 eV/A.

3.2.3. Results

3.2.3.1.Ttse Structures

The type | clathrate structure crystallizes in the Pm3n space group and has a
general formula of MsTtss, where M is the guest atom hosted inside a framework of Tt
(Tt = Si, Ge, and Sn) atoms*°. The structure is composed of two types of polyhedra, six
Tto4 (tetrakaidecahedra) and two Ttz (dodecahedra), that host the guest atom, M (Figure
3.2.1a). The Tto4 cage is composed of 12 pentagonal and 2 hexagonal faces while the Ttz
cage is composed of 12 pentagonal faces. This is highlighted in Figure 3.2.1a-b, where a
hexagon and pentagon are colored in red and blue, respectively. The type I structure can
be visualized as one dimensional (1D) channels of Tt.4 cages connected by shared
hexagonal faces oriented in the three perpendicular directions, while the Tt2g cages fill the
space between them. This is shown in Figure 3.2.1c, where two Ttz4 in each
perpendicular direction are shaded in different colors representing the three 1D channels.

The related type 1l clathrate structure (Fd3m space group, general formula M2 Ttizs) is
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composed of 16 dodecahedral cages (Tt2o) and 8 larger hexakaidecahedra (Tt2s), in which

the Tt,g cages are connected in a tetrahedral network via hexagonal faces*.

b)

Figure 3.2.1 Crystal structures of type I clathrate Ttss. The orange atoms represent Tt
framework atoms (Tt = Si, Ge, Sn). The olive colored atoms represent the positions of the
M guest atom (M = Li, Na) as it migrates through Tt atoms in the hexagonal and
pentagonal faces between connected cages (indicated by red and blue atoms,
respectively). (a) Polyhedral view, with the black polyhedra representing the
tetrakaidecahedra (Tt24 cages) and the gray polyhedra representing the dodecahedra (Tt2o
cages). (b) Ball-and-stick view of a Tt24 and Ttz cage viewed down the [001]. (c)
Polyhedral view with the three perpendicular channels of interconnected Tt24 cages (i.e.,
via connected hexagons) shaded in different colors.

The formation energies and lattice constants of the calculated Ttae Structures are
presented in Table 3.2.1. To our knowledge, there have been no reports on the phase pure
synthesis of these empty type | clathrate structures; this is likely due to the distortion of

the Tt atoms from the ideal tetrahedral configuration found in their bulk phases. This is
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supported by the positive formation energies in Table 3.2.1 indicating that these
structures are metastable with respect to their lower energy, bulk analogues. The lattice
constants match well with previous calculations®6%161 and their experimental structures

(e.g., a=10.197 A for NagSiss, a = 10.686 A for KsGeus, and a = 12.03 A for KgSnas)*>
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Table 3.2.1 Formation energy and optimized lattice constants of the guest-free Ttse (Tt =
Si, Ge, Sn) clathrate structures.

Composition | Formation | Lattice
Energy | Constant
(eViatom) | (A)

Sise 0.057 10.230
Geass 0.031 10.720
Snhas 0.152 12.380

3.2.3.2. Li Positions in Empty Type | Clathrates

To determine the most favorable lithium sites in the type I clathrate crystal
structure, a Li atom was placed in various initial positions in either the Tt24 or Tty cages
of a single Ttss unit cell as described in our previous study®. The Gibbs free energy
change of reaction (AGy) and corresponding voltage were calculated after relaxation of
the unit cell. Figure 3.2.2a shows the calculated results for the four Li sites representing
positions of local minima in the three Ttss Structures: 1) the center of the Tt24 cage, 2) the
center of the Tto cage; inside the Tt24 cage, coordinated off of the 3) hexagonal face (Off
Hex), or the 4) pentagonal face (Off Pent). The relaxed Li positions are shown in Figure
3.2.2b-d, where the [001] view of two Tt24 cages and one Tty cage is depicted. A

negative Gibbs free energy change (positive voltage) indicates a favorable reaction with
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respect to Li metal, which is a useful metric for predicting whether materials can be

electrochemically lithiated in a half-cell with Li metal.
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Figure 3.2.2 a) Gibbs free energy change of reaction (AGy) and voltage vs. Li/Li" for the
reaction Ttss + Li = LiTtss, where Tt = Si, Ge, Sn, for each of the 4 Li positions.
Schematic with two Tt24 cages and one Ttzo cage for b) Siase, €) Gess, and d) Snas showing
the 4 Li positions after relaxation when viewed down the [001] direction. Li = cyan, Si =
orange, Ge = blue, Sn = grey.

The results show that when a Li atom is relaxed in the Tto4 cage center (position
1), AGr is positive and increases when increasing the size of the framework atom (Figure
3.2.2a). On the other hand, it is more favorable for Li to occupy the Ttzo cage center

(position 2), as indicated by the lower AGy values. This site also has similar energies
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regardless of the framework atom. Based on these results, it appears that the size and the
geometry/shape of the cage are important for the energetics of the Li insertion sites. The
lower energy of the Li position at the Ttz cage center compared to the Ttz4 center can be
attributed to the smaller cage volume and more symmetric cage geometry (since the Tt2o
cage is made solely of pentagonal faces), which better accommodate the small Li atom.
For Snases, however, we find that Li will prefer an off-center position where it is
coordinated by a pentagonal face in the Snzo cage because of the larger cage sizes
compared to Siss and Gess (shown in Figure B.1). Indeed, AG,=-0.181 eV for this off-
centered position in the Snxo cage, which is much lower than that for the Snzo center
position (AG, = -1.6 meV) as well as the Off Pent position in the Snz4 cage. From this, we

can see that Li will still prefer an off-center position if the Ttog cage is large enough.

Considering Li inside a Tt24 cage, the results show that for all three Ttss
compositions, Li prefers to be coordinated off of a hexagonal (position 3, Off Hex) or
pentagonal (position 4, Off Pent) face instead of occupying the Tt24 cage center. Due to
the similar energies of these off-center positions, this suggests that Li inside a Tt24 cage
will display positional disorder. The Li-Tt bond lengths and lattice parameters for the
relaxed structures containing Li in each of the 4 positions are presented in Table B.1. For
the Off Hex and Off Pent positions for the three Ttss compositions, the Li-Tt distance
range was around 2.8 — 3.0 A, suggesting that this is the energetically favored Li-Tt bond
length. The most favorable Li site in both Gess and Snas is position 3 (Off Hex), where Li
resides closer to the hexagonal face than the cage center (Figure 3.2.2¢c-d). In Snas, the
relaxed Off Hex Li position is very close to the center of the hexagonal face with a Li-Sn

distance of 2.90 A, meaning that the hexagon in Snsg is large enough for Li to favorably
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reside near the center. For Siss, Li position 4 (Off Pent) is the most favorable site but the
energy is only slightly lower (13 and 69 meV, respectively) to those for Li position 3 (Off
Hex) and Li position 1 (Tt24 Cage center). As the size of the Tto4 cage increases from Si
to Sn clathrates, not only does the cage center position become more unfavorable, but Li
prefers to be coordinated near the hexagonal face instead of the pentagonal one, likely
due to the increased amount of interaction with six Tt atoms compared to five. The AGr
values for the reaction of Li with Gess and Sise are both slightly positive, suggesting that
these reactions would not be favorable in a half cell with Li metal. A more detailed study
investigating the energies of various compositions and considering the ordering of Li

would be needed to estimate the exact reaction voltages®-16°166,

3.2.3.3. Li Migration Pathways in Empty Type | Clathrates

Because each cage in the clathrate structure is composed of several different faces
(pentagonal or hexagonal), the ionic mobility between cages is expected to be impacted
by the geometry of these faces. If the initial position of M (M = Li, Na) is near the center
of a cage, it must traverse through either a hexagonal or pentagonal face to reach an
adjacent cage, unless it goes through a Tt-Tt bond. These possible intercage pathways
(presented via the atomic positions used in the NEB calculations) are illustrated in Figure

3.2.1a-b.

The NEB results to evaluate Li mobility within the clathrate structure are
presented in Figure 3.2.3. Figure 3.2.3a shows the NEB calculations for Li migration

between two Ttz4 cages through the interconnecting hexagonal face for Tt = Si and Ge (Tt
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= Sn is not included because the center of the hexagon is a local energy minimum in
LiSnse and thus not a saddle point in the Li migration pathway between Snz4 cages). The
migration barriers for Li movement through the hexagonal face in Siss and Gess are 0.35
eV and 0.09 eV, respectively. Previous estimates have suggested that ionic migration
barriers should be, at most, in the range of 0.525-0.65 eV for materials to be effective as
battery electrodes®®’. The NEB results for Li movement between adjacent Tt and Ttzs
cages through the interconnected pentagonal face are presented in Figure 3.2.3b, with a
schematic of the Li pathway for Sise in the inset (Figure B.2 shows the analogous
schematics for Gess and Snass). Gess shows a very shallow local minimum at reaction
coordinate 1, an indication of the flat energy landscape inside the Gezo cage for Li. The
energy barriers for Li moving through the pentagonal face are 2.05 eV, 1.28 eV, and 0.54
eV for Tt = Si, Ge, and Sn, respectively. Previously, calculations performed on the type Il
Si clathrate showed that the barrier for Li and Na migration through a pentagonal face is
much higher than that through a hexagonal face®®%, This is consistent with our findings
in type | clathrates, despite the slightly different structures between type I and Il

clathrates.
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Figure 3.2.3 a) NEB calculated minimum energy path for Li (cyan) migration in Siss and
Gess between the Off Hex positions in two adjacent Ttz cages through a hexagonal face.
b) NEB calculated minimum energy path for Li migration between the Tty and Ttos cages
through a pentagonal face. ¢) Percentage of the area expansion of the hexagonal and
pentagonal faces at the highest energy position for the two pathways in a) and b) relative

to the starting size of the hexagon/pentagon.
The calculated results also indicate that Li intercage diffusion causes distortion of

the Tt atoms bonded within the faces. When Li moves through the hexagonal face, the Tt
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atoms expand outwards away from the Li as it passes through the center. A similar result
is observed when Li moves through the pentagonal face, but the atoms are moved more
significantly away from their initial positions due to the smaller initial area of the
pentagon. This is illustrated in Figure 3.2.3c, which shows the increase in the area of the
face (as a percentage of the initial area) at the highest energy image for Li migration
through the hexagonal and pentagonal faces. There is more expansion of the hexagonal
face for Siss compared to Geass (5.9% vs. 2.6%), demonstrating that the amount of
expansion is related to the height of the migration barrier. The lower area expansion and
transition state energy for Gess suggests that the larger starting size of the hexagon allows
for Li transport with less structural perturbation, leading to a lower energy barrier. In
contrast, the expansion of the pentagonal face is much higher, reaching almost 30% for
Si. The higher energy barriers for Li migration through the pentagonal face can be
rationalized by the much larger displacement of the surrounding Tt atoms and shorter Tt-
Li lengths during migration. The Tt-Li bond lengths are presented in Table B.2 and a
schematic of the initial and transition states are shown in Figure B.3. These data show
that the shorter Tt-Li bond lengths at the transition state also correlate with the higher
transition state energy. As the pentagon/hexagon expands to move away from the Li, the
distortion of the surrounding framework from the tetrahedral configuration will also raise
the energy. The saddle point will be pinned by these two competing mechanisms. From
these results, we see that the energy barrier decreases significantly when increasing the
size of the framework atom for both types of intercage Li migration pathways. This can
be explained by the longer Li-Tt bonds at the transition state, less structural perturbation,
and the higher propensity for Ge and Sn to accommodate framework distortions away
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from the ideal tetrahedral structure. The results are similar to those found in another study
that calculated the migration barriers for Li in diamond cubic Si, Ge and Sn, where the

migration barrier was also found to decrease as the Tt atom size increased*.

For the Ge and Sn frameworks, the most favorable position for Li insertion was
found to be close to the hexagonal face (position 3 in Figure 3.2.2), far from the cage
center position, which suggests that transport within a Tto4 cage should also be
considered. Sise is not included because the lowest energy position, the Off Pent position,
is closer to the cage center. Figure 3.2.4a-b shows the NEB calculations for Li
movement between two Off Hex positions in Gess and Snae via two pathways: through
the center or along the cage side. The lower energy pathway involved Li migrating along
the side of the cage to the local minimum position at the Off Pent site (position 4 in
Figure 3.2.2), then moving to the other Off Hex position on the other side of the Tt2s
cage. The highest energy along this pathway was 0.13 eV for Ge and 0.37 eV for Sn.
Movement through the cage center resulted in higher energy barriers (0.2 eV and 0.65 eV
for Ge and Sn, respectively) demonstrating that Li prefers to stay near the cage side. In
general, Li in the lower energy (i.e., off-centered) positions inside the Tt.4 cage have a
Tt-Li distance of around 2.8-3.0 A (Table B.1). When Li is at the center of the Tt cage
in Gess and Snas clathrates, the Li-Tt distance increases to 3.60 A and 4.17 A,
respectively. The latter bond length is much longer than the lower energy Li-Tt distances,
which results in a higher energy barrier for intracage movement of Li within Snss through

this pathway.
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Figure 3.2.4 NEB calculated minimum energy paths for Tto4 intracage migration of Li
(cyan) in a) Gess and b) Snse. The pathway is between Off Hex positions through the
center of the cage or along the side of the cage.

Previously, calculations by Tse et al. showed that Li diffusion between Sizo cages
in the type Il Si clathrate structure was affected by the presence of nearby Ba guest
atoms'®. If Ba was in an adjacent cage (which would be a Sizs cage in type Il clathrates),
the lower energy pathway for Li migration between Siy cages was to break a Si-Si bond
rather than going through the center of the pentagonal face. To investigate the possibility
of this type of cooperative Li migration in the type | clathrates, the NEB calculation for
Li migration between the Siz and Sio4 cages was performed in Siss with all Sio4 cages
filled with Li in the Off Pent positions (i.e., LisSiss). The results (Figure 3.2.5a) show
that when Li occupies the other Si24 cages, the migrating Li will break a Si-Si bond
instead of migrating through the center of the pentagonal face, since the former process is
accompanied by a much lower energy barrier (0.77 eV vs. 2.0 eV). Figure 3.2.5b-c show
crystal models of one Sizo cage and two Sio4 cages at reaction coordinate 0 and at reaction

coordinate 4 (the transition state). The Si atoms in black indicate the three pentagons that
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share the bond that becomes broken in the transition state. The Si-Si bond originally has a
bond length of 2.4 A (Figure 3.2.5¢); at the transition state, the Li atom (cyan) moves
between the Si atoms and the Si distance increases to 5.0 A, demonstrating that the Si-Si
bond is replaced by Li-Si interactions. During Li migration from Sizo to Siz4, the Li
occupying the adjacent Siz4 cage (blue atom) moves 1.13 A closer to the broken bond
from its original position. The possibility for two Li atoms to stabilize the transition state
is similar to results by Zhao et al. showing that as more Li surround the Si atoms during
lithiation of diamond structured Si, it becomes more favorable to break the Si-Si bonds in
favor of Li-Si bonds!®. When repeating the calculation first reported by Tse et al.*% for
the migration of Li between Sizo cages in type Il clathrate LiBasSiis (Figure B.4), we
found that during the transition, the Ba atom moves 0.57 A towards the broken Si-Si
bond as well. These results suggest that cooperative motion between electroactive ions or
guest atoms can result in a unique diffusion mechanism for accessing the Tty cages of

clathrates, namely by breaking and reforming a Tt bond.
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Figure 3.2.5 a) NEB calculated minimum energy paths for Li migrating from the Sizo
cage to the Si»4 cage with and without the adjacent Si»4 cages filled with Li. b) Crystal
models of the intersection of two Sio4 cages and one Sizo of the initial positions and the
transition state positions for the minimum energy path in LisSiss. Si atoms are orange, the
cyan atom is the mobile Li, and the blue atom is Li in the adjacent Si»4 cage. The Si atoms
in black are from the three pentagons that share the bond which is broken in the transition
state. ¢) Crystal model viewed down the x-axis relative to b) showing the Si-Si bond that
is broken (dashed line).

The overall Li diffusion pathways in the type I clathrate frameworks can thus be
described as follows. For Li in empty Siss, the diffusion will be dominated by Li hopping
between Siz4 cages via hexagonal faces with a migration barrier of 0.35 eV. The high
energy barrier (2.05 eV) for Li diffusion through pentagonal faces means that accessing
the Sizo cage is unlikely in the dilute Li regime. If Li is already present in the other Sizs
cages, the Sizo cages could be accessible to Li through a cooperative migration
mechanism that involves Si bond breaking and results in a lower migration barrier of 0.77
eV. The Si»4 cages will be preferentially occupied and 1D diffusion can occur through the
3 perpendicular channels of Si»4 cages connected by hexagonal faces. Gess shares a
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similar trend as Siss Where intercage migration through the hexagonal face has the lowest
energy barrier of 0.09 eV. However, intracage migration in the Gez4 cage has a higher
energy barrier of 0.13 eV. The 1.28 eV barrier for intercage migration through the
pentagonal face to the Gezo cage will restrict access in the dilute Li regime. For Snse, the
cage size becomes large enough that intracage migration in Snss is the major limiting
factor, with a migration barrier of 0.37 eV. Li occupation of the Snzo cage is feasible in

this case as well, with a migration barrier of 0.54 eV through the pentagonal face.

In summary, the Li diffusion in empty type I clathrates is predicted to be
determined by movement between Tto4 cages via the hexagonal faces. As the cage size
increases from Siss t0 Snas, Li prefers to be closer to the side of the cage and intracage
diffusion begins to be a more important factor for the migration barriers. Geass, with the
lowest barrier of 0.13 eV, has a cage size that minimizes the intercage and intracage
migration barriers, resulting in a flat energy landscape with regards to the possible Li
positions. When the cage is smaller (e.g. Siss), intercage transport via the hexagonal face

is limiting, and when the cage is larger (e.g. Snas), intracage transport is limiting.

3.2.3.4. Na Positions and Migration Pathways in Empty Type | Clathrates

To find the most favorable Na positions in the empty type | clathrate structure, a
treatment similar to the one used to study Li diffusion was applied by placing the Na in
four positions: 1) Tto4 center, 2) Ttzo center, 3) Off Hex, and 4) Off Pent. The AGy for Ttse
with one Na is presented in Figure 3.2.6, with the associated crystal structures showing
the position of Na after relaxation. Table B.3 shows the Tt-Na bond lengths and lattice

parameters of the relaxed structures.
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Figure 3.2.6 a) Gibbs free energy change of reaction (AGr) and voltage vs. Na/Na* for
the reaction Ttss + Na > NaTtss, where Tt = Si, Ge, Sn, for each of the 4 Na positions.
Schematic of two Ttz24 cages and one Ttzo cage for b) Sise, €) Gess, and d) Snse Showing
the 4 Na positions after relaxation viewed down the [100] direction. Na = yellow, Si =
orange, Ge = blue, Sn = grey.

For NaSiss, Na occupation is favorable inside both the Siz and Si»4 cages as
shown by the negative AGy values calculated for the relaxed positions When the initial
positions are off-center of the hexagonal or pentagonal faces in the Siz cage, the Na
moves to the center after relaxation. Different from the Li case, Na prefers the center
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position of both Si2s and Sizo cages. This is consistent with well-documented
experimental evidence that shows Na occupation in both cage center positions of NagSiss
with low thermal displacement parameters®+16%17° indicating low disorder on the Na
site. For NaGess and NaSnae, the calculations show that it is also favorable for Na to
occupy both cages, as shown by the negative AGy values. Similar to the case for Siss, Na
prefers the center of the Geo4 cage when relaxed from the initial Off Hex and Off Pent
positions. The Off Pent site is the most favorable position for Na inside the Sns cage.
This position is similar to the off-centered positions reported for K and Ba in Snzs cages,
where splitting in the anisotropic thermal displacement parameters show disorder in the
directions parallel to the hexagonal faces'®>!"t, Despite the energetic favorability for
occupation of Na in Gess and Snse, to our knowledge, no Na containing, type | Ge and Sn
clathrates have been synthesized, although Na containing, type Il Ge clathrates have been
prepared via thermal decomposition of NasGes*®. The negative AG; values for all of the
investigated Na positions in the Ttss clathrates also suggest that the electrochemical

sodiation of all compositions is energetically favorable if the kinetics allow it.

Next, the NEB calculations for Na migration between Tt24 cages through the
hexagonal face and then from the Tty cage to the Tt24 cage are presented in Figure
3.2.7a-b. The migration barriers for Na through the hexagonal face (Figure 3.2.7a) for
Si, Ge, and Sn are 2.42, 1.48, and 0.45 eV, respectively. Na migration in Snae is slightly
different from that in Siss and Gess as the initial (i.e., lowest energy position) is the Off
Pent position (Na Position 4 in Figure 3.2.6d); a crystal model schematic of the NEB
pathway is shown in the inset of Figure 3.2.7a. The local minimum at reaction

coordinate 2 is an intracage transition from an Off Pent to Off Hex position within the
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Sn24 cage. Similar to the case of Li migration, Na is found to move through the center of
the hexagonal face and forces the six Tt atoms to move away from the Na atom, resulting
in an increase in the area of the hexagon of 15.6 %, 15.1 % and 9.6 % for Si, Ge, and Sn,
respectively (Figure 3.2.7c¢). Compared to Li migration, the area expansion of the
hexagonal face and the migration energies for Na migration are higher. This can be
attributed to the larger size of Na and longer Tt-Na interaction distances, which is evident
from the preference of Na for the Tt24 cage center. The Tt-Na distances for the hexagonal
transition states are provided in Table B.4. Initially, the Na-Tt distances are 3.44-3.65 A.
At the transition state, the Na-Tt bond lengths decrease dramatically (i.e., 2.52 A for the

Sise case), which correlates with the high migration barrier.
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Figure 3.2.7 a) NEB calculated minimum energy paths for Na (yellow) migration in Siss
and Geass (black), and Snae (grey) through the hexagonal face. b) NEB calculated
minimum energy paths for Na migration between the Tty and Tt24 cages for Ttss through
a pentagonal face. c) Percentage of areal expansion of the hexagonal and pentagonal face
in the type I clathrate structure at the highest energy position (reaction coordinate 4) in a)
and b) relative to the starting size of the hexagon/pentagon. d) Crystal models of NaSiss

and NaGegg at the 0, 4, and 8™ reaction coordinate of b) viewed down the b and ¢ axis.
Teal atoms indicate those in the hexagonal face.

Figure 3.2.7b shows the NEB results for Na migration between Ttzo and Tt2s
cages. The migration barriers are 3.25 eV, 2.76 eV and 2.22 eV for Si, Ge and Sn,
respectively. For Siss and Gess, when migrating from a Ttoo to Tto4 cage, Na will
preferentially break a Tt bond instead of passing through the center of the pentagonal
face. The increased asymmetry in the NEB minimum energy path in Figure 3.2.7b is a

result of this Tt bond breaking. The reaction path is illustrated in Figure 3.2.7d, showing
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the crystal structures of reaction coordinate 0, 4, and 8 in the NEB calculation from two
viewing directions. At the transition state, the Tt bond is broken as the Na migrates
between the two Tt atoms. This mechanism is similar to that which was previously
described for the Li case in Siss (Figure 3.2.5). However, no other guest or Na atom is
needed in an adjacent Tt24 cage to allow the system to converge to this minimum energy
path. This could be explained by considering the extremely unfavorable transition of Na
moving through a Tt pentagonal face, which would likely cause large perturbation to the
position of the Tt atoms and result in very short Na-Tt distances. This bond breaking
pathway is then favored by significantly perturbing two Tt atoms and stabilizing the
broken bonds with the Na atom. For Snse, the minimum energy path does not converge to
this Na migration pathway and instead the Na passes through the pentagonal center. This
is possibly because the Sn pentagon is large enough to sustain framework distortions
while maintaining longer Sn-Na distances during the transition state. Since Na migration
from Sizo cages is relevant for the thermal desodiation of NaxSiizs under vacuum, a
synthetic approach to access guest-free type Il clathrates>#15>168172 3 calculation for Na
diffusion from a Sixo to a Sizg cage was also performed to see if this bond breaking
phenomenon occurs. Figure B.6 shows the NEB minimum energy path and crystal
structures of this path; the results show that this Na migration pathway in the type Il
clathrate does indeed result in the breaking of a Si-Si bond, but with a lower activation

energy of 2.48 eV (vs. 3.25 eV in type | Sise clathrate).

The overall diffusion pathways for Na in Ttss frameworks can now be
summarized. The lowest energy migration paths involve transport through the hexagonal

face between Tto4 cages through the 1D channels. Accessing the Ttzo cages involves a
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higher energy transition state via a bond breaking mechanism for Siss and Gess. For room
temperature diffusion, the energy barriers are too high in Siss (2.42 eV) and Gess (1.48

167 On the other hand, for Snas, the lower barrier

eV) for any significant Na ionic mobility
of 0.45 eV could allow Na hopping between Sny4 cages. Overall, when compared to Li,
Na has much lower mobility in guest free, type | clathrate frameworks due to its larger

atomic size and preference for longer bond distances to the Tt atoms.

A similar analysis for Mg guest atoms was also calculated and the Gibbs free
energy change of reaction values are shown in Figure B.5. The AG; for all four positions
were positive, with values above 0.5 eV for the three Tt compositions investigated,
suggesting that these reactions are unfavorable. This is consistent with no known reports

of clathrates containing Mg guest atoms.

3.2.4. Discussion
4.1.4.1 Comparison of Li Migration in Clathrates vs. Diamond Structure and Other Open

Frameworks

The Li environment in guest free, type | clathrates is distinctly unique to that in
diamond structured analogs. The tetrahedral “cavities” that are known to be the stable Li
positions in the diamond structure are much smaller than the cavities in the clathrate
cages and are more densely packed**>'’3, The Li tetrahedral position allows for
symmetric interaction with the four surrounding Tt atoms, resulting in a minimum in the
energy landscape for the Li interstitial. Transport between these tetrahedral interstitial

positions is through a hexagonal-like ring of Tt atoms which have Li migration barriers
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previously calculated as 0.62 eV, 0.44 eV, and 0.39 eV for Si, Ge, and Sn,

respectively®.

For the clathrates, Li can also traverse through a hexagonal ring between Tt24
cages but with lower energy barriers of 0.35 eV and 0.09 eV for Siss and Gess (Figure
3.2.3a), respectively. This difference can be attributed to the destabilization of the Li site
energies inside the Tty4 cages. The Tto4 cages are too large for favorable Li-Tt interactions
when Li is in the cage center, which results in Li preferring to be close to the cage side
near one of the hexagonal or pentagonal faces. This site preference removes the favorable
Li-Tt symmetric interaction from all sides (such as that in the tetrahedral position in the
diamond structure) and frustrates the Li energy landscape when it occupies the Tt24 cage.
This results in multiple Li positions with similar energies. In other words, the open
framework structure of the clathrates smooths out the energy landscape for a Li
intercalant by removing highly symmetric positions that act as low-energy minima. This
has the effect of decreasing the relative difference between Li resting sites and the
transition state, leading to lower energy barriers for Li migration through the hexagonal
face (0.35 eV and 0.09 eV for Siss and Gess, respectively) compared to those seen in the

diamond structures (0.62 eV and 0.44 eV for Si and Ge, respectively).

Among the Tte clathrates investigated here, the Gess clathrate displays the lowest
Li migration energy barriers. The energy difference among the different Li positions in
the Tto4 cage is low (~0.2 eV) and the hexagonal face is large enough to enable facile Li
migration between Tt24 cages (0.09 eV barrier). This balance between the size of

hexagonal face and Tt24 cage leads to the lowest Li migration barrier among the
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compositions investigated here. This concept is summarized in Figure 3.2.8, where two
adjoining Tto4 cages are labelled with the relative intracage (red arrows) and intercage
(black arrows) migration barriers. When the cage size is smaller, as is the case of Siss, the
highest energy position is the transition state at the center of the hexagonal face, which
leads to a higher energy barrier for intercage diffusion (0.35 eV). When the cage is larger,
as in the case of Snse, unfavorable Tt-Li interactions at the cage center lead to a larger
relative energy difference among the possible Li sites and a higher migration barrier for
intracage diffusion (0.37 eV). Gess is the intermediate case between these two extremes,
with relatively low barriers for both intracage and intercage migration. These results
suggest that the size of the cage (and by extension, the channels through which the guest
atoms diffuse) are the primary factors for determining the migration barriers and hence

could potentially be tuned by creating alloys of these Ttss compounds.

Si, Sn

46

Figure 3.2.8 A scheme summarizing the relative energy barriers for Li intracage (red
arrows) and intercage (black arrows) migration through two adjoining Tto4 cages (shown
in cross-section) connected by a hexagonal face. As the cage size increases, the intracage
barrier increases while the intercage barrier decreases.
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Recent theoretical studies investigating a new Si polymorph (Si2)*” with similar
structural features as clathrates reported a low migration barrier of 0.14 eV for Li hopping
and high room temperature conductivity from ab initio molecular dynamics
calculations®°, The Si,a structure is composed of channels of hexagonal-like rings in
which Li is predicated to migrate, similar to the results found here. The calculated
migration barriers for type | clathrates and Siz4 are similar to those of Li-ion superionic
conductors, which have activation barriers of around 0.2-0.3 eV®?, suggesting that Li
migration would be facile. Hence, open, covalently bonded frameworks of Tt atoms

appear to have promising ionic mobility for Li if there are no guest atoms present.

4.1.4.2 Comparison of Li and Na Migration in Clathrates

Compared to Li, Na intercalation appears to be severely limited by the fact that it
is relatively difficult to squeeze the larger Na atom size through the hexagons and
pentagons connecting adjacent clathrate cages. Except in the case of Snse, the calculated
Na migration barriers suggest that the diffusion of Na between cages would be limited.
This is well supported by the experimental evidence that Na evaporation from NaxSi1ze
occurs in the temperature range of 370-450 °C under vacuum?*%15164172 ‘indicating that
the migration barriers for Na diffusion from the bulk to the surface are much higher than
those that would enable significant room temperature diffusion. The type I clathrate Na-
8Sise does not exhibit Na loss via evaporation under similar conditions as NaxSi1zs,
suggesting that Na migration in type | clathrates is even more limited. Effectively, the

diffusion channels are too narrow to allow for facile Na migration. This is in contrast
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with Li, which has close to the ideal size (Tt-Li length of 2.8-3.0 A) for migrating
through hexagonal faces composed of Tt atoms. Only in Snss, which has larger sized
hexagons compared to Siss and Gess, can the Na atom diffuse with a migration barrier of

0.45 eV, pointing to the possibility of Na intercalation in guest free Sn clathrates.

The unique bond-breaking migration mechanism for Na migration to and from the
Ttoo cage highlights the highly unfavorable pathway of intercalants squeezing through the
Tt pentagons. Unlike Li migration, the pentagonal transition state in the case of Na
migration is obtained without cooperative motion and is likely due to the very high
energy of the pentagonal pathway in comparison to breaking a Tt-Tt bond. This
mechanism is particularly interesting for explaining the Na diffusion in type Il Si
clathrates, where it has been suggested that Na moves from the Sizg to Sizg cages through
a pentagonal face®®. As seen in Figure B.5, when migrating from the Sizo to Sizs cages,
Na will cleave and reform a Si-Si bond instead of moving through the center of the
pentagon face, which has an energy barrier of 2.48 eV. These results could help explain
the diffusion mechanism of Na evaporation from type 1l Si clathrates during thermal

treatment under vacuum.

3.2.5. Conclusions

In summary, DFT calculations were used to evaluate the preferred insertion
positions and migration pathways for Li and Na in guest free, type | clathrate frameworks
composed of Si, Ge, and Sn. Because of the size mismatch between Li and the Ttz cages,

Li prefers a more off-center position inside the Tto4 cage as the size of the cage increases
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in Si to Sn clathrates. In the smaller Ttoo cages, it is more energetically favorable for Li to
be closer to the center position of the cage. The diffusion paths for Li in the structures is
determined by the connectivity of the cages via hexagonal faces. The barrier for Li to
migrate through a hexagonal face is much lower (0.35 eV for Sise) than diffusing through
a pentagonal one (2.05 eV), meaning that Li hopping between Tto4 cages will dominate
the Li migration. Li insertion into the Ttz cage would be kinetically restricted due to the
high migration barrier in the dilute regime. However, we find that a lower energy
pathway characteristic of cooperative migration (barrier of 0.77 eV) is possible where the
Li breaks a Si-Si bond at the transition state if Li atoms are present in adjacent cages. The
cage size for Gess results in a flat energy landscape for the Li positions, leading to a
lower barrier of 0.13 eV for migration, which is comparable to barriers in current
superionic conductors. The low migration barriers for Li in the Ttse Structures suggest the

possibility of Li insertion and thus possible applications for Li-ion batteries.

In contrast to the low migration barriers for Li, there are high barriers for Na
migration (2.5 eV for Siss) through the hexagonal face between Ttz4 cages. This is
attributed to the larger size of the Na atom and its longer Na-Tt bond distance (~ 3.5 A)
compared to the Li-Tt distances (~ 3.0 A). Movement of Na to the Tt cage results in a
similar bond breaking mechanism as seen in the Li case, but without the need for
cooperative motion of another metal atom in the adjacent cage. This points to the
unfavorablity of Na moving through a Tt pentagon and the general sluggishness of Na
migration. In the case of Snse, the migration barrier through the hexagon is 0.45 eV,
suggesting the feasibility of Na insertion into Sn clathrates. Although the ion mobility is

high in some cases, the difficulty to synthesize guest free, type I clathrates currently
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preclude experimental support of these results. However, the insights presented here are
informative for understanding the synthesis of guest free materials via chemical
deintercalation routes, and may be helpful for the design of novel synthetic methods for

these open framework materials.

148



3.3.Structural Origin of the Reversible Li Insertion in Guest-free, Type Il Silicon
Clathrates

Reproduced with permission from Dopilka, A.; Weller, J. M.; Ovchinnikov, A.;
Childs, A.; Bobev, S.; Peng, X.; Chan, C. K. Structural Origin of Reversible Li Insertion
in Guest-Free, Type-II Silicon Clathrates. Adv. Energy Sustain. Res. 2021, 2000114.

Copyright 2021 Wiley-VCH GmBH

3.3.1. Introduction

Tetrel (Tt = Si, Ge, Sn) clathrates are host-guest materials comprising cage
frameworks of Tt elements that encapsulate alkali metal and alkali-earth metal guest
atoms. Well known as promising candidates for thermoelectric materials,*? clathrates also
have interesting properties for optoelectronics'’41"® and superconducting*48%177
applications. Due to the large interest in Tt elements as high capacity Li-ion battery
anodes, the electrochemical properties of Tt clathrates have also been investigated in
recent years, revealing properties distinct from those of diamond cubic structured
analogues®9:°2-°6.105.152178-180 Eqr jnstance, the reaction of Li with the type | clathrate
BasAl16Sizo is dominated by surface rather than bulk reactions,®® while the BasAlyGess y
(0 <y < 16) clathrate undergoes bulk phase transitions to form amorphous Li-Ba-Ge
phases with local structures similar to those in Li-Ge crystalline phases.'®*21’® For the type
I clathrate NazsSiiss, the lithiation profile is similar to that for diamond cubic Si,> while
Naz 6Si136 displays one more similar to that of amorphous Si.*® Due to the wide range of

possible clathrate structures and compositions,*? we are interested in establishing a better
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understanding of the structure-property relationships of clathrates within the context of

Li-ion battery applications.

The type Il clathrate is described by the Fd 3m space group and has a general
formula of M24Tt136 Where M are alkali metal or alkaline earth metals (e.g. Na, K, Cs,
Ba).* In a single unit cell, the structure is composed of eight Tt,s cages
(hexakaidecahedra) and sixteen Ttz cages (dodecahedra). The Tt atoms reside at the
vertices of the polyhedra and form hexagonal or pentagonal faces while the guest atoms
occupy the center positions. Figure 3.3.1a shows a model of a Siz cage (yellow) and Sizs
(black) cage occupied by Na guest atoms from the structure of a Na-filled type Il silicon
clathrate. In this structure, the Sizg cages, composed of 4 hexagons and 12 pentagons,
form a face-sharing tetrahedral network connected by the four hexagonal faces (Figure
3.3.1b). The Sizo cages, composed of 12 pentagons, fill the space between the Sizg cages
by forming perpendicular channels, which can be seen in the [011] direction (Figure
3.3.1c). Figure 3.3.1d shows a larger polyhedral model to illustrate the connectivity
between the two types of cages. Deviation from the general formula of M24Tty36 is often
observed in clathrates with guest atom vacancies (Maa xTt13s),**8182 and framework
substitutions (M2sAxTtizsx A = another element substituting Tt),116183184 These defects or
combination of defects result in a wide structural landscape for controlling the materials

properties of Tt clathrates.
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Figure 3.3.1 (a) Crystal model showing the two types of polyhedra in the type Il
clathrate Nazs-xSi1zs (0 < x < 24) structure: the dodecahedra (Siz) in yellow and the
hexakaidecahedra (Sizg) in black. (b) Polyhedral model showing the network of Sizs
cages connected by shared hexagonal faces. The blue spheres and bonds indicate the
tetrahedral arrangement of the connected Si2gs cages. Polyhedral view of the type 11
clathrate structure (c) viewed down the [011] direction and (d) 2 x 2 x 2 supercell
showing both Sizo and Sizg cages.

The type 11 clathrate Naza«Si1zs *>164185 is notable for having a tunable Na content.
For Li-ion battery applications, the removal of Na from the cages provides the
opportunity for using the guest-free clathrates as Li-ion battery electrodes. Langer et al.
used nuclear magnetic resonance spectroscopy (NMR) to demonstrate that
electrochemical insertion of Li into NazSi13s takes place at 0.30 V vs. Li/Li*.*® However,
the reversibility of this insertion process was not evaluated and the Li positions and

migration pathways within the cages were not resolved.
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Herein, we undertake a detailed investigation to establish the structural origin of
mechanism for Li insertion into type Il Siiss clathrates with low Na content. Using
electrochemical analysis, synchrotron X-ray diffraction (XRD), and density-functional
theory (DFT) calculations, a reversible topotactic Li insertion process was identified in
nearly guest-free clathrate Nao.oSi13s, which is accompanied by a volume expansion of
0.22 % after Li occupation of both Sizo and Sizg cages. The Li positions in the larger Sizg
cages are significantly off-center, pointing to the possibility of high disorder and the
presence of multiple Li atoms inside the Sizs cages. DFT calculations show that the Li
positions predicted to be most favorable match closely with those found from XRD
refinement. Nudged elastic band calculations are used to investigate the Li migration
pathways and show that Li migration should be dominant through the interconnected
network of Sizg cages due to the low migration barrier of 0.20 eV. Li migration into Sizo
cages is predicted to be kinetically limited unless there is a neighboring Li atom which
enables an alternative bond-breaking pathway with a lower energy barrier of 0.65 eV.
Overall, the results show how Li insertion into the vacant cages of the type Il Si clathrate
structure can be promising for Li-ion anodes due to the low reaction voltage (0.3 V vs.
Li/Li*), and negligible volume expansion (0.22 %) coupled with a suitable capacity (~230
mANh/g). We identify Li migration through the hexagonal faces between interconnected
cages as an important condition for bulk Li diffusion. Based on this structural feature,
other open Tetrel frameworks are identified that could have analogous L.i insertion/de-

insertion behavior.
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3.3.2. Experimental and Computational Methods

The Nao.9Si1zs (Nal) and Naio.7Siize (Nall) clathrates were synthesized by thermal
decomposition of NasSis under vacuum using methods modified from previous
reports.*®% The clathrates were prepared into electrodes on Cu foil with carbon black as
a conducting additive and polyvinylidene difluoride (PVDF) as a binder. The electrodes
were lithiated galvanostatically in half-cells with lithium metal and then extracted for ex
situ powder XRD (PXRD) measurements. Cycling experiments were conducted in
CR2032 coin cells using lithium metal as the counter electrode. Synchrotron X-ray
diffraction measurements were performed at the 11-BM beamline at the Advanced
Photon Source (APS) at Argonne National Laboratory (A = 0.41284 A for analysis of as-
synthesized samples and A = 0.412781 A for analysis of samples after lithiation) and the
P02.1 powder diffraction beamline (A = 0.20733 A) at PETRA 111 at the Deutsches
Elektronen-Synchrotron (DESY). The first-principles DFT calculations were performed
in a similar manner to our previous work>>*%217® and are described in more detail in the
Appendix C.1. The Gibbs free energy change and average lithiation voltages were
calculated as described previously.> The climbing image nudged elastic band (NEB)
method was used to calculate the Li migration barriers.®® More detailed descriptions of
the synthesis, electrochemical and synchrotron measurements, and refinements are in the

Appendix C.1.

3.3.3. Results and Discussion

3.3.3.1. Structural Characterization of As-Synthesized Nazs-xSiizs Samples
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To understand the role of guest atom occupancy on the electrochemical reaction
of Li with type 11 Si clathrates, two samples with different Na content were prepared (see
Appendix C.1 and Figure C.1) and then characterized with synchrotron powder XRD
(PXRD). The first sample was heated under vacuum for 5 days to lower the Na content to
near guest-free concentrations. The PXRD pattern of this sample confirms that the
sample contains predominately the type Il clathrate phase with small impurities from the
type I clathrate phase (Figure 3.3.2a). The Rietveld refinement (Table C.1) of this
sample resulted in a composition of Nao.s1)Si1ss With a lattice parameter of 14.6460(1) A,
so this sample will be referred to as “Nal” from now on. The second sample was heated
under vacuum for 30 hours to target a type Il Si clathrate sample with intermediate Na
content. The Rietveld refinement (Figure 3.3.2b, Table C.2) of this sample resulted in a
composition of Naio.71)Si13s (hence, we refer to this as the “Nal1” sample) with a lattice
parameter of 14.6544(2) A and 1.4 wt% impurity of NagSiss. The lattice constants, atomic
coordinates, and displacement parameters match well with previous PXRD and single
crystal XRD refinements of type 11 Si clathrates with different Na content.*®¢187 For
Nall, the large Siog cages were found to be preferentially occupied by Na over the Sizo

cages, consistent with previous X-ray diffraction analyses.4%164186.187

Scanning electron microscopy (SEM) imaging showed that the clathrate particles
were comprised of particles (3 — 11 micron) decorated with smaller protrusions (Figure
C.2a-b). Transmission electron microscopy (TEM) showed that the clathrate particles are
polycrystalline, with the selected area electron diffraction (SAED) pattern showing
reflections corresponding to different orientations of crystalline domains (Figure C.2c)

and high resolution TEM (HRETM) imaging revealing the type Il cage structure (Figure
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3.3.2¢). Energy dispersive X-ray spectroscopy (EDS) conducted in the TEM detected
signals from O, Na, Si and Cu (from the TEM grid) for both Nal and Nall samples
(Figure 3.3.2d-e), consistent with the presumed composition of the samples based on the
XRD patterns. For Nall, the Na composition varied depending on the area of interest
(Figure 3.3.2e). When an EDS spectrum was collected from a small particle, the Na
content was similar to that of the Nal sample. When the EDS spectrum was collected
from a thicker area near the center of a larger particle, the Na content was higher than in
the Nal sample, which is consistent with the higher average Na content of Nall. This
variation of the Na content based on the particle size is likely due to Na evaporation
during the synthesis under vacuum, where smaller particles are expected to lose Na more

quickly because of the higher surface area and shorter diffusion lengths.
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Figure 3.3.2. Rietveld refinement of the PXRD patterns of the (a) Nal and (b) Nall
samples. The black circles represent the experimental pattern, the red curve represents the
calculated pattern, and the blue curve represents the difference curve. Tick marks indicate
the reflection positions. In (b), the top set of marks correspond to the type Il phase, while
the bottom ticks correspond to the type | clathrate phase. The refined atomic positions,
occupancies, and atomic displacement parameters can be found in Table C.1-2 (c)
HRTEM image of Nal along the [110] zone axis with inset showing the characteristic
cage structure of the type Il Si clathrate of the region indicated with the red box. Bottom
right inset is a fast Fourier transform (FFT) of the image showing the spot pattern of the
[110] zone axis. (d) TEM-EDS data from Nal (taken from area indicated by black circle)
and (e) two areas in the Nall sample (the red curve is the EDS spectrum from the middle

of a thicker part of the particle as indicated by the red circle). The Cu signal is from the
copper TEM grid.
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3.3.3.2. Electrochemical Li Insertion into Siizs

Voltage profiles corresponding to the first full lithiation of Nal and Nall type Il
Si clathrates are shown in Figure 3.3.3. The voltage profile for Nal displayed plateaus at
0.30, 0.25, 0.10 and 0.05 V vs. Li/Li*, which are more clearly discerned as peaks in the
dQ/dE plot (Figure 3.3.3 inset). The plateau at 0.30 V was attributed to the insertion of
Li into the cage structure by Langer et. al through NMR analysis, while amorphization of
the Si framework was determined to begin at 0.25 V from XRD analysis.*® The process at
0.05 V is attributed to transformation of the amorphous LixSi alloy to crystalline
Li15Sis.>>117188 The broad peak at 0.10 V is typically not observed during lithiation of
diamond Si, but rather during lithiation of amorphous Si,*>11718 suggesting that a similar
phase transformation could be occurring in the type 1l clathrate at this voltage. The
lithiation capacity (3700 mAh/g) for Nal is comparable to that seen in diamond or
amorphous Si electrodes and corresponds to a Li-Si ratio close to the composition

expected for formation of LiisSis (3586 mAh/g).
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Figure 3.3.3 Voltage curve for galvanostatic lithiation of type Il clathrate with
compositions of Nao.9Siizs (Nal, black trace) and Naio 7Siizs (Nall, red trace) at 25 mA/g
with a 0.01 V vs. Li/Li* cutoff. The inset is the normalized dQ/dE plot derived from the
voltage profiles. The blue dashed lines indicate the voltage range attributed to Li insertion
into Siizs.

The voltage profile for Nall is distinctly different from that for Nal and is
dominated by a sloping curve (seen as a broad peak centered at 0.15 V in the dQ/dE plot).
The plateau at 0.30 V attributed to Li insertion into the clathrate framework is not present
in the voltage profile of Nall, suggesting that this lithiation process observed in Nal
does not occur in Nall. The small peak at 0.23 V is similar in voltage to the peak at 0.25
V in the Nal sample, which we attribute to the presence of clathrate with low Na-content
as an impurity phase in the Nall sample. This hypothesis is supported by the observed
variation in Na content in small vs. large particles by EDS (Figure 3.3.2e), where a small

particle of Nall was found to have a similar Na content to that of the Nal sample. The
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broad peak at 0.15 V in the dQ/dE plot, attributed to the beginning of an amorphization
reaction, is found at a lower voltage than the amorphization of Nal (0.25 V) but is similar
to the voltage for the amorphization of Naz4Siiss (0.120 V). It is interesting to note that
the amorphization potential for Nal is around 0.15 V higher than that for diamond cubic
Si, which reacts at 0.10 V,3** indicating that there is a significant thermodynamic or

kinetic difference in the Li-Si amorphous phase conversion.

To assess the number of Li inserted into the clathrate cage structure, the capacity
was measured from 0.32 — 0.26 V to remove possible contributions from formation of
solid electrolyte interphase (SEI) or reactions with the carbon black additive, as well as to
avoid charge associated with the amorphization reactions. This voltage range is indicated
by the blue dashed lines in the normalized dQ/dE plot in the inset of Figure 3.3.3. The
resulting capacity of 236 mAh/g corresponds to a composition of Liz3Siizs when
attributing all of the charge transferred in this voltage region to Li insertion into the
clathrate cages. This amount of capacity is notable because it results in a larger number of
guest atoms than expected for the typical type Il clathrate stoichiometry of M2aTt1zs,
which assumes that one guest atom occupies each of the 24 cages in the unit cell. This
suggests that either multiple Li are occupying the cages of the clathrate structure (which
has been suggested before for LixGeiss>2) or there is another reaction mechanism
occurring that is contributing to the capacity. Previously, the synthesis of NazosSiizs Was
demonstrated where two Na atoms were shown to occupy a single Sizs cage.*®
Considering the smaller size of Li atoms, we speculate that multiple Li atoms occupying
a single Sizg cage could also be possible. To further investigate this possibility,

synchrotron PXRD measurements were performed of lithiated type Il clathrate samples.
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3.3.3.3. Synchrotron X-ray Powder Diffraction of Lithiated Siize

To obtain insight into the Li positions in the clathrate structure, synchrotron
PXRD was conducted on the Nal sample after electrochemical lithiation. Lithiation was
performed with a cutoff voltage of 0.26 V vs. Li/Li" to prevent the start of the two-phase
amorphization reaction. The voltage profile and corresponding dQ/dE plot are presented
in Figure 3.3.4a, with a capacity of around 207 mAh/g (corresponding to a composition

of Li2eSi136) attributed to Li insertion into the clathrate cages only.
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Figure 3.3.4 Analysis of Li insertion into Nai1Sii3s (Nal) (a) Galvanostatic voltage
profile and corresponding dQ/dE plot of a Nal electrode lithiated at 10 mA/g. The red
lines indicate the voltage range (0.27 — 0.32 V) in which the dQ/dE plot was integrated to
determine an approximate composition of Li2eSiizs after lithiation. (b) Synchrotron
PXRD (L =0.412781 A) of the lithiated clathrate (black = observed, red = simulated,
blue = difference curve, tick marks = positions of reflections; the stars mark an unknown
impurity phase present in the XRD pattern which was omitted for the refinement. ()
Residual electron density peaks (isosurface level 0.8 e A=) from the difference Fourier
mapping in the small Sixo cages from the pattern in (b). The blue atoms represent Si while
the red surfaces represent the isosurface of the residual electron density. (d) Atomic
positions used in the refinement for Na (yellow) and Li (cyan) guest atoms in the Six and
the Sizg cages. The black dotted lines are the Li-Si bonds between the off-center Li to the
Si atoms comprising the hexagonal face.

The PXRD pattern for the lithiated clathrate Nal sample is shown in Figure
3.3.4b and was refined to a larger lattice parameter of 14.6570(2) A compared to that in

the as synthesized, unlithiated sample (Figure 3.3.2a), corresponding to a 0.22 % volume
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expansion. This indicates a small expansion in the Si framework after electrochemical
lithiation. To analyze the possible Li positions in the clathrate, the pattern was fit to the
guest-free Siyss structural model and then difference Fourier mapping was used to
identify residual electron density in the clathrate cages. The results show significant
electron density shifted slightly off the center of the Sixo cages (Figure 3.3.4c). When the
electron density was modeled as pure Na, this position refined to an occupancy of 9%,
which is much larger than the value found for this site in the pristine Nal (= 2 %). Even
without considering the Sizg cages, a 9% occupation of this position by Na would result in
a higher Na content than what was present in the unlithiated clathrate. This finding
suggests that the electron density in the Sizo cages originates from the presence of both
Na and Li. To properly handle the mixed occupation and underoccupation, the occupancy
of Na was set to the value refined in the unlithiated clathrate, while the occupancy of Li

(located in the same site) was allowed to vary.

In addition, the larger Sizg cages were found to accommodate well-structured
residual electron density with a maximum located close to the center of the cage and four
maxima shifted from the center toward the hexagonal faces in the form of a tetrahedron.
A small occupation of the central position in the Sizs cages was detected for the pristine
Nal clathrate as well. Furthermore, the absolute value of the residual electron density in
this position for the lithiated clathrate corresponds to the same occupancy by Na as in the
unlithiated Nal. Therefore, this position was treated as pure Na. The four peaks situated
closer to the hexagonal faces were refined as partially occupied Li sites, based on the

distances to the adjacent Si sites.
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The positions of the Na and Li atoms used in the refinement are shown in Figure
3.3.4d. The Li position in the Sixo cage refined to an occupation of 0.33, which
corresponds to 10.88 Li within the sixteen Six cages, while the Li site in the Siog cage
refined to an occupation of 0.34, corresponding to 10.8 Li in the eight Sizg cages and
suggesting the possibility of multiple Li atoms within the larger cages. This resulted in a
final composition of Naog.oLiz21)Sizzs. The atomic positions and occupancies from the
refinement can be found in Table C.3. The refined composition contains less Li (22) than
that expected based on the capacity from the voltage profile (29 Li). The electrochemical
lithiation was repeated with another nearly Na-free clathrate sample prepared in a similar
fashion and additional PXRD experiments were conducted at a different beamline to
confirm this result; Figure C.3 and Table C.4-5 shows the electrochemical voltage
profile, PXRD pattern and refinement parameters before and after lithiation. The results
are similar to those shown in Figure 3.3.4, with a small increase in lattice parameter and
higher electron density attributed to Li occupation of both Sizs and Sixo cages after
lithiation, confirming that the observed electrochemical reactions from 0.3 — 0.26 V vs.
Li/Li* correspond to Li insertion into the vacant cages of the type Il clathrate structure.
These results are also consistent with previous NMR spectroscopy measurements which
showed two distinct chemical shifts for Li, corresponding to different Li environments in
the clathrate cages and chemical shift values that were higher than that for Li metal *°
similar to what is seen for Na NMR analysis of NagaxSiizs.*®* Future neutron diffraction
experiments would be insightful for more accurately characterizing the Li positions and

occupancies in the clathrate structure.
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3.3.3.4. DFT Calculations to Determine Li Positions in Siiss

Next, DFT calculations were used to form a theoretical basis for understanding
the preferred Li positions in the type Il Si clathrate structure and the diffusion pathways
between them. Similar to our previous study investigating Li migration in guest-free
clathrates that adopt the type I structure,!’® several possible Li sites were considered and
the Gibbs free energy of reaction (4G,)!* was evaluated as the metric for assessing the
favorability of a Li position (see Appendix C.1 for more details). Figure 3.3.5a shows a
portion of the type Il Si clathrate structure where a Sizg cage is shared via a pentagonal
face to a Siyo cage, along with the Li positions identified as local energy minima from the
DFT calculations — Positions 1 and 2 are found at the centers of the Six and Sizg cages,
respectively, while Positions 3 and 4 are coordinated off the hexagonal (“Off Hex”) and
pentagonal (“Off Pent”) faces, respectively, inside of the Siog cages. Figure 3.3.5b shows
additional views of the Li sites at Positions 3 and 4 with selected Si—Li bond lengths

indicated.
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Figure 3.3.5 DFT calculations of Li positions in Siizs (a) Schematic of a Sizg cage
connected with a Sizo cage showing the DFT calculated Li positions viewed down the
[110] direction. (b) Schematic of the “Off Hex” and “Off Pent” Li positions with select
bond lengths. The blue colored bonds are provided to help visualize the change in
orientation. (c) Gibbs free energy of reaction (AG,) for the reaction Siizs + Li (metal) —
LiSi1ze for each different Li position. (d) Average lithiation voltage as a function of the Li
content (x) in LixSi3s where each point is identified by indices (a, b) where a = number of
Li in the Sixo cage center (16¢c Wyckoff site) and b = the number of Li in the “Off Hex”
position within the Sizg cages (32e Wyckoff site) (e) DFT calculated lattice constants for
different amounts of Li in the Sii3g lattice as shown in (d).

165



Figure 3.3.5c shows the calculated change in the Gibbs free energy of reaction
considering Li inserted into each of the four positions in the Siiss structure, where a
negative value indicates a favorable reaction for the formation of LiSiizs with respect to
Li metal and Siize. The results show that Li occupation in the center of the smaller (Si2o)
cage (Position 1) was favorable with a slightly negative Gibbs free energy of reaction
(AG,) of —36 meV. Among the possible sites within the Sizg cage, Li in the center of the
cage (Position 2) was very unfavorable (AG, = +0.467 eV) compared to the other
positions. From these results, it is expected that Li occupation of the Si»g cage would
result in Li being off-center due to the relatively high energy of the centered position,
while Li in the Sizo cage would favor being closer to the center of the cages. These results
are in good agreement with our previous calculations on the preferred Li positions in
Tetrel (Tt) clathrate cages with the type I structure, which is made up of Ttz and Tto4
cages. In that study,!”® we found that if the clathrate cage is sufficiently large (e.g., in the
case of the Tto4 cages in type | clathrates), then the lowest energy position for Li was to
be coordinated off the hexagonal face with a Li—Tt (Tt = Si, Ge, and Sn) bond distance of
2.7 — 2.9 A rather than at the cage center. The DFT calculated positions in Figure 3.3.5a
are in good agreement with those determined from the PXRD refinement (Figure
3.3.4d). In both cases, Li is found near the center of the Sizo cages while coordinated off
of the hexagonal faces in the Sizg cages. The refined Li-Si distances from the PXRD
analysis was 2.86 — 2.9 A for Li in the “Off Hex” position, which are slightly longer than

that calculated using DFT (2.65 — 2.69 A).

To evaluate the most favorable Li site in the clathrate lattice during

electrochemical lithiation, the average lithiation voltage was calculated from the change
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in Gibbs reaction energy as a function of total Li content (Figure 3.3.5d) for select
structures. This analysis does not consider the many possible orderings of Li within
LixSi1ze, Which would require a cluster expansion analysis to simulate the 0 K voltage
profile.>®® Rather, we seek to understand the energetic differences between Li
occupation of the Six and Siog cages. In Figure 3.3.5d-¢, the indices next to each point
identify the number of Li in the Six cage center or in the “Off Hex” position within the
Siog cages (corresponding to the first and second number, respectively, in the indices).
When adding eight Li to the “Off Hex” positions in the Siz2g cages, the Li is divided
evenly between the eight Sizg cages, meaning that (0,8) and (0,16) correspond to one and
two Li occupying a single Sizs cage, respectively. When comparing the calculated
voltages in LixSiizs for x = 8 and 16, it is more favorable for Li to occupy the Six cages,
i.e., points (8, 0) and (16, 0), than the Si2g cages, i.e., points (0, 8) and (0, 16) based on
the higher voltages calculated for the former case (which corresponds to a lower AG,).
However, after the sixteen Sixo cages are each filled with a single Li in the center
position, adding eight Li to the Sizg cages in the “Off Hex” position (corresponding to
(16, 8) at x = 24) is favorable, on account of the positive voltage vs. Li/Li*. This suggests
that Li occupation of the Sizg cages is more favorable if the Sixo cages are filled with Li.
Interestingly, as eight Li are subsequently added to the Sizs “Off Hex” positions (for X =
40, 48), the voltage increases again, indicating the energetic feasibility for multiple Li to
occupy a single Sizg cage. The composition of LisgSiizs corresponds to a single Li
occupying the centers of each of the sixteen Sizo cages, and four Li occupying each of the
eight Sizg cages in the “Off Hex” positions. Even without Li occupation of the Sizo cages,
Li3Siyzs (corresponding to the point (0, 32)) has a positive voltage of 0.22 V, further
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suggesting that multiple Li occupation of the Sizg cage is more favorable than occupation
by a single Li atom. In short, the theoretical voltage calculations indicate an energetic
preference for Li to occupy the Sizo cages over the Sizg cages and suggest that it is

energetically favorable for multiple Li to occupy a single Sizs cage.

The calculated lattice constants of the crystal structures for the black curve in
Figure 3.3.5d are presented in Figure 3.3.5e. For the structure where Li only occupies
each of the Sixo cage centers at (16, 0), the lattice parameter decreases when compared to
empty, guest-free clathrate (from 14.74 to 14.71 A). This result is similar to what has
been reported for Nazs-xSiiss, where the Siizs framework contracts when Na occupies the
Sizs cages, and is consistent with our previous calculations for Liz4Siiz6.53% As Li is
added to the “Off Hex” positions in the Sizg cages, the lattice parameter increases until
reaching a value of 14.76 A at a composition of LissSiiss, where all 32 possible “Off
Hex” positions are filled. The PXRD results (Figure 3.3.4b) show an increase in the
lattice parameter of around ~0.01 A after lithiation, while a decrease in lattice parameter
of ~0.03 A is predicted by the calculation at the estimated composition of x = 29 — 32 Li.
Therefore, both experimental and DFT results suggest that Li insertion into the Siizs
lattice results in a very small volume change. More ab initio modeling and structural
characterization, particularly in operando, will be needed to better elucidate the Li

composition dependence on the clathrate lattice parameter.

From the combination of the electrochemical, structural, and computational
results, we can therefore summarize the structure of Siiss after lithiation. Figure 3.3.6

presents the guest-free, type 11 Si clathrate structure before and after electrochemical
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lithiation, showing the proposed Li positions and estimated composition. The
composition of Lis2Siize is primarily estimated based on the electrochemical voltage
profile (i.e., as shown in Figure 3.3.4a), as accurately assessing Li occupancy with
PXRD is difficult especially when there is possible disorder on the sites. The identified Li
positions, near the center of the Six cage and coordinated off the hexagonal faces in the
Siog cage, are supported by the PXRD refinement analysis (Figure 3.3.4) and match well
with those predicted by DFT calculations (Figure 3.3.5). The preferred position of the Li
guest atoms is cage-dependent. In the smaller Sixo cages composed solely of pentagonal
faces, the Li atom prefers to be close to the cage center, with the PXRD analysis
suggesting disorder on this position. In the larger Sizg cages comprised of pentagonal and
hexagonal faces, the Li atom is predicted by DFT to be coordinated off the hexagonal
faces of the cage (“Off Hex”) due to the lower energy of this position compared to the

cage center or coordination off of a pentagonal face (“Off Pent”).

Electrochemical

Lithiation
—-
0.26-0.3 V Off Hexagon
O si . '- Si,, Center
o Li . .
L|32S|136

Figure 3.3.6 Schematic showing the lithium positions after electrochemical lithiation of
Siize. The Li atoms are proposed to occupy both Six and Sizg cages. In the Sizg cages,
multiple Li reside in a single cage while occupying positions off of the hexagonal faces.
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3.3.3.5. Li Migration Pathways in Si1zs

To identify the diffusion pathways for Li within the Siise bulk structure, the
climbing image NEB method® was used. In our previous study, we investigated the
migration barriers of Li in guest-free, type | clathrate frameworks and found that Li
migration between cages is mediated by the connection of hexagonal faces because of the
lower migration barrier through these faces compared to the pentagonal ones.}”® NEB
calculations for Li migration between cages (i.e., intercage migration) are presented in

the guest-free, type 11 Si clathrate structure shown in Figure 3.3.7a.
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Figure 3.3.7 (a) NEB-calculated minimum energy paths for migration of Li (cyan) in
Si13s between the Six and Sizs cages through a shared pentagonal face (Pentagon path)
and between the Siog and Sizg cages through a shared hexagonal face (Hexagon path). (b)
NEB-calculated minimum energy path for Li between Off Hex and Off Pent positions in
the Sizg cage; inset shows a schematic of the Siog cage with the Li positions in the

pathway. (c) NEB-calculated minimum energy path for Li migrating from Sizs cage to the
Sizo cage through a shared pentagonal face with a Li in the adjacent Si2g cage. (d) Crystal
model showing reaction coordinates 0, 4, and 8 of the NEB calculation in (c); the

migrating Li is shown in cyan, the neighboring Li is in dark blue, and the Si atoms of the
broken bond are in black.

Consistent with previous calculations, Li migration from the Sizo cage to the Sizs
cage through a pentagonal face results in a higher energy barrier'®1’® compared to Li
migration between Sizg cages through a hexagonal face (2.0 vs 0.2 eV, respectively). In
both paths, the transition state involves the expansion of the pentagonal or hexagonal face

as Li passes through the face center. The height of the barrier is correlated to the Li-Si
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distance at the transition state and the degree to which the Si atoms bonded in the
pentagonal/hexagonal face must move from their original positions in order to
accommaodate the migrating Li atom. As the hexagonal face has a larger cross-sectional
area, acceptable Li-Si distances can be maintained with minimal disruption to the
positions of the surrounding Si atoms as the Li passes through the hexagonal face, which
results in a lower migration barrier. In contrast, the pentagonal transition state requires
shorter Li-Si distances and a larger degree of movement of Si atoms, which results in a
higher energy barrier for Li migration. Intracage migration (i.e., Li movement within the
cage) was also considered for the Sizg cage due to the preference of Li to adopt an off-
center position. The calculation showed a migration barrier of only 0.19 eV when Li
moved from the “Off Hex” position to the “Off Pent” position (Figure 3.3.7b), meaning
that Li would prefer to move along the side of the Sizs cage rather than through the

center.

From these calculations, Li diffusion through the clathrate framework is predicted
to be dominated by Li movement between the Sizg cages through the hexagonal faces,
while diffusion into the Sizo cages from the Sizg cages is expected to be limited due to the
high migration barrier of 2.0 eV (Pentagon path in Figure 3.3.7a). However, the PXRD
refinement results (Figure 3.3.4b provide support for Li occupation of the Sizo cages,
meaning that there must be another possible pathway for Li insertion into the Sizo cages
other than the aforementioned 2.0 eV pathway. Since the Sizo cage is composed of only
pentagonal faces, the low energy pathway through a hexagonal face (Hexagon path in

Figure 3.3.7a) is not possible.
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In our previous DFT study focused on guest-free type I clathrates, we found that
Li could migrate into the Sizo cage of the type | Siss clathrate through a different pathway
that involved temporary Si—Si bond breaking.’® If a Li atom were present in an adjacent
cage, it could help to stabilize a transition state in which a Si—Si bond could lengthen to
the extent that Li could migrate into the Sizo cage with a lower energy barrier than if it
were to migrate through the center of the pentagonal face.”® To assess the feasibility of a
similar mechanism in the type Il Siize clathrate, the DFT calculation was repeated for Li
migration from a Sizs to Sixo cage, but with the addition of a Li atom to an adjacent Sizs
cage in the “Off Hex” position. The energy profile of this bond-breaking migration path
is shown in Figure 3.3.7c and the crystal schematic of the reaction coordinates 0, 4, 8 are
shown in Figure 3.3.7d (migrating Li atom shown in cyan). The reaction path starts with
the migrating Li in the “Off Hex” position in the Sizg cage and the ending position is the
center of the Sixo cage. The results show that the lowest energy pathway for the migrating
Li to enter the Sizo cage was not through the center of the pentagonal face, consistent with
the high energy barrier of 2.0 eV, but rather “through” the bond connecting two of the Si
atoms in the pentagonal face (indicated by the black atoms in Figure 3.3.7d). This
pathway, which effectively involves breaking and reformation of the Si—Si bond, has a
migration barrier of only 0.65 eV, which is feasible for room temperature diffusion.'®” As
Li moves through the center of the Si—Si bond, those Si atoms move away from the Li
towards adjacent Siog cages. It is interesting to note that the energetics of this migration
process are asymmetric. When Li moves into the Sixo cage, the barrier is 0.65 eV, while it
is 0.95 eV for the reverse process. This reflects the site preference for Li to be inside the

Sizo cage, as shown in Figure 3.3.5d.
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3.3.3.6. Reversible Li Insertion in Siizs

As the NEB calculations indicated the possibility of asymmetric energy barriers
between Li insertion and deinsertion from the Sizo cages, the full lithiation and
delithiation characteristics of the Nal material were further investigated with
electrochemical analysis. Previous studies conducted on guest-free Siizs only reported the
lithiation characteristics;* our previous study investigating both lithiation and
delithiation was performed on Na-containing Siss (i.€., Na24Si13s) over a voltage range in
which the clathrate structure transformed to amorphous phases.* Therefore, the
reversibility of the lithiation process within the potential window where the clathrate

structure is intact has not been fully evaluated.

To investigate this, the Nal electrode was cycled at 25 mA/g from 2.5V toa
voltage cutoff of 0.26 V vs. Li/Li* to allow lithium insertion only into the clathrate
structure (i.e., preventing the Li alloying reaction below 0.25 V). The voltage profiles
over the full potential range for the first three cycles are shown in Figure C.4a, while the
zoomed in region from 0.5 — 0.2 V is shown in Figure 3.3.8a for the first two cycles. A
voltage cutoff of 0.26 V was chosen for cycle 1 and 2 to investigate only the Li insertion
process (i.e., to prevent the amorphous phase transition). As evidenced by the very
similar voltage profiles for the first two cycles, the Li insertion/deinsertion process into
Sii3e Is presumed to take place in a reversible manner. The lower observed specific
capacity in the 2" cycle is likely due solid electrolyte interphase (SEI) formation. The

different shapes of the lithiation vs. delithiation curves, however, is an indication that
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these processes involve different Li reaction pathways. During lithiation, a voltage
plateau (labeled as A) followed by a sloped region (B) are observed (Figure 3.3.8a). The
voltage profile for delithiation is characterized by three distinct regions (labeled as C, D,
and E), including a small peak (indicated by the asterisk), where the potential decreases
and then increases again as Li is removed. This is unusual, as the potential typically only
increases as the Li content is decreased. In the corresponding dQ/dE plot (Figure 3.3.8b),
a broad peak centered at 0.32 V is observed during delithiation, corresponding to the
sloped voltage region C in Figure 3.3.8a, along with two sharper peaks at 0.34 and 0.36

V that correspond to the two quasi-plateaus in region D and E, respectively.
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Figure 3.3.8 The lithiation and delithiation voltage profile of Nal cycled with lithiation
cutoff voltage of (a) 0.26 V (Cycle 1 and 2) and (c) 0.29 (Cycle 3) at 25 mA/g with
distinct voltage regions labelled with letters. (b, d) Normalized dQ/dE derived from the
voltage profiles with features corresponding to the regions in (a) and (c) labelled
accordingly. (e) GITT profile of the lithiation and delithiation of Nal at a current density
of 10 mA/g with 30 min current pulses and 5 hours relaxation time. The cell was cycled 2
times from 0.27 — 2.5 V prior to the GITT experiment. Zoomed-out versions of these
plots can be found in Figure C.4.
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To better understand these observations, the cutoff voltage for lithiation in the
third cycle was increased to 0.29 V (Figure 3.3.8c) so that the process associated with the
sloped region B that was observed in the first two cycles was prevented. Notably, the
sloped region C and corresponding peak in the dQ/dE plot (Figure 3.3.8d) were absent in
the subsequent delithiation profile. This suggests that the processes associated with
region C during delithiation correspond to the reverse of reaction B in the lithiation
profile. Overall, these results provide strong support that the observed plateau at 0.30 V
(region A) corresponds to a reversible reaction with a reproducible, albeit, asymmetric

voltage profile with two distinct regions of Li insertion.

To obtain a better understanding of the energetics of the lithiation and delithiation
pathways, the galvanostatic intermittent titration technique (GITT)!? was used to observe
the polarization of the lithiation and delithiation reactions in Nal (Figure 3.3.8¢, an
expanded view is shown in Figure C.4b; here polarization refers to the difference in
potential in the cell during galvanostatic vs. open circuit conditions). Most notably, the
voltage hysteresis after relaxation between lithiation and delithiation is around 10 mV,
which is similar to the hysteresis seen in traditional insertion electrode materials (i.e.
LiFePOs, LiC00,).1% The low voltage hysteresis is strong support of a topotactic
insertion reaction, as it shows that the electrode is in a similar structural state after the
current pulses during both lithiation and delithiation. Another notable point is that the
polarization is higher during delithiation (40 — 60 mV) than lithiation (20 mV). We
speculate that this could indicate different kinetics for lithiation and delithiation, which
could be related to the origin of the asymmetric voltage profile and is also supported by

the asymmetric migration barriers observed in the NEB calculations (Figure 3.3.7c¢).
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The GITT profile also shows an irreversible capacity loss of 22% between the
lithiation and delithiation charge capacities. Note that two galvanostatic cycles (without
rest periods) were performed prior to the GITT measurement to ensure the formation of
the SEI and in general, the clathrate shows high Coulombic efficiencies after the first
cycle loss (>95 %). The origin of this behavior is currently unknown but could be related
to larger amounts of SEI formation as the electrode spends much longer times at the low
potentials than in a regular cycling experiment (see GITT profile in terms of time, Figure
C.4c-d). It has been previously shown that the SEI growth on Si clathrates can be
problematic depending on the processing conditions of the clathrate.>*!8 Another
potential explanation for the irreversible capacity is the trapping of Li during relaxation,
which could be related to the higher polarizations found for delithiation. The hypothesis
is supported by the lack of the peak labelled with the asterisk (Figure 3.3.8a) in the GITT
voltage profile (Figure 3.3.8e) for delithiation suggesting that the periods of relaxation

are affecting the delithiation pathway.

Next, galvanostatic cycling experiments were conducted to evaluate the long-term
cycling stability of the Nal clathrate with two voltage cutoffs for lithiation (the
delithiation cutoff voltage was fixed at 2.5 V). For the cell with 0.26 V cutoff (Figure
3.3.9a), the initial capacity was 275 mAh/g (first cycle efficiency of 68%), which
decreased to 200 mAh/g in the 2" cycle. The capacity then increased to 225 mAh/g over
10 cycles and then began to decrease to 100 mA/g after 50 cycles. The Coulombic
efficiency reached >98.5% past cycle 10 and continued to increase during cycling
(Figure 3.3.9b). For the cell with 0.28 V cutoff, the cycling stabilized around 90 mAh/g

and reached 60 mAh/g after 50 cycles. Analysis of the voltage profiles for the cell with
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0.26 V cutoff (Figure 3.3.9¢) showed that the shape of the delithiation curves changed
with cycling. At cycle 10 and 20, the plateau attributed to clathrate delithiation at 0.34 —
0.36 V decreased in favor of a sloped feature around 0.5 — 0.6 V. This sloped feature is
similar to the voltage reported for the delithiation of amorphous Si.*'"'8 We speculate
that when the lithiation voltage cutoff is too low, some of the clathrate could be converted
to an amorphous LixSi phase through an alloying reaction, as evidenced by its different
delithiation voltage profile indicated in Figure 3.3.9c. Analysis of the cell with 0.28 VV
cutoff (Figure 3.3.9d) shows that the shape of the voltage curve is retained during
cycling, suggesting that using the higher voltage cutoff circumvented the suspected
amorphization reaction. On this basis, we suspect the better capacity retention obtained
when using the 0.28 V cutoff is due to mitigation of the amorphous phase transformation
(i.e., preventing transformation of crystalline LixSiizs to amorphous LixSi). PXRD of the
electrodes after 50 cycles (Figure C.5) showed that reflections from the type Il Si
clathrate were still present when using both voltage cutoffs, suggesting that the majority
of the crystalline clathrate phase structure was retained despite the suspected amorphous

phase formation in some of the sample, and further supporting a topotactic mechanism.
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Figure 3.3.9 (a) VVoltage profile of Nal cycled at 25 mA/g with a voltage cutoff of 0.26
and 0.28 V. (b) Coulombic efficiency vs. cycle number; (c) Voltage profiles of the

2" 10" and 20" cycle with a 0.26 V voltage cutoff showing the increase of amorphous
reactions at longer cycles. (d) Voltage profile of Nal cycled at 25 mA/g with a voltage
cutoff of 0.28 V.

3.3.3.7. Structural Origins of Li insertion in Clathrate Materials

For topotactic Li insertion to occur, there must be facile migration between Li
sites in the host crystal. Based on the observed and calculated Li positions from the
PXRD and DFT analysis, the possible Li diffusion pathways in the cage structure can be
postulated. First, we point out the importance having a low enough Na content in the

cages in order to observe the Li insertion plateau at 0.30 V. This is demonstrated in
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Figure 3.3.3, where this feature is absent from the Naio.7Si1zs (Nall) electrode. Because
the Na guest atoms preferentially occupy the large Sizs cages in NazaxSiizs, this means
that in Nao.7Si1zs, the eight Siog cages are occupied by Na atoms while most of the
sixteen Sizo cages are unoccupied. The fact that this Li insertion plateau at 0.30 V is not
observed when the Siog cages are occupied by Na implies that the presence of unoccupied

Siog cages is an important condition for the reversible Li insertion process to occur.

Considering the NEB calculations presented in Figure 3.3.7a, it is evident that Li
diffusion into the Sizg cages compared to the Sixocages is favored due to the lower
energy barrier for the hexagonal transition state (0.2 eV). Since the Sizg cages form a
tetrahedral network of hexagonal face sharing cages (Figure 3.3.1b), the lowest energy
pathway for Li to migrate through the bulk structure would be through this Sizs cage
network. On the basis of the high migration barrier for Li diffusion through the
pentagonal face (2.0 eV), one would expect that Li could not occupy the Sizo cages
(composed of only pentagonal faces) because the barrier to enter the cage is too high for
room temperature migration. However, the PXRD results (Figure 3.3.4b) show
significant Li occupation in the Si>o cages, meaning that a different pathway must be
taken for Li to enter the Sizo cages. As described previously, a pathway involving
temporary bond-breaking allows Li to enter the Sio cage with a much lower activation
barrier of 0.65 eV. This bond-breaking migration path has been calculated previously in
several other situations, such as Li migration in LiBasSiizs and LisSiss and for Na
migration in the Sizo cages of Siss and Sizzs.°>1"® In the case of Li, the pathway is
energetically feasible if there is another guest atom in cage adjacent to the transition state.

Yang et al. posited that the extra electron density from the neighboring guest atom could
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aid in stabilizing the transition state, thus allowing access to the bond breaking
pathway.>! We agree with this hypothesis and speculate that a cooperative migration
mechanism involving multiple Li could be important for Li to access the Sizo cages of the

clathrates by bypassing the pentagonal transition state.

Another notable aspect of the bond-breaking migration pathway is the observed
energetic asymmetry when Li migrates between the Sizg and Sixo cages. Migration from
the Sizg cage to the Sizo has a barrier of 0.65 eV, while moving in the reverse pathway
would have a barrier 0.95 eV (Figure 3.3.7c). If we assume that the prominent pathway
for Li to occupy a Sizo cage is by migration from a Sizg cage (as opposed to migration
from Si2o to Sio), it is expected that there will be an asymmetry in the migration barrier
due to the difference in site energies within Siz and Siog cages, which is shown in Figure
3.3.5d. We speculate that this asymmetry could be related to the asymmetry seen in the
delithiation voltage profile (Figure 3.3.8a,b) and the GITT polarization (Figure 3.3.8¢).
According to the DFT calculations, Li occupation of the Sizo cages is most energetically
favorable (Figure 3.3.5d), which means that these sites should be filled first upon
lithiation. However, for Li to enter the Sizo cage is expected to be kinetically difficult and
requires a cooperative Li migration path with Li in the Sizs cages. If the Sizg cages were
not the main Li pathway, then it is expected that the Nall electrode (where Sizg cages are
filled by Na) would display electrochemical voltage characteristics similar to those in
Nal. Since this is not the case (Figure 3.3.3), we can presume that Li first travels through

the Sizg cages and then migrates into the Sizg cages.
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On the basis of the structural, electrochemical, and DFT analyses described
above, we therefore summarize the Li migration pathway through the Siyzs type 11
clathrate structure as illustrated in Figure 3.3.10 with the red arrow showing the
continuous Li migration pathway through the Sig cages connected via hexagonal faces
(atoms in the hexagon shown in yellow). Along the migration “highway”, Li can migrate
into the Sizo cages, possibly via the bond-breaking pathway depicted in Figure 3.3.7d.
During delithiation, Li will also need to leave via the Sizs “Li highway,” but the barrier to
go back into the Sizg cage is predicted to be higher via the bond-breaking mechanism
because of the higher site energy of the Si»g cage. We speculate that the unusual
delithiation voltage profile could be related to this need for Li to travel through the Sizs
cages for bulk diffusion, which results in different Li structuring than during lithiation.
More detailed ab intio modeling and in situ characterization would be required for

elucidating the exact mechanism.
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Figure 3.3.10 Schematic showing the proposed Li pathways through the type 1l Si1zs
clathrate structure. Li migration would primary occur through the interconnected Sizs
cages via the hexagonal transition states (Si atoms in the hexagons are shown in yellow)
due to the low energy barrier of 0.2 eV. In order for the Li to access the Sizo cages, it
must first travel to an adjacent Sizg cage and then enter the Sizo cage via the bond-
breaking mechanism illustrated in Figure 3.3.7d.
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From our analysis, we conclude that topotactic Li insertion into guest free, type Il
Si clathrates is feasible due to the fulfillment of two important requirements: 1) stable Li
positions in the structure, and 2) facile Li diffusion into the host structure. If considering
a-Si with the diamond cubic structure, Li insertion into the tetrahedral position is
energetically unfavorable due to expansion of the surrounding Si atoms,**® but Li
diffusion between these positions shows a reasonable calculated migration barrier of 0.62
eV.1%5194 1n contrast, the larger cavities of the guest-free type 11 Si clathrate allow the Li
to be inserted without perturbing the Si framework, resulting in more favorable lithiation
energetics. Another important factor is that the distance between adjacent Li positions is
larger in the clathrate structure than in a-Si. As described by Zhao et al., as Li enters
adjacent tetrahedral positions in a-Si, it becomes more favorable for Li to surround and
then break a Si-Si bond, which could lead to the beginning of amorphization.*4® Based on
the low energy migration pathways in Siizes and the larger distance between adjacent Li
positions (4.85 — 5.43 A), we hypothesize that the amorphization reaction is kinetically
bypassed because Li atoms are able to spread throughout the lattice and fill the vacant
cages without surrounding the Si—Si bonds. Only after the lattice is filled with Li does it
become feasible for the conversion reaction to begin and form amorphous LixSi. The
analysis presented here demonstrate how the cage structure of Si clathrates results in
novel electrochemical properties originating primarily from low energy barrier Li

migration throughout the bulk structure.

Now that the structural framework for enabling Li insertion has been established,
we can consider other Tetrel clathrate-like materials within this framework. In our

previous DFT study focused on type | clathrates, we concluded that Li diffusion would be
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preferred within the 1D channels of Si,4 cages connected by hexagonal faces.!” Based on
the results reported here for the type Il clathrates, we expect to see similar insertion
behavior in Siss as in Siiss, although this is difficult to experimentally verify due to the
synthetic challenges of obtaining guest-free Siss Of high purities and quantities. Notably,
Siss With type | clathrate structure has a higher ratio of hexagon containing polyhedra to
Sizo polyhedra (6:2), suggesting that the hypothesized bond-breaking pathway for Li to
enter the Si>o cage may play less of a role on the insertion properties. A recently
discovered Si clathrate-like polymorph, Siz>" was reported with low calculated Li
migration barriers (0.1 eV) through 1D hexagon-like channels®® and is expected to
demonstrate Li insertion characteristics based on the results here. Guest-free type Il Ge
(Ge13s)*®! has been previously been investigated for battery applications and a continuous
increase in the lattice parameter was observed with increased lithiation,> thus implying
the occupation of Li within the framework. Since Gez1zs shares the same structure as Sizzs,
we expect to see Li insertion behavior but with more off-center Li positions and lower

migration barriers due to the larger Ge cage sizes.

For all of these materials, it is also important to consider the possibility of
alloying/conversion reactions that occur in a similar voltage range to Li insertion. The
competition between insertion and conversion/alloying reactions is determined by a close
interplay between kinetics and thermodynamics. As described by Hannah et al., insertion
IS expected to occur prior to a conversion reaction if the voltage for Li insertion is higher
than the voltage for conversion and if the Kinetics are favorable for insertion.” Thus, it is
important for the Li site energy in the Tetrel framework to be stable enough (at high

enough voltage vs. Li/Li") and accompanied by facile diffusion in order to be competitive
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with possible alloying reactions. In the case of Siize, Li insertion is observed at 0.30 V
while the alloying reaction occurs at 0.25 V, confirming that this requirement is satisfied
for the type Il Si-clathrate. However, based on the higher voltage of the alloying reaction
for Si1ze (0.25 V) compared to that in a-Si and Naio7Si136 (0.10 — 0.15 V), we suspect that
Li insertion through the bulk clathrate enables an alternative alloying pathway that is
more similar to what occurs in lithiation of amorphous Si. Future work will be dedicated
towards understanding the structural differences between alloying reactions in the type Il
Si clathrate and other Si structures to understand the amorphous phase formation

mechanisms.

3.3.3.8. Implications for Li-ion Battery Anodes

Given the Li insertion characteristics for the type 11 Si clathrate discussed above,
we now discuss the potential implications for using these materials as Li-ion battery
anodes. If a capacity of 231 mAh/g (468 Ah/L) is assumed based on the composition
Li32Siizs that forms at a reaction of voltage of 0.30 V vs. Li/Li*, then the electrochemical
properties are competitive with other insertion anode materials. For instance, spinel
LisTisO12 (LTO) has a capacity of 175 mAh/g (500 Ah/L)?" at 1.55 V vs. Li/Li*, meaning
that the clathrate would have a higher energy density due to the comparable capacity but
lower reaction voltage of 0.30 V, which would result in a larger cell voltage when
partnered with a cathode in a full cell. Another notable feature of Li insertion into Siizs is
the very small volume expansion of ~0.2%, meaning that the insertion process could be

considered “zero strain,” similar to LTO. In addition, the voltage profile between
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lithiation and lithiation displays low hysteresis, which is advantageous for high energy
efficiency. Although only a composition of Lis2Si13s was achieved experimentally, DFT
calculations suggested that LisgSii3s would be energetically favorable with a low
predicted volume expansion of 0.31% (Figure 3.3.5d,e). If this structure (LissSi13s) could
be achieved, it would have a capacity of 346 mAh/g (703 Ah/L), which would be
comparable to graphite (372 mAh/g, 719 Ah/L) but with much lower predicted volume
expansion (0.31% vs 13% for graphite?®). Based on these reasons, guest-free type 1 Si
clathrates could be very promising Li-ion insertion anodes and further research into their

electrochemical properties is warranted.

For practical applications, there are several obstacles that still need to be
overcome. Most notably, the voltage range for the Li insertion process (0.26 — 0.30 V vs.
Li/Li") is close to the potential at which the conversion reaction to the LixSi amorphous
phase takes place (0.25 V) and therefore the cutoff voltage must be carefully controlled.
From our cycling experiments, we found that if the voltage cutoff was too close to the
potential at which the conversion reaction initiated, the amorphous phase transition could
partially take place and result in poorer capacity retention. The irreversible capacity loss
due to SEI formation, particularly in the first cycle, also needs to be addressed, possibly
through previously established methods used for other anode materials, such as electrode
pre-treatment or electrolyte additives.'®® More studies will be needed to investigate the

long-term cycling behavior and stability of Si-clathrates as a host for L.

3.3.4. Conclusions
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In this work, the structural origins of the electrochemical properties of type Il Si
clathrate were investigated with synchrotron X-ray characterization and density
functional theory calculations. Type 1l Si clathrate samples with compositions of
Nao.o()Siz3s (Nal) and Naio.7(1)Siize (Nall) were synthesized and synchrotron PXRD
patterns refined to determine the starting Na content and structure after lithium insertion.
The lithiation of the Nal and Nall are accompanied by distinctly different voltage
profiles, demonstrating the importance of the Na content on their electrochemical
properties. In the nearly guest-free Nal clathrate, topotactic Li insertion is observed,
which is a unique characteristic since Tetrel elemental compounds typically undergo Li
alloying reactions. The voltage plateau at 0.30 V vs. Li/Li* was attributed to Li insertion
into both Sizo and Sizg cages, likely with multiple guest atoms within the larger Sizg cages,
as supported by Rietveld refinement of synchrotron PXRD measurements and DFT
calculations. Nall does not show the same insertion behavior, suggesting that vacant Sizs
cages are key to enabling Li insertion (as opposed to conversion reactions to amorphous
phases). For the first time, we demonstrate the reversible cycling of Li in the type 11 Si
clathrate, which shows a reproducible voltage profile that is asymmetric but features low
hysteresis. NEB calculations show that Li migration barriers between interconnected Sizs
cages are low (0.2 eV) through the center of the hexagonal face. In contrast, Li migration
through the center of a pentagonal face for movement between Sizg and Sizs cages has a
high energy barrier of 2.0 eV unless Li is present in an adjacent Sizg cage, which can
facilitate a lower energy pathway (0.65 eV) that involves temporary Si-Si bond breaking.
The latter pathway may be responsible for the asymmetry observed in the voltage profile.
In summary, we attribute the structural origin of Li insertion in Siize to the energetically
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favorable Li insertion sites in the Si-clathrate cages and facile diffusion paths throughout
the bulk structure. Importantly, we identify the migration pathway through Si hexagonal
faces as an important condition for enabling bulk Li diffusion. On the basis of this
structural feature, we speculate that other open Tetrel frameworks such as Siass, Si24 and
Geu3s could also demonstrate reversible Li insertion with low volume expansion, which

could be promising for possible applications as Li-ion battery anodes.
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4. CLATHRATES AS ALLOYING ANODES

4.1.Understanding the Amorphous Lithiation Pathway of the Type | BagGess
Clathrate with Synchrotron X-ray Characterization

Reproduced with permission from Dopilka, A.; Childs, A.; Bobev, S.; Chan, C. K.
Understanding the Amorphous Lithiation Pathway of the Type | Ba8Ge43 Clathrate with
Synchrotron X-Ray Characterization. Chem. Mater. 2020, 32, 9444-9457. Copyright

2021 American Chemical Society.

4.1.1. Introduction

Tetrel elements (Tt = Si, Ge, Sn) are potential candidates for next generation Li-
ion battery anodes due to their intrinsically high capacities originating from a series of
complex phase transformations. While the room temperature lithiation of diamond
structured Si (a-Si) proceeds through the formation of amorphous phases until
crystallization of Li1sSia at high degrees of lithiation,':1% Ge and Sn readily crystallize
at intermediate Li compositions to form various Li-Tt binary compounds.2%13%197 The
phases that form have direct consequences on the electrochemical properties such as the
voltage, rate capability, and stress evolution. Understanding how these properties are
affected by the initial host structure and its subsequent lithiated intermediates is important
for optimizing the performance of alloying anodes. Much work has been conducted on
the role of nanostructuring on the alloying reactions of the elemental Tetrels,3"1%8-202 pyt

other than comparisons between amorphous and diamond structured Si (or Ge)
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electrodes!t’132:198.203-207 "1ess focus has been given to understanding the effect of the

initial crystal structure on the subsequent lithiation pathways.

To further this understanding, our group and others have been investigating Tetrel
clathrates*®51-56:152179.180 and other polymorphs®®1%82% for their electrochemical
properties for Li-ion batteries. The type | Ba-Ge clathrate, BagGess, deviates from the
MgTtse stoichiometry due to the presence of vacancies on Ge sites, which compensate for
the excess electrons contributed from the Ba atoms. Substituting group I11 elements (Al,
Ga, In) for Ge allows for further charge compensation of the Ba and results in the ability
to tune the materials properties of the clathrate. For instance, the electron precise
BasAl1sGeso clathrate is a semiconductor'?, while BasGeas displays metallic like

behavior due to the excess electrons from the Ba?%®

. The structure of BasGeas (Figure
4.1.1) is composed of two dodecahedra (Gezo) and six tetrakaidecahedra (Geza) per
formula unit, where all Ge atoms are in slightly distorted tetrahedral configurations.
Much work has gone into understanding how the clathrate structure and defects affect the
thermoelectric*>?1%2!! and superconducting®2°177:212 properties of these materials,
however their role on the electrochemical and Li ion alloying properties is less

understood. Our goal in this work is to establish structure-property relationships for

clathrates within the context of Li-ion battery applications.
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Figure 4.1.1 Crystal structure of type | BagGess clathrate (from ref.°2). The purple
spheres represent the Ge atoms, white spheres represent vacancies and the green spheres
represent the Ba atoms. The Gezo and Gez4 polyhedra are shaded in gray and black,
respectively.

Because of the similar covalent bonding within the cage-like framework in Tetrel
clathrates and their elemental analogs, the clathrates are expected to undergo similar
alloying reactions with lithium. However, previous work shows that in some situations
this is not the case. For example, using laboratory X-ray diffraction analysis, we found
previously that the type | BagAlyGess.y (0 <y < 16) clathrates proceed through an
amorphous pathway different from the crystalline phase transformations typically seen in
lithiation of 0-Ge.'®2 On the other hand, Si clathrates with type 11 structure (NaxSiiss, 0 <
X < 24) reacted with Li similarly to a-Si;> however, if the Na occupancy of the cages was
low, the voltage profile looked similar to that in amorphous Si.*® From these studies, it
appears that the guest atom type and occupancy in the clathrate are important parameters
for determining their electrochemical properties. However, the formation of amorphous

phases in the reaction intermediates precludes the use of Bragg diffraction for structural
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characterization, necessitating local structure characterization methods to understand the

nature of the amorphous phases during the lithiation of clathrates.

Atomic X-ray pair distribution function (PDF) analysis has proven to be a vital
tool in elucidating the alloying pathways of Tetrel elements with alkali metals,3>120.213-216
The PDF is derived from the total X-ray scattering pattern and provides information
about the probability of finding atomic pairs at certain distances.?!” This technique
enables the local structure of amorphous and crystalline materials to be investigated, thus,
allowing for a better picture of the lithiation intermediates to be attained. From this,
differences in electrochemistry between clathrates and the elemental phases can be
corroborated by differences in the structures formed during the lithiation reactions. In
addition, PDF analysis with in situ heating of electrochemically obtained amorphous
phases can illuminate how the amorphous phases that form are related to known
crystalline phases. For example, heating experiments on electrochemically synthesized
amorphous LixSi resulted in crystallization to Li-Si phases, implying a similar local
structure of the two phases.?'®2'° Obtaining PDFs during this crystallization process
could provide insights into how the amorphous structure relates to the crystalline

structures.

In this work, the lithiation pathways of the type I clathrate BagGeass are
investigated in more detail with ex situ synchrotron X-ray PDF analysis and X-ray
diffraction and compared to a-Ge at similar states of lithiation. The PDF results confirm
that BagGeass proceeds through an amorphous pathway during lithiation, with no atomic

correlations associated with long-range order observed beyond 10 — 30 A. This contrasts
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with the crystalline phase transformations observed during lithiation of a-Ge micron-
sized particles, which are characterized by long range order in both the XRD and PDF
results. The local structure of the lithiated BagAlisGeso clathrate, where Al is substituted
on the Ge site, is found to be very similar to that seen in BagGess after reaction with
lithium. In situ heating during XRD and PDF measurements were conducted to evaluate
the thermal stability of the amorphous phases and identify crystallization events and the
phases formed. Heating of the lithiated clathrate materials caused the amorphous Li-Ba-
Ge phases to crystallize to Li-Ge binary compounds at low temperatures (350 — 420 K),
suggesting structural relationships between the amorphous and crystalline phases. Our
results show that analysis of the lithiation pathway of type | BagGess clathrate and
comparison to the elemental analogue can provide an understanding of the effects of
guest atoms and framework atoms on the lithiation pathways and its implications for Li-

ion battery anodes.

4.1.2. Experimental Methods

The BagGess and BagAlisGeso clathrates were synthesized and prepared into
electrodes in a similar manner as described in our previous work.'? The electrodes were
lithiated galvanostatically in half-cells with lithium metal and then extracted for ex situ
measurements. Synchrotron X-ray pair distribution (PDF) measurements were conducted
at Diamond Light Source (Didcot, United Kingdom) at the 115-1 dedicated PDF beamline
with L =0.161669 A. The atomic PDF, G(r) as defined by Billinge et al.??, was

generated from the total scattering data using PDFgetx3 within the xPDF suite software
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package®?1?22, Synchrotron X-ray diffraction measurements were performed at the P02.1
powder diffraction beamline at PETRA 111 at the Deutsches Elektronen-Synchrotron
(DESY) with A =0.20733 A. More detailed descriptions of the synthesis, electrochemical

and synchrotron measurements, and PDF analysis are in the Appendix D

4.1.3. Results

4.1.3.1. Ex situ XRD and PDF analysis

To evaluate the local and long-range order of the lithiation intermediates, the
BagGess and a-Ge electrodes were electrochemically lithiated to different compositions
and then subjected to ex situ synchrotron XRD and PDF measurements at room
temperature. Scanning electron microscopy (SEM) of the electrodes showed that the
BagGes3 sample was composed of irregularly shaped, micron-sized particles (2 — 10 pm)
with some larger shards (>20 um) and the a-Ge sample was composed of similarly
irregularly shaped, micron-sized particles (Figure D.1). Therefore, we assume there are
no nano-size effects on the structural or electrochemical observations made here. The
voltage profiles and differential charge (dQ/dE) plots for the first lithiation of BagGess
and a-Ge are shown in Figure 4.1.2 with blue, orange and green points representing the
compositions (as a ratio of Li to Ge) at which XRD and PDF samples were taken. The
voltages and capacities of the cells at each of these points is presented in Table D.1. The
lithiation of BagGeus is characterized by a plateau at 0.2 V vs. Li/Li* (seen as a large
cathodic peak in the dQ/dE plot) and then a sloped decrease in voltage, consistent with

our previous work.? In contrast, the voltage profile of a-Ge has a higher reaction
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voltage starting around 0.3 V vs. Li/Li* and the dQ/dE plot shows a small peak at 0.5 V
and two peaks corresponding to plateaus at 0.31 and 0.18 V, which represent a series of
separate phase transformations.'?° BagGess has a broad peak around 0.25 — 0.3 V in the
dQ/dE plot which is attributed to impurity a-Ge in the sample (shown later). Notably,
both electrodes enable a reaction of 3.75 Li per Ge atom but the lower reaction voltage of

BagGess suggests a difference in phase transformations during lithiation.
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Figure 4.1.2 Voltage profile and corresponding dQ/dE plot of the lithation of BagGeass
and o-Ge at 25 mA/g (corresponding to C-rates of C/41 for BagGess and C/55 for a-Ge)
with a voltage cutoff of 10 mV vs. Li/Li*. The blue, orange, and green circles represent
the compositions at which cells were disassembled for ex situ PDF and XRD
measurements.

To understand the origin of the differences in these electrochemical features, the
XRD and PDF patterns of a-Ge and BagGess were compared at various degrees of
lithiation at room temperature. The XRD and PDF results for the lithiation of a-Ge are
shown in Figure 4.1.3a-b with reference patterns corresponding to LisGe>??® and
LiisGes??*; the results for the BagGess samples at similar Li compositions are shown in

Figure 4.1.3c-d. Overall, the results for lithiation of a-Ge are fairly consistent with those
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reported by Jung et. al,*?° although therein different voltage cutoffs were used to prepare
the various samples rather than specific amounts of Li. (We acknowledge that there is
substantial inconsistency in the literature!!%135200.225226 o the nature of the phases that
form upon electrochemical lithiation of a-Ge at room temperature, the results of which
may be affected by the Ge particle size, current density used, as well as the
characterization technique. For the sake of consistency with the literature, we have
chosen to only compare our results to those reported by Jung et al.,*?® wherein X-ray PDF
was also used for analysis of micron-sized a-Ge.) Following a reaction of 1.75 equiv. Li
per Ge atom, a nominal composition referred to as Li1.7sGe hereafter, the XRD pattern

shows reflections corresponding to a-Ge and a lithium germanide phase we have

tentatively identified as LisGez with R3m symmetry. indicating a two-phase reaction.
This is supported by a Rietveld refinement analysis (Figure D.2a, Table D.2) fitting the
LisGe, and a-Ge structures with a phase fraction of 83% and 17% respectively. In the
work by Jung et. al,*?° Li;Ges (reported as having P32:2 symmetry but this is likely an
error, as there is no such space group and it is likely intended to be P3212) was identified
as a major intermediate phase during lithiation of a-Ge and first principles calculations
suggested the energetic feasibility of this phase??. LizGes and LisGe, have very similar
structures in which Ge, dumbbells are arranged parallel to one another with slightly
different numbers of Li surrounding them. As a result, XRD and PDF patterns are nearly
identical, making them difficult to differentiate. The XRD results show that further
lithiation of a-Ge to an overall composition Li275Ge resulted in the almost complete
disappearance of the a-Ge phase, as well as a decrease and broadening of the reflections

attributed to LisGe>. A reflection at 20 = 5.4° was also present in the diffraction pattern at
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this stage of the lithiation in the work by Jung et. al*?® and therein attributed to a
disordered LizGez-like phase. The XRD pattern of Liz75Ge shows reflections
corresponding to crystalline LiisGes and was fit well by Rietveld refinement analysis
(Figure D.2b, Table D.3) with a lattice parameter of 10.7763(4) A, consistent with

previously reported results and the PDF pattern obtained here.
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Figure 4.1.3 Synchrotron XRD (A = 0.20733 A) (a,c) and PDF (b,d) results for (a,b)
pristine a-Ge, Li175Ge, Li2.75Ge, and Liz.7sGe and (c,d) pristine BagGeass, Li1.7sBao.10Ge,
Liz75sBao.19Ge, and Lis.7sBao.19Ge.

The details of the PDF refinements for the lithiation of the a-Ge samples in
Figure 4.1.3b are shown in Figure D.3. The PDF of the pristine Ge particles could be
refined with a good fit to the a-Ge phase with a Rw = 8.26% (Figure D.3a). Lithiation to

a composition of Li1.7sGe and voltage of 0.28 V resulted in a PDF pattern containing a-
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Ge correlations with decreased intensity and the emergence of new correlations indicative
of the presence of another phase. Refinement of the PDF was attempted using the
structures of a-Ge and several highly lithiated Li-Ge compounds commonly referred to as
“dumbbell phases,” (e.g., Li7Ges, LisGez, LisGes, Li7Ge2)?23227228 wherein parallel Ge-
Ge dumbbells are surrounded by slabs of Li atoms. Calculated PDF patterns and crystal
structures for these phases are presented in Figure D.4 and S5, respectively. The best fit
for the PDF from Li175Ge (Rw = 19%) was obtained with 9.5 mol% a-Ge and 90.5 mol%
LisGe, (Figure D.3b, Table D.4). Fitting with Li;Ges and LisGes instead of LisGe;
resulted in similar phase fractions and Ry values (19.7% for Li-Gez and 22.3% for
LisGes), which is consistent with the nearly identical arrangement of Ge-Ge dumbbells in
these phases (see Figure D.5). At a composition of Li2.7sGe and a voltage of 0.17 V, the
best fit attained was from a combination of Li13Ges (64.3%) and Li;Ge: (35.7%) (Figure
D.3c, Table D.5), similar as the results reported by Jung et. al,*?° wherein multiple
combinations of Ge-Ge dumbbells phases resulted in comparable fits. We found that
fitting to LizGes and LisGe> also resulted in decent fits (Table D.5), which suggests that
the Ge2 dumbbells are the dominant local feature present in the electrode at this point in
the lithiation process. The fact that the PDF for Li275Ge can be fit comparably to multiple
phases, as well as the broadness of the reflections in the XRD pattern, suggests that the
structure is disordered but maintains a local structural motif of Ge-Ge dumbbells and
isolated Ge atoms. At a composition of Liz 75Ge, the PDF could be fit to LiisGes with Rw
= 22.6%, the structure of which consists of isolated Ge atoms surrounded by Li. The
addition of a Li-Ge dumbbell phase resulted in a better fit (Rw = 11.9%) with 85.7 mol%
LiisGes and 14.3 mol% Li-Ges (Figure D.3d, Table D.6). The modest improvement in
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the fitting is suggesting that the Li-Ge dumbbell phases have been mostly consumed by
the addition of more Li, and the Li-reduction causes the breaking of the Ge-Ge bonds in
the structure, which were the primary structural motifs identified prior to this point.
These observations are consistent with the results from Jung et al.,?® wherein it was
suggested that LiisGes could decompose before the ex situ PDF measurement was
performed. Alternatively, there still could be residual Ge-Ge bonding in the material. A
similar observation was made after lithiation of a-Si,*® where Li1sSis crystallizes at full

lithiation but Si-Si bonds can still be observed in the PDF.

The synchrotron XRD patterns of the BagGess samples are shown in Figure
4.1.3c with reference patterns for LiisGes and BagGess™2. The XRD pattern for the as-
synthesized BagGess clathrate shows a small amount of a-Ge as secondary phase,
possibly resulting from Ba loss via evaporation during the clathrate synthesis. After
addition of 1.75 Li per Ge atom (i.e., to a composition of Li175Bao.10Ge and voltage of
0.175 V vs. Li/Li"), the reflections corresponding to the BasGess phase decrease in
intensity without any new reflections appearing, confirming that the BagGesz converts to
an amorphous phase upon lithium insertion, consistent with our previous observations
using laboratory XRD.!2 Subsequent lithiation to a composition of Liz 7sBag19Ge results
in a further decrease in BagGess reflections and the appearance of reflections
corresponding to LiisGes. At this point in the reaction, the cell has reached a voltage of
0.11 V vs. Li/Li" (Table D.1), which is below the point where a-Ge can be converted to
Li1sGes 12 Therefore, we attribute the origin of LiisGes to the reaction of Li with the a-

Ge impurity phase, not the clathrate phase. Upon further lithiation to Lis7sBao.10Ge, the
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XRD pattern only shows reflections attributed to LiisGes formed from the impurity phase

reaction, confirming that the lithiated clathrate phase is amorphous.

The corresponding PDF patterns for BasGeas at different degrees of lithiation are
shown in Figure 4.1.3d. The X-ray PDF measurement is sensitive to the atomic scale
correlations between pairs of atoms, giving insight to the local structuring of Ge, Li and
Ba atoms. The intensity of the correlations is dependent on the atomic number and
concentration of the elements, meaning that Ge correlations (Ge-Ge, Ge-Li, Ge-Ba) are
expected to contribute the most to the observed patterns in the clathrate. Refinement of
the PDF for the pristine clathrate showed that there was a minimal amount (4.4 mol%) of
a-Ge as a secondary phase (Figure D.6a, Table D.7), confirming the XRD results. In the
low-r region, the PDF shows correlations at ca. 2.51 A, 3.50 A, 3.96 A and 5.92 A
(Figure 4.1.3d). Inspection of the simulated partial PDFs (Figure D.4a) show that these
correlations correspond to direct Ge-Ge bonding, Ba-Ge correlations, next nearest
neighbor Ge-Ge distances, and 3" nearest neighbor Ge-Ge distances, with minimal
contributions from Ba-Ba correlations due to the large separation distance of the Ba

atoms (~6 A) in the clathrate structure (Figure D.4a).

By observing how these correlations change with increasing amounts of lithium
addition to BagGeas, the average local structure of the lithiated intermediate phases can be
determined. After addition of 1.75 Li per Ge, the PDF shows that the correlations
decrease in intensity relative to the pristine sample. Significant changes are seen at low r-
values, while the pattern at high-r values (10 — 30 A) resembles that for the pristine

clathrate. Refinement of the pattern to the BasGeas structure from 10 < r < 30 A confirms
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that the high-r correlations match reasonably well with those for pristine clathrate
(Figure D.6b, Table D.7). The difference curve of the refinement from 2 <r <30 A
reveals correlations at 2.62 A, 3.42 A and 4.50 A (Figure D.6c) but no other features at r
> 10 A, suggesting that these low-r correlations arise from an amorphous, lithium-

containing phase that coexists with the pristine clathrate.

Upon addition of lithium to reach the composition of Li>.7sBao.19Ge (at 0.11 V vs.
Li/Li"), it is apparent that the BasGess starting material has been completely reacted and
the PDF lacks noticeable features at r > 10 A, indicating the absence of long-range order.
The PDF for Li275Bao.19Ge (Figure 4.1.3d) displays features very similar to those in the
difference plot obtained in the refinement for Liy75Bao.10Ge to the BagGess structure
(Figure D.6d). The first peak at 2.62 A is similar in position to that found in Li-Ge
dumbbell phases, wherein the Ge-Ge (~2.4 — 2.6 A) and Li-Ge correlations (~2.7 — 2.8 A)
contribute to the first peak in the PDF (Figure D.4). The second peak at 3.44 A is typical
of Ba-Ge distances (e.g., such as that in BaGe2)??® but slightly shorter than the 3.5-3.9 A
lengths for these Ba-Ge distances in the pristine clathrate phase (Figure D.4a). The third
peak at 4.66 A is similar to the distance separating Ge dumbbells from each other (4.4 —

5.2 A) in Li-Ge dumbbell phases.

Further lithiation to a composition of Lis7sBao.10Ge (voltage of 10 mV) results in
a PDF that is very similar to the one seen for Li2.7sBao.10Ge but with slightly shifted
correlations and intensities (Figure 4.1.3d). The peak at 2.62 A for Liz7sBao19Ge related
to Ge-Ge and Li-Ge bonds is less intense and is shifted to 2.70 A in Lis7sBag.10Ge,

suggesting that fewer direct Ge-Ge bonds are present. The peak at 4.66 A is shifted to
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4.72 A and is more intense relative to the peak at 2.70 A, suggesting an increase in
correlations arising from separated Ge atoms relative to the correlations from the Ge-Ge
bond in the dumbbells. As the Li content increases relative to Ge, it is expected that more
isolated Ge atoms surrounded by Li will be present compared to Ge dumbbells, as seen in
the LiisGes (Liz75Ge) phase where no dumbbells are present (Figure D.4f). Overall, the
PDFs of the BagGess samples after reaction with lithium suggest that the lithiation
proceeds through a two-phase conversion of the pristine, crystalline clathrate into an
amorphous phase, corroborating the presence of a constant voltage plateau in the voltage
profile. The amorphous phase has similar local structures as those found in Li-Ge phases,

with the addition of a correlation at 3.44 A from Ba-Ge bonds.

PDF analysis of the BagGesz sample after one full lithiation/delithiation cycle was
also performed and is shown in Figure D.7 along with the corresponding voltage profile
and dQ/dE plot (Figure D.7ab). The lithiation/delithiation voltage profile of a-Ge is
provided as well to demonstrate that the delithiation pathway is different for BasGess. In
a-Ge, there are two plateaus during delithiation (at 0.41 V and 0.62 V vs. Li/Li*)
consistent with previous reports,?3 while the delithiation of BagGess showed a broad
peak in the dQ/dE plot at 0.3 V with a gradually sloped voltage profile. The PDF of
BagGeys after full lithiation and delithiation showed no long-range correlations at r > 10
A, indicating that the delithiated BasGeas is amorphous (Figure D.7c). There is a
correlation centered at 2.51 A corresponding to Ge-Ge bonding, and a broad peak at 3.43
A from Ba-Ge correlations with a broad shoulder at ~3.96 A, which is close to the next
nearest neighbor Ge distance in BagGess. Comparing the PDF for pristine, crystalline

BasGess with that of the amorphous BagGess after delithiation (Figure D.7d) shows
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similarities in peak positions of the observed features, implying very similar local
structures. This suggests that although the clathrate structure undergoes an amorphous
phase transformation after addition of lithium, the local structure of the subsequent
amorphous phase after lithium is removed resembles that seen in the original crystalline
structure. In other words, despite the crystalline-to-amorphous transition, the local

structural features of the clathrate are retained after one cycle.

The Al-substituted clathrate, BagAl16Gezo, was also subjected to PDF analysis
after full lithiation to an amount of 1.9 Li per (Al + Ge) atom. The voltage profile and
corresponding dQ/dE plot are presented in Figure D.8 along with the PDF refinement
(Table D.8) of the pristine BagAl1sGezo and PDF after reaction with 1.9 Li to a total
composition of Li1.oBao17Alo35Geoes. Consistent with our previous work!®?, the Al
substituted clathrate reacted at a lower voltage of 0.06 V vs Li/Li* compared to 0.2 V of
BasGeas but with less capacity than BagGess. The PDF plot at the most lithiated
composition (Figure D.8c) showed a significant amount of crystalline fraction present,
which was fit well to the pristine BasAl16Geso structure meaning that the original
clathrate phase was not fully reacted. Similar to the Li1 75Bag.10Ge refinement (Figure
D.6c¢), the difference pattern of the refinement for Liy.9Bao.17Alo.35Geo.65 revealed an
amorphous phase with correlations at 2.64 A, 3.45 A, and 4.57 A, suggesting the
formation of a similar amorphous phase as that seen in the lithiation of BagGess. This
suggests that the lithiation of BasAlisGeso proceeds in a similar manner to BasGeus;
however, the presence of Al in the amorphous phase results in a lower reaction voltage

and capacity compared to BasGeas.
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4.1.3.2. In situ heating PDF studies

As described in the previous section, visual comparison of the PDFs for BagGess
and o-Ge after lithiation show similarities in peak positions at low-r values (2 —5 A),
suggesting similar local structures for the Li and Ge atoms. However, the assignment of
the broad peaks from 6 — 10 A in the lithiated clathrate samples is less obvious and could
originate from Ge-Ge, Ba-Ge, and Li-Ge correlations. To identify the origin of these
correlations, variable temperature PDF measurements were conducted to evaluate the
lithiated BagGess structures upon moderate heating and their relationship to the original
amorphous structure. Figure 4.1.4a-b shows PDFs of BagGess lithiated to compositions
of Liz7sBao.190Ge and Lis7sBao.19Ge acquired during in situ heating from room
temperature to 450 and 420 K, respectively. The corresponding false colormaps are
shown underneath in Figure 4.1.4c-d, where the light blue and dark blue shading
indicates regions of higher and lower intensities, respectively. For Liz.7sBao.19Ge (Figure
4.1.4a,c), there is little change in the PDF pattern until reaching a temperature of 410 K,
where the broad peaks from 6 — 10 A begin to sharpen and noticeable long-range
correlations begin to appear out to 30 A, indicating that crystallization is occurring. After
heating to 450 K, the peaks sharpen further, suggesting a higher degree of ordering. In the
case of Liz7sBao.10Ge (Figure 4.1.4b,d), crystallization occurred at a lower temperature
of 350 K, as seen by the appearance of correlations at r > 10 A. As in Li7sBao19Ge, the

broad peaks originally around 2 — 10 A begin to sharpen as the crystallization occurred.
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Figure 4.1.4 (a) In situ PDF measurements of heating the lithiated BasGess
(Li2.7sBan.19Ge) from 300 to 450 K. (b) In situ PDF measurements of heating the fully
lithiated BagGess (Liz.7sBao.19Ge) from 300 to 420 K. PDF scans were taken for 10 minute
intervals with the temperature held at every 10 K; patterns are y-offset for clarity. (c) and

(d) show corresponding false colormaps for Liz 7sBao.10Ge and Lis 7sBao.19Ge; a linear
interpolation was used between measured data points.

To better illustrate the structural features, the PDFs of the lithiated clathrate
samples before and after heating are shown in Figure 4.1.5, along with the PDF of the a-
Ge sample lithiated to the same composition for comparison. Visual inspection shows
that the PDFs contain similar features, indicating that the heat-induced crystallization
process produced a structure in the lithiated clathrate that was similar to that found in the
Li-Ge phases that evolved from lithiation of a-Ge at room temperature. This is supported
by comparison of structure functions of the same sets of samples, wherein Bragg peaks in
comparable positions are present, suggesting similarities in the crystalline phases in each

sample (Figure D.9).
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Figure 4.1.5 (a) Comparison of PDFs of Li2.7sBao.10Ge: unheated (blue), heated to 450 K
(pink), and lithiated, unheated a-Ge (light blue). (b) Comparison of PDFs of

Liz 75Bao.19Ge: unheated (blue), heated to 420 K (pink), and lithiated, unheated a-Ge
(light blue). Enlarged regions of 2 < r < 10 A are shown below. Patterns are y-offset for
clarity.

For the Li275Bao.10Ge PDFs (Figure 4.1.5a), three correlations are present from 2
—5 A while two sets are present in the Li>7sGe PDF. The correlation centered at 3.44 A is
present only in the Ba-containing samples and is assigned to Ba-Ge correlations. The
correlation at 4.66 A remains a single peak after heating, while two peaks at slightly
lower and higher r-values are present in Li2.7sGe. The origin of the doublet can be
attributed to the different 2" sphere Ge-Ge separations in the “dumbbell” phases (Figure
D.10a). The fact that the PDF for Li27sBao.19Ge has a single peak instead of a doublet
could suggest the presence of more isolated Ge atoms (i.e. as in LizGez, Figure D.5d) or
more disorder in the orientation between dumbbells. A similar phenomenon was observed
in the in situ PDFs obtained during lithiation of Ge nanoparticles, wherein a single broad
peak around 4.5 — 4.6 A was observed as opposed to the split peak seen in the PDF of

dumbbell phases.?*® The broad correlations from 6 — 10 A in the amorphous sample
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become sharper and more intense after the heat treatment, suggesting that these
interatomic interactions become more ordered upon annealing. Refinement of the pattern
obtained after heating to the structure of Li;Ge2 from resulted in a fit with Rw =55%,
which was improved to Rw = 28.6% by restricting the fit range to 6 — 30 A to exclude the
Ba-Ge correlation at 3.44 A (Figure D.11ab, Table D.9). The fairly good fit at higher r-
values suggests that the long-range order in Liz7sBao.190Ge phase after heating to 450 K is
similar to that found in LizGe,, implying the presence of dumbbells and isolated Ge
atoms. The largest discrepancy in the pattern was at low-r values (2 — 6 A), suggesting
the presence of an amorphous phase probably related to the Ba present in the sample. The
correlations around 6 — 10 A are fit well by the Li-Ge; refinement, meaning that the
broad peaks in the lithiated sample prior to heating are related to the correlations in the
crystalline phase formed after heating. In the LiGe> PDF pattern, the correlations from 6
— 10 A represent next nearest neighbor Ge-Ge correlations (either between single atoms
or dumbbells), as illustrated in Figure D.10b. Since major correlations die out past 10 A
in the unheated Li2 7sBao.10Ge sample, it can be presumed that a similar, albeit disordered,

structuring of Ge atoms is present in the amorphous sample.

In the PDFs of the fully lithiated samples shown in Figure 4.1.5b, the correlations
from 2 — 5 A in the clathrate-derived samples have three main correlations, while there
are only two in the Liz 75Ge sample (Figure 4.1.5b) due to the absence of Ba-Ge bonding.
The broad correlations from 6 — 15 A in Lis7sBao19Ge become sharper after heating, an
indication of an increased ordering and suggesting that the amorphous and crystalline
structures are related. On the other hand, in situ PDF measurements during heating from

310 — 420 K for the fully lithiated a-Ge sample (composed predominately of LiisGea)
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was also conducted; however, the pattern showed little change, indicating temperature

stability over this range (Figure D.12).

Refinement of the PDF from Liz 7sBao.190Ge after heating to 420 K showed that the
high-r features of the PDF could be reasonably captured by the LiisGes phase (Figure
D.11c,Table D.9), suggesting the long-range order present is from LiisGes correlations.
All PDFs have a peak around 4.72 A, which is attributed to the combination of non-
bonded Ge-Ge correlations (centered at 4.68 A) and Li-Ge correlations (shoulder at ~5 A)
found in the crystalline LiisGes phase (see calculated PDF in Figure D.10c). The
significant discrepancy in the difference curve of the refinement for the heated sample
(Figure D.11c), suggests the presence of another phase. Due to the decrease in intensity
of the Ba-Ge peak at 3.44 A after heating, the other phase is likely a Ba-containing
amorphous phase. Similar to the Li275Bao.10Ge sample, the fact that the features from 6 —
10 A in the PDF of the heated Li275Bao.19Ge sample can be connected to correlations
from the LiisGes crystalline phase suggests that the original features in the unheated
sample can be assigned to similar structural features as those found in the crystalline

phase.

4.1.3.3. Thermal Stability and Crystalline Phase Evolution During Heating

To probe the thermal stability and phase evolution of the amorphous phases
formed during electrochemical lithiation of the BasGeas clathrate, in situ XRD heating
experiments were conducted. A heating ramp from 300 to 480 K was performed in 20 K

intervals with a 6 min hold at each temperature and scans taken every 2 min. While
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heating the amorphous Liz75Bao.10Ge sample (Figure 4.1.6a), no changes to the pattern
were seen until reaching 380 K, at which point reflections corresponding to LiisGes
started to appear, consistent with the PDF in situ heating results. There were few
additional changes to the XRD pattern with continued heating up to 480 K. Rietveld
refinement analysis showed that the reflections after heating fit well to the Li;sGes
structure model (Figure D.13) and showed a linear increase in lattice parameter from
10.8119(1) at 360 K to 10.8350(5) at 480 K. In contrast, when performing a similar heat
treatment for the Lis 7sGe derived from a-Ge, the XRD pattern transformed from LiisGes

into a series of different reflections between 420 — 440 K (Figure 4.1.6b).
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Figure 4.1.6 Synchrotron XRD results obtained during in situ heating (a,b) XRD patterns
(top) and false colormap (bottom) obtained during heating ramp to 480 K for (a) fully
lithiated BagGess (Liz7sBao.10Ge) and (b) fully lithiated a-Ge (Liz.75Ge); (c) XRD pattern
(top) and false colormap (bottom) of Lis7sBao.10Ge during extended heating at 480 K.

To further probe the kinetics of the phase transformations in Liz 75Bao.19Ge, the
sample was held at 480 K and XRD scans were collected every 2 min. As shown in

Figure 4.1.6c, many small reflections and a major reflection at 20 = 3.9° started to appear
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with further heating as the LiisGes reflections decreased in intensity. Figure 4.1.7
compares the XRD patterns for Liz75Ge and Lis7sBao.19Ge after heating at 480 K for 6
min and 396 min (6.6 h), respectively, with identification of the reflections from
crystalline phases from the literature. For the Lis7sBag.10Ge sample, the LiisGes
transformed to numerous crystalline Li-Ge phases and a Li-Ba-Ge phase with extended
heating at 480 K. The phases identified include: LiGe, LizGey, LizGes, LisGes, LiisGea,
and Ba;LiGes. A plot with the reference patterns of the identified compounds is presented
in Figure D.14. The main reflection for Ba;LiGez (at 260 = 3.9°) appeared after around 2
hours and continued to grow during the 6.6 hour hold time, while the reflections from
LiisGes transformed completely into the Li-Ge phases after 4 hours. In contrast to the Ba-
containing sample, the Lis7sGe sample needed less heating to transform to a similar set of
Li-Ge phases. From comparison to the reference patterns, the Lis 7sGe sample (which
showed LiisGes reflections at room temperature) appeared to transform into LiGe,
Li;Gey, LizGes, and LigGes after the one hour heating ramp from 300 to 480 K. Notably,
no reflections from BayLiGes were present, consistent with the presumed composition of
the sample. The similar reaction products observed in both heating experiments suggest
that LiisGes decomposition underwent a similar pathway in both Liz 75Bap.10Ge and

Liz 75Ge samples; however the time needed to achieve the decomposition of LiisGes was
longer for the sample derived from lithiation of the BasGess clathrate, suggesting a

difference in the reaction kinetics.
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Figure 4.1.7 Synchrotron XRD patterns of Liz 75Bao.10Ge after heating at 480 K for 6.6
hours and Lis.7sGe after heating ramp to 480 K.

The thermal decomposition of LiisGes is unexpected as it is a thermodynamically
stable phase and melts congruently at 750 °C.%%° Our results show that Li1sGes
decomposed into Li-Ge dumbbell phases at 150 °C, implying that the Li content
decreased to the extent that LiisGes was not the preferred phase. Previously, heating
studies on electrochemically synthesized LiisSis, which is metastable, showed that LiisSis
decomposed to LizSiz and Li13Sis instead of LiizSis and Li13Sis as expected based on the

phase diagram.?'® The authors hypothesized that reactions between Li and the solid
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electrolyte interphase (SEI) at the electrode/electrolyte interphase or with the electrode
binder could reduce the overall Li available in the system to react with Si. This is
supported by a study showing that LiisSis synthesized via ball-milling (i.e., no SEI

present) decomposed into the expected products,?*

suggesting that the residual
electrolyte and SEI play an important role in the thermal stability of the material. In this
work, the in situ heating experiments were conducted in sealed capillaries made of
borosilicate, which could also react with Li. However, conducting the same heat
treatment using a Ta boat under argon resulted in similar XRD patterns (Figure D.15),
suggesting that this was not a factor. We conclude that the thermal decomposition of
LiisGes at 150 °C is likely related to reactions with SEI, binder or residual electrolyte
causing a decrease in the net Li content and leading to the formation of Li-Ge dumbbell
phases. Interestingly, the decomposition of LiisGes in the clathrate-derived, Ba-
containing phase takes place over a longer period of time than the decomposition of

LiisGes derived from lithiation of a-Ge, implying that the presence of Ba slows these Li-

Ge phase transformations.

Considering the final state of the system after the heat treatment, the presence
and crystallization of BazLiGes from the Lis 7sBao.10Ge sample indicates that the initial
system was far from equilibrium. There are few reported crystalline phases in the Li-Ba-
Ge system; thus, when the Ba is evenly dispersed between Li and Ge atoms in the
amorphous phase, the kinetic barrier to form the set of crystalline phases with the lowest
energy is high as this requires a large degree of Ba migration. In addition, the Ba;LiGes
phase features hexagonal Ge rings (Figure D.5f) that would require Ge-Ge bond

formation, which is expected to have a higher energy barrier than solely Li
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rearrangements.?® Only after 2-3 hours of heating at 480 K does the Ba and Ge have
enough time to coalesce to form Ba;LiGes, the presumed Ba-containing equilibrium

phase at this composition.

Based on the results from the PDF, XRD, and in situ heating experiments, the
lithiation of BagGess appears to be heavily influenced by the presence of Ba in the
reaction intermediates. In contrast to the crystalline phase transformations for a-Ge, the
clathrate proceeds through lithiation by formation of amorphous intermediates with local
structures similar to those in Li-Ge crystalline phases. The PDF heating experiments
demonstrate that the amorphous phases that form initially after lithiation have structural
relationships to the Li-Ge crystalline phases, evidenced by the ease in which they
undergo crystallization at low temperatures. In situ XRD heating experiments for the
Lis7sBao.19Ge and Lis 7sGe samples show that the LiisGes phase that is formed either
electrochemically, or by heating the amorphous Ba-containing phase, is unstable at 480 K

and decomposes to other Li-Ge phases.

4.1.4. Discussion

4.1.4.1. Lithiation Mechanism of BagGess

Overall, the lithiation of BagGeas is influenced by the presence of Ba in the
reaction intermediates and results in an amorphous lithiation pathway. From the PDF
analysis and in situ heating experiments, we determine that the amorphous reaction
intermediates of BagGess share a local structure like that of the Li-Ge crystalline phases.

Therefore, we propose that the Ba atoms act as “pillars” to prevent the bulk nucleation
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and growth of Li-Ge crystalline phases during lithiation by physically separating smaller

“pockets” of Li-Ge atoms with local structure similar to that in the Li-Ge phases.

Figure 4.1.8 illustrates the proposed lithiation pathway for the BasGeas clathrate.
Initially, the pristine clathrate has Ba atoms distributed evenly throughout the Ge cage
matrix (Figure 4.1.8a). As Li enters the system, a two-phase reaction begins with
nucleation of an amorphous phase, which is presumed to have similar composition and
structure as those seen in the crystalline Li-Ge dumbbell phases. However, the long-range
parallel alignment of the Ge-Ge dumbbells (see e.g., Figure D.5a-c) is prevented due to
the presence of the Ba atoms. Therefore, the amorphous phase is proposed to consist of
Ge-Ge dumbbells surrounded by Li atoms and in between Ba atoms. This is depicted in
Figure 4.1.8b, which shows a two-phase interface between an amorphous phase (with
randomly oriented Ge-Ge dumbbells) and the pristine BagGess. As more Li enters the
system, the pristine clathrate continues to be consumed and is eventually completely
converted to a Li-Ba-Ge amorphous phase. The exact composition is not known but our
results suggest that the conversion is complete by the time the total composition reaches
Li27sBao.10Ge. As seen in the PDF plot of Liz.7sBao.19Ge (Figure 4.1.3a), the local order
extends to ~10 A, suggesting that the regions of Li-Ge order (indicated by the circled
region in Figure 4.1.7c) are on this length scale. Considering that Li2.7sBao.10Ge sample
crystallized into a structure resembling LizGe2 during the in situ heating measurement
(Figure 4.1.4a), we expect that both dumbbells and isolated Ge atoms are present at this

point in the lithiation.
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Figure 4.1.8 Proposed electrochemical lithiation mechanism of BagGess. (a) In the
pristine BagGess, Ba atoms are spread periodically throughout a framework of Ge atoms.
(b) Once lithiation proceeds, an amorphous phase nucleates and begins to grow at the
expense of the unlithiated crystalline BasGeas. (c) After about 2.75 Li per Ge are inserted,
complete conversion of the BagGeass has occurred, resulting in an amorphous phase
composed of pockets of Li-Ge local order between Ba atoms. (d) At full lithiation, the
amorphous phase is composed of pockets of Li-Ge with Ge single atoms surrounded by
Li.

With the incorporation of more Li atoms, Ge-Ge dumbbells are broken up in favor
of isolated Ge atoms surrounded by L.i, as depicted in Figure 4.1.8d for the composition
Lis7sBao10Ge. At this composition, the local structuring extends further to ~15 A based
on the PDF analysis. This increase suggests the growth of the Li-Ge pocket of local
order, which is consistent with the expected volume expansion as more Li enters the
system. At this stage, the local structure is similar to that in the LiisGes phase, which is
supported by the crystallization of the amorphous phase to LiisGes at 350 K. We note that
more detailed modeling of the amorphous phases presented here would require the
reverse Monte Carlo method and/or density functional theory calculations and will be

reserved for future work.
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We conclude that the lithiation pathway for BagGeas follows an amorphous,
metastable phase evolution because of the kinetic differences between the host atoms and
the electroactive Li atoms. This is similar to the lithiation of a-Si, which goes through an
amorphous pathway instead of crystallizing to the equilibrium Li-Si phases.'":1%
Because the Si atoms have low mobility at room temperature, phases that rely on Li
movement are kinetically favorable.®>'” Ge has higher mobility at room temperature

148 which accounts for why Li-Ge crystalline phases are kinetically

compared to Si,
favored to form in some circumstances. In the case of BasGess, the mobility of Ba is
limited at room temperature, which kinetically traps the Ba in the amorphous phase and
prevents the formation of a more thermodynamically favorable (i.e., crystalline) phase
under these compositions. This conclusion is supported by the in situ XRD heating
experiments showing the formation of Ba,LiGes after heating at 480 K for multiple
hours. On the basis that the Ba;LiGes phase is more Ba dense than the Li-Ba-Ge
amorphous phase formed after lithiation, a significant amount of Ba migration is needed
for BaxLiGes to form. Thus, the presence of the Ba between the Li-Ge pockets kinetically

frustrates the phase landscape at room temperature, resulting in the formation of

amorphous phases.

The fact that BagGess undergoes this amorphous lithiation pathway has several
effects on its electrochemical profile when compared to that of a-Ge. Most notably, the
voltage of the two-phase reaction for the clathrate is 0.1 V lower than that of the lithiation
of a-Ge (Figure 4.1.2). It is well known that amorphous phases will have higher energies
than crystalline phases at the same composition.'4>232233 Because of the dependence of

the chemical potential on the energy of the system,! the phase with a higher energy will
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have a lower voltage. Considering that the local environment around Li in the Li-Ba-Ge
amorphous phase is similar to that in the Li-Ge crystalline phases, it is expected that the
energy will be higher for the amorphous phase, which is consistent with the lower
reaction voltage seen for BagGess. The presence of Ba in the amorphous phase is
expected to further increase the energy of the system due to the donation of electrons
from the Ba to Ge and thus increasing the electron-density on Ge. Ab inito calculations

would be needed to understand the contributions of these two separate effects.

In addition to the lower voltage, the lithiation of BagGess is characterized by a
single voltage plateau in contrast to the two plateaus for a-Ge. Voltage plateaus originate
from the presence of two phases with discreet Li compositions. However, due to the
amorphous nature of the intermediates formed upon lithiation of BagGeas, the crystalline
Li-Ge phases typically seen during lithiation of a-Ge are no longer kinetically accessible,
leading to a wider range of possible structures with variable Li content for the clathrate
case. After complete conversion of BagGess to a Li-Ba-Ge amorphous phase via a two-
phase reaction, the Li content in the amorphous phase is allowed to vary continuously as
evidenced by the sloped voltage profile, which is indicative of a solid solution
mechanism. We liken the lithiation mechanism of BagGeass to be more similar to that in a-
Si, which first displays a voltage plateau corresponding to a two-phase transformation
between the diamond structure and a highly lithiated amorphous phase; after the full
conversion of a-Si, it can be reversibly cycled between amorphous Si and amorphous Li-
Si phases®!. However, in the case of BagGeas, bulk LiisGes is not formed at the end of
lithiation due to the presence of the Ba atoms impeding the long-range order of the Li-Ge

pockets.
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The voltage profile and corresponding PDF of Lis75Bao.19Ge after delithiation
both suggest that the material remains amorphous after the lithium is removed (Figure
D.7). The voltage profile from delithiation of Li;sGes derived from micron sized a-Ge is
characterized by two plateaus attributed to discreet phase transformations between
LiisGes and LizGes at 0.41 V and LizGes to amorphous Ge at 0.62 V.?? In contrast, the
delithiation of Lis75Bao.19Ge shows a single broad peak at 0.3 V in the dQ/dE plot with a
sloped profile, implying solid solution behavior rather than discrete phase
transformations. The PDF of the fully delithiated BagGess has similar peak positions to
the PDF of the pristine clathrate phase (Figure D.7d) suggesting that after the removal of
Li, a cage-like structure is preserved in this amorphous phase. Future PDF measurements
will be needed to further investigate the delithiation mechanism and how the structure

evolves with further lithiation cycles.
4.1.4.2. Implication for Li-ion Battery Anodes

Our results indicate several clear differences in fundamental electrochemical and
structural properties for the BagGess clathrate compared to a-Ge which could have
advantages in the context of potential use-scenarios as anodes in lithium-ion batteries. It
is important to note that the crystalline clathrate phase would serve as a precursor to an
amorphous phase, which would remain amorphous in subsequent cycles (similar to the
lithiation/delithiation of diamond Si). The first potential advantage is that lithiation of
BasgGeass proceeds through amorphous solid solutions as opposed to crystalline phase
transformations, and bulk crystallization of the thermodynamically stable LiisGes phase

is inhibited due to the presence of Ba atoms. Generally, avoiding transformations
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between crystalline phases can be beneficial for cycling stability by decreasing the
tendency for particle damage due to localized stresses, large volume changes, and/or
crystallography-related anisotropy in the lithiation strain!432117234235 Fytyre studies will
be needed to understand the stress evolution and cycling stability of the amorphous Ba-

Ge that forms after the first cycle.

Another benefit of the amorphous lithiation pathway is the decreased reaction
voltage of ~ 0.1 V for lithiation and delithiation of BagGess compared to that for a-Ge.
This voltage decrease could lead to increases to the energy density of a full cell. BagGess
and a-Ge both react with a similar amounts of Li per Ge atom (Figure 4.1.2), suggesting
that the presence of the Ba in the clathrate does not significantly hinder the
electrochemical storage. The heavy Ba atoms will lower the gravimetric capacity (1025
mANh/g at Liz 75Bao.19Ge) compared to a-Ge (1386 mAh/g at Liz 75Ge); however we do not
expect the volumetric capacity to be significantly different, suggesting that a 0.1 V
decrease in reaction potential and a solid solution mechanism could be potentially
attractive. In addition, we speculate that the presence of Ba could improve electronic
conductivity of the amorphous phase and aid the breaking of Ge-Ge bonds during

lithiation due to the excess electrons donated by the Ba.

Tetrel clathrates represent a wide design space where the materials can form with
different guest atoms, frameworks and framework substitutions. Herein, we demonstrate
how the presence of the Ba atoms prevent the crystallization of Li-Ge phases during
electrochemical lithiation. However, there are many more possible compositions of

clathrates. For example, type | Ge clathrates have been reported to form with Na,?®
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K,237:238 Sy 239 Rp,240 and Cs?*® guest atoms and framework substitutions including Al,*?

Zn, %% Cd,**® Ga,?*® and Cu.?*! The large number of compositional and structural
possibilities suggest that clathrates could act as precursors to atomically mix elements in
a way that result in lithiated amorphous phases with desirable electrochemical properties.
For example, substitution of Al for Ge in BagAlyGess.y (0 <y < 16) was found to result in
a decrease in reaction voltage as the amount of Al increased, with the lowest voltage
observed at a composition of BasAlisGeso.1®? Figure D.8 shows that BagAlsGeso only
required insertion of 1.9 Li to reach full lithiation at 0.06 V vs. Li/Li* (compared to 3.75
Li for BagGess), suggesting possible trade-offs between capacity and voltage for Al
substitution. However, PDF analysis showed that BagAl1sGeso underwent an
amorphization pathway similar to that seen in BagGess (Figure D.8c), confirming that the
voltage profile corresponding to lithiation can be modified (without large changes in local
structure to the resulting amorphous phase) by altering the initial clathrate structure.
Future work will need to be conducted to further understand if electrochemical
amorphization is unique to the Ba clathrates and which structural conditions result in

amorphization.

4.1.5. Conclusions

The lithiation pathway of the type | clathrate BagGess was investigated with
synchrotron PDF and XRD analysis. Based on the PDF results, BasGeass proceeds through
an amorphous phase transition without any detectable crystalline phases forming,
although future in situ electrochemical studies would be needed to confirm this. Analysis
of the PDFs of BagGeus after lithiation show that the local order extends to ~10-15 A with

similar structural features as those in crystalline Li-Ge phases of analogous composition.
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This is supported by in situ heating experiments showing that the amorphous Li-Ba-Ge
phases crystallized into Li-Ge crystalline phases of similar composition. PDF analysis of
BagAl1sGeao after lithiation showed the clathrate transformed to an amorphous phase
similar to the one formed upon lithiation of BagGess, suggesting that the substitution of
Ge with Al on the clathrate framework has little effect on the local structure changes

during the reaction.

We propose that the amorphous pathway seen in these clathrates is caused by the
presence of the Ba atoms which act as “pillars” to prevent the crystallization of the Li-Ge
domains. The Ba atoms have low mobility at room temperature and are unable to reorder
to the more thermodynamically favorable crystalline phases resulting in a metastable
pathway where only significant Li migration is possible. The amorphous reaction
mechanism results in a single-phase reaction with a decreased reaction voltage and the
suppression of crystallization of Li-Ge phases which could have beneficial effects on cell
performance. Characterization of the clathrate electrodes after lithiation and delithiation
shows that despite the crystalline-to-amorphous transition, the local structural features of
the original clathrate structure are retained after cycling. Thus, Tetrel clathrates have
potential use as precursors to atomically mix elements that form an amorphous alloying
phase with desirable electrochemical properties. The wide design space for clathrates
provides opportunities for optimizing alloying anodes by modification of their initial

structure.

222



4.2.Structural and Electrochemical Properties of Type VIII BagGais-5Sn3o+s

Clathrate (6 = 1) during Lithiation

Reproduced with permission from ACS Applied Materials and Interfaces, under revision.

Unpublished work copyright 2021 American Chemical Society.

4.2.1. Introduction

Chapter 4.1 showed the used X-ray pair distribution function (PDF) analysis to
evaluate the local and long range structure of the intermediates that form during room
temperature lithiation of BasGess and BasAlisGeso clathrates, which both adopt the type |
structure but contain vacancies or Al atoms, respectively, on the Ge framework.*’® The
PDF analysis showed that the lithiation of the clathrates proceeded through amorphous
phase transformations, different from those in diamond cubic Ge (a-Ge), which often
progress through crystalline phases.*?° We hypothesized that during the lithiation process,
the Ba atoms act as “pillars” that kinetically prevent long-range ordering of the regions
rich in Li-Ge bonding, which results in suppression of crystalline phase formation. In
these regions, the amorphous Li-Ge phases showed similar local structuring to Li-Ge
crystalline phases of comparable composition, which was supported by the low
temperature amorphous-to-crystalline transformation observed with in situ PDF heating
studies. Despite the destruction of the crystalline clathrate structure after lithiation, the
PDF analysis showed that the cage-like local structure is preserved after delithiation. A
consequence of this amorphous phase transformation is that lithium reacts via a solid-
solution mechanism and at a lower voltage vs. Li/Li* relative to a-Ge, which are both
beneficial properties for Li-ion battery anodes.
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To further understand how the clathrate structure and composition affects its
electrochemical reactivity with Li, herein we investigate the lithiation of the type VIII
clathrate, which has a different but closely related structure than the previously
investigated Ba-Ge clathrates with type I structure (Figure 4.2.1a). Both clathrate
polymorphs can be described with the same general formula, MgTtss (M = guest atom
such as Na, Ba, etc.), but display different crystal chemistry.?*? The type VIII clathrate
structure is described by the 143m space group and is composed of face-sharing distorted
dodecahedra (Tto+3) filled by M-atoms, and smaller empty cubic voids (Figure
4.2.1b).2® This is notably different than the type I structure, which is composed of six
larger tetrakaidecahedra (Ttz4) and two pentagonal dodecahedra (Ttzo) per formula unit.?°
The polyhedra of the type VIII clathrate can be described as a strongly distorted version
of the perfect dodecahedra found in the type I structure.?*? Different from the Ttz
dodecahedra in type | clathrates, which contain only pentagonal faces, the Tt2o+3 distorted
dodecahedra in type VIII clathrates contain both pentagonal and hexagonal faces. In our
previous studies, we identified Li migration through hexagonal faces as being associated
with much lower energy barriers compared to migration through pentagonal faces.”
Therefore, investigating the possibility of topotactic Li insertion through the hexagonal
faces of the distorted dodecahedra in the type VIII clathrate structure is of interest. In
addition, the empty voids of the type VIII structure could provide a unique access point

for Li into the polyhedral network, which has previously not been investigated.

224



Figure 4.2.1 Crystal structures of (a) type I and (b) type VIII clathrates with general
formulas MsTtss. The grey atoms represent the Tt framework atoms and green atoms
represent the M guest atoms. The dodecahedra (Tt2o) and distorted dodecahedra (Tt20+3)
are shaded in blue, the tetrakaidecahedra (Ttz4) in the type I structure are shaded in grey,
and the cubic empty voids in the type VIII structure are shaded in orange.

Herein, we investigate the properties of type VI1II clathrate BagGais-sSnzo+s (6 =
1), where a partial substitution of Sn for Ga atoms occurs on all framework sites. In an
extension of our previous analysis comparing the lithiation properties in type I clathrate
BasGess[ 3 (L1 = vacancy) and BagAl1sGesg with those of a-Ge, herein we report a
comparative study of the lithiation properties of type VIII clathrate with 3-Sn. We find
that the type VI1II clathrate decomposes during the reaction with Li to from a highly
lithiated amorphous phase, and displays electrochemical properties distinct from those
formed during lithiation of the Sn and Ga elemental phases. As a result of the amorphous
phase transformation, the type VIII clathrate exhibits similar capacities (~700 mAh/g),

but a lower reaction voltage (0.25 V vs. Li/Li*) compared to B-Sn (0.45 V). Most notably,
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the solid-state phase transformations to binary Sn(Ga)-L.i crystalline compounds with low
Li content are circumvented in favor of the formation of an amorphous Lix(Ga,Sn) phase
with high Li content (x ~ 2), suggesting that the formation of equilibrium phases is
kinetically frustrated due to the presence of the Ba atoms and mixing of Sn/Ga on the
framework sites. Galvanostatic cycling experiments for the type VIII clathrate and p-Sn
electrodes demonstrate that the amorphous solid-solution mechanism for lithiation into
the clathrate was retained after the first cycle and resulted in better capacity retention
compared to the 3-Sn electrodes. To assess the possibility of Li insertion into the type
V111 clathrate structure prior to amorphization, DFT calculations were performed on
BagGaisSna; and show that the Li positions are relatively high in energy, suggesting that
Li insertion would not be favorable, consistent with the experimental results. The
assembly of Ga and Sn into the clathrate structure with Ba guest atoms results in
significantly different electrochemical behavior compared to that seen in elemental Sn
and Ga, suggesting the possibility for novel alloying amorphous phases originating from

clathrate precursors for anode materials.

4.2.2. Experimental and Computational Methods

The clathrate was prepared in a Sn flux using conditions that favor the type VIII
over type | clathrate structure as described previously?*® and the composition was
confirmed using single crystal X-ray diffraction (XRD). More details can be found in the
Appendix E. Slurries containing the active material (type VI clathrate or commercially

obtained B-Sn powder), carbon black, and binder were prepared and coated onto copper
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foil (see Appendix E). These composite electrodes were then lithiated galvanostatically
in half-cells with lithium metal and then extracted for ex situ measurements. Synchrotron
X-ray pair distribution (PDF) measurements were conducted at Diamond Light Source
(Didcot, United Kingdom) at the 115-1 dedicated PDF beamline with A =0.161669 A.
The atomic PDF, G(r) as defined by Billinge et al.??°, was generated from the total
scattering data using PDFgetx3 within the XPDF suite software package.??*?%2 The first
principles DFT calculations were performed in a similar manner to our previous
work>5152179.244 and are described in more detail in the Appendix E. The Gibbs free
energy change, average lithiation voltages, formation energy were calculated as described
previously.>>!217 The climbing image nudged elastic band (NEB) method was used to
calculate the Li migration barriers.®> More detailed descriptions of the synthesis,
electrochemical, synchrotron measurements, PDF analysis, and DFT calculations are in

the Appendix E.

4.2.3. Results

Single crystal XRD analysis of the products of the flux reaction (see Table E.1-2
for refinement and structural details) confirmed the synthesized materials adopted the
type VIII clathrate crystal structure with a refined composition of BagGai4.9Sns1.1(1); for
simplicity BagGaisSnaz is used as the composition for the subsequent electrochemical
characterization. A close up view of the crystal structure of BagGaisSnaz is shown in

Figure 4.2.2a.

227



&
2

Intensity (1.U.)

Ll

=5 Ba,Ga,.Sn,, B-Sn
[ . 8 3
L‘ —" . |Ih N 1|“I I. |
> b @Ba 10 20 30 40 50 60
©Ga/Sn 2Theta (Degree)
C)
Ba,Ga,Sn,, (97.6%) _ phserved
B-Sn (2.4%) — Calculated
. i A opa in
\L/ AR i T2
O Ut 1] Y\
AVMWM Av_'/\v Ao e mv,.r
5 10 15 20 25 30
r(A)

Figure 4.2.2 (a) Crystal structure of type VIII BagGaisSnas; clathrate derived from the
single crystal refinement (Table E.1-2). The relative fractions of gray/blue spheres
represent the occupancy of Sn/Ga atoms on framework sites and the green spheres
represent the Ba atoms. The distorted dodecahedra are shaded in blue while the empty
void is shaded in orange. (b) Lab powder XRD of crushed single crystals of the clathrate
sample with the simulated diffraction patterns for type VI BagGaisSna; (from single
crystal diffraction, Table E.1-2) and B-Sn. The background from 15° <26 < 25° is from
the Kapton film that was used to protect the sample from oxidation during the
measurement. (c) PDF refinement (Rw=15.1%) of pristine BagGaisSnas using the
structural model derived from the single crystal refinement (Table E.1-2). Phase
fractions are in terms of mol%.

Laboratory powder XRD (PXRD) was performed on the synthesized clathrate
powders obtained after crushing the single crystals. The XRD pattern (Figure 4.2.2b)
confirms that the bulk of the sample comprised type VIII clathrate, but the pattern also
contained some low intensity reflections from -Sn, likely from residual Sn flux that was
not fully removed after the synthesis. Synchrotron PDF analysis was used to quantify the

amount of B-Sn impurity in the clathrate sample. The PDF refinement of the pristine
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clathrate (Figure 4.2.2c and Table E.3) showed that the PDF fit the structural model
derived from single crystal structural refinements presented herein (Table E.1-2) with a

small fraction of B-Sn (2.4 mol %).

To investigate the structures of the lithiated type VIII clathrate and 3-Sn,
electrodes were electrochemically lithiated to similar amounts of Li per Sn/Ga and then
subjected to total scattering experiments to obtain structure factor and PDF plots.
Scanning electron microscopy (SEM) imaging of the electrodes prior to lithiation (Figure
E.1) showed that the type VIII clathrate was composed of irregularly shaped particles 2 —
20 um in size with small spherical -Sn impurities, while the 3-Sn electrode prepared for

comparison was composed of 1 — 5 um spherical particles.

The voltage profiles and corresponding dQ/dE plots of the first lithiation of 3-Sn
and BagGaisSns; are presented in Figure 4.2.3 with blue, orange, and green points
representing the compositions at which samples were collected for total scattering
measurements. The voltages and capacities of the cells at these points in the lithiation
process are presented in Table E.4. Note that the number of Li added to each electrode is

normalized to the amount of Sn or (Ga + Sn) atoms in each starting compound.
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Figure 4.2.3 Voltage profile and corresponding dQ/dE plot of the lithiation of
BagGaisSna; (black) and B-Sn (red) at 12.5 mA/g and 25 mA/g, respectively with a
voltage cutoff of 10 mV vs. Li/Li*. The blue, orange, and green circles represent the
points which cells were disassembled for ex situ total scattering measurements. The # of
Li is normalized to the amount of non-alkali/alkaline earth metal atoms.

The room temperature voltage profile of B-Sn is characterized by three voltage
plateaus and then a sloped curve until reaching the cutoff voltage of 10 mV vs. Li/Li".
The plateaus at 0.64 V and 0.57 V vs. Li/Li* (represented as peaks in the dQ/dE plot)
have been assigned to the formation of Li2Sns>*® and LiSn?*®, respectively,!97:214.247-250
The plateau at 0.45 V has been previously assigned to an amorphous transition on the
basis of in situ XRD analysis,?*"?*® while an in operando NMR study of the lithiation of
Sn nanoparticles recently assigned this plateau to the conversion of LiSn to LizSnz and

then Lii3Sns.2** After the plateau at 0.45 V, the voltage profile is more sloped and reaches
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a final composition of 3.4 Li per Sn, which contains less Li than the theoretical maximum
based on the most Li-rich compound (previously Liz2Sns, but later identified as
Li17Sn4?®1) from the Li-Sn phase diagram, but is similar to previous experimental
reports.t®”2%0 It has been proposed that disordered Li17Sns forms in this sloped voltage

region®°223 py X-ray diffraction analysis, as well as LizSn, via NMR measurements.?*

The lithiation of the type VIII clathrate is characterized by a voltage plateau
starting at 0.25 V (seen as a peak in the dQ/dE plot) and then a sloping profile. We assign
the process occurring at 0.25 V to the lithiation of the type VIII clathrate phase. The
sample reacts with around 3.2 Li per (Ga + Sn) atom, which suggests that the clathrate is
being converted into a phase containing high Li content. We note that this composition is
an overestimate due to the presence of 3-Sn as impurity (which is identified by the small
peaks from 0.40 — 0.64 V in the dQ/dE plot that match those in the B-Sn electrode).
Additionally, there is likely formation of a solid electrolyte interphase (SEI) due to
electrolyte reduction in the first lithiation; both of these processes are expected to

consume lithium.

Structure function patterns, S(Q), derived from the total scattering patterns for the
B-Sn and BagGaisSna; electrodes before and after lithiation are presented in Figure 4a
and 4c, respectively. The structure function plots allow for the observation of Bragg
peaks at low scattering angles and to tentatively identify the major crystalline phases
present in the sample by comparison with calculated reference patterns. To aid
comparison, the plots for the lithiated electrodes are labelled at the compositions

indicated by the points in Figure 4.2.3, i.e. LixSn (x = 1.5, 2.0, 2.5, 3.4) for the lithiated

231



B-Sn compositions and LixBag.17Gao.33Snos7 (X = 1.5, 2.0, 3.2) for the lithiated clathrate
compositions (Li amounts are normalized to the amount of non-alkali/alkaline earth metal
atoms). Figure 4b,d show the structure factor patterns with the calculated reference
patterns of the identified phases. For the $-Snh electrodes (Figure 4.2.4a), reflections
corresponding to B-Sn disappear and a series of other reflections appear as the Li
composition increases during lithiation. At a composition of Li1sSn reflections
corresponding to LiSn (P2/m)?*® are present, as seen by the comparison of the calculated
reference pattern with the structure function (Figure 4.2.4b). In the Li2oSn pattern, the
reflections corresponding to LiSn (P2/m)?*¢ decrease in favor of another set of reflections
that are assigned to LizSns (P21/m),?* which suggests that a two-phase reaction is
occurring in this part of the lithiation process. Crystal structures of LiSn and LizSns are
shown in Figure 4.2.4ef and demonstrate how the Sn square units in LiSn are broken up
to form Sn trimers in the LizSnz phase. At a composition of Li>sSn, the sample appears to
be mainly composed of LizSnz based on the comparison to the calculated pattern (Figure
4.2.4b). For the electrode with composition Liz4Sn, the pattern is similar to the one for
Li>5Sn, suggesting that LizSnz is still present, but with slight changes to some of the
intensities of the reflections. Overall, the structure factor patterns confirm that the

lithiation of B-Sn proceeds through highly crystalline phase transformations.
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Figure 4.2.4 (a) Structure function plots for pristine B-Sn and lithiated B-Sn electrodes.
(b) Comparison of structure function plots for B-Sn, Li1sSn, and Li2sSn with calculated
reference patterns for f-Sn, LiSn, and LizSna. (c) Structure function plots for pristine
BasGaisSnas1 and lithiated clathrate electrodes. (d) Comparison of structure function plots
for pristine clathrate and Li1sBao.17Gao.33Sno.67 with reference pattern for BagGaisSnsy
(from single crystal refinement, see Table E.1-2). Crystal structures of intermediate

phases identified in the lithiation of B-Sn, () LiSn (from ref.24) and (f) LizSns (from
ref.2%4),

For the structure function patterns of the type VI clathrate (Figure 4.2.4c), the
pristine (unlithiated) sample shows reflections matching the calculated pattern for the
type VIl BagGaisSna: structure obtained from the single crystal refinement (Figure
4.2.4d), consistent with the lab PXRD results. Lithiation to a composition of

Li1sBao17Gao.33Snos7 resulted in a decrease in the intensity of reflections corresponding
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to BagGaisSns: and the emergence of several broad peaks. No other significant reflections
are present, suggesting that that the broad peaks originate from an amorphous phase. At a
composition of Liz.oBao.17Gao33Sno.67, the pattern only displays the broad reflections
associated with the amorphous phase and there are no significant reflections past 5 A,
suggesting that the type VIII clathrate has been fully converted into the amorphous phase.
Low intensity reflections (Figure 4.2.4c, marked as red stars) are observed that match
reflections in the calculated pattern for LizSns; the presence of these reflection is
attributed to the lithiation of the B-Sn impurity phase to form Li7Sns. For
Liz2Bao.17Gao.33Sno0 67, the structure function pattern is similar to the pattern for
Li>.0Bao.17Gao.33Sno 67 but with slightly shifted intensities for the broad peaks. Analysis of
the structure function patterns of the intermediates formed during reaction of Li with
BagGaisSna1 suggests that lithiation proceeds through the conversion of the clathrate

phase to an amorphous phase.

By taking a Fourier transform of the reduced structure functions, the total
scattering data can be analyzed in real space and allows for the observation of local
structural changes through the pair distribution function (PDF).??° The PDF plot provides
a weighted histogram of all atom-atom distances within a material and has been used to
great effect to understand electrochemical alloying reactions,3>120:178.213.215216 Thg
calculated PDF patterns for BagGaisSns: and Li-Sn crystalline phases discussed herein

are presented in Figure E.2 and Figure E.3, respectively.

Ex situ PDF plots for the lithiated 3-Sn and the type VIII clathrate electrodes are

presented in Figure 4.2.5ab. The PDF refinement for the pristine f-Sn sample fit the
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structural model well, suggesting phase-pure starting material (Figure E.4). The PDFs of
the B-Sn after lithiation were refined (Figure E.5, parameters in Table E.5) from 2 — 15
A to LiSn, LizSns, and Li7Sn, based on the expected reaction products from the structure
function plots (Figure 4.2.4ab) and from previously reported assignments.®” The PDF
for the electrode lithiated to a composition of Li1sSn was fit to LiSn and Li7Sns, the
expected products at this composition, and resulted in a relatively good fit (Rw = 15.9%)
with phase fractions of 73.5 mol% LiSn and 26.5 mol% Li;Snz (Figure E.5a). For the
Li>.oSn sample, the PDF was fit to 82.8 mol% LizSnz and 18.2 mol% LiSn with a Ry of
11.5% (Figure E.5b). The Li>sSn pattern was fit well by considering LizSns as the sole
phase (Rw = 13.9%, Figure E.5c), while the Liz4Sn PDF was fit well to a mixture of 52.6
mol% Li-Snz and 47.4 mol% Li7Snz (Rw = 19.9%, Figure E.5d). Interestingly, when the
fit range was increased to 30 A, the fit was worse for PDFs containing LizSns (see Figure
E.5e), with the high-r correlations from 20 — 30 A not captured well by the LizSnz model.
Other studies showed that LizSnz synthesized via ball-milling and annealing showed a
good fit of the PDF to the LizSns structure from 2 — 30 A?%3, suggesting that the deviation
from the Li7Sns structural model observed in our results (Figure E.5e) might be related
to the electrochemical formation of LizSns at room temperature. Overall, the PDF
analysis shows that the lithiation of B-Sn proceeds through crystalline phase
transformations in which the Sn clusters in LiSn (Figure 4.2.4e) are transformed into
smaller units until Sn dumbbells/trimers and single Sn atoms surrounded by Li atoms (as
seen in LizSnz and Li7Sny, see Figure 4.2.4f and Figure E.5f, respectively) are the

dominant features present at the end of lithiation.
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Figure 4.2.5 (a) Ex situ X-ray PDFs for pristine $-Sn, Li1sSn, Li2.oSn, Li2sSh and
Liz4Sn. (b) Ex situ X-ray PDFs for pristine BagGai1sSna1, Li1sBao.17Gao.33Sno.e7,
Li2.0Bao.17Gao.33Sno.67, and Lis 2Bao.17Gao 33SN0.67.

In the case of the clathrate samples, since the intensity of X-ray PDF correlations
is dependent on the atomic number of the elements, the Sn atomic correlations are
expected to contribute the most to the observed PDF patterns. The higher contribution of
the Sn—Sn and Sn—Ga correlations to the total PDF pattern for BagGaisSns; can be readily
seen in the calculated pattern in Figure E.2. Inspection of this PDF shows that the first,
second, and third correlations in the total PDF pattern correspond to direct Sn/Ga—Sn/Ga
bonding, Ba—Sn/Ga distances, and next-nearest neighbor Sn/Ga distances, respectively.
The PDF results for the lithiation of the type VIII BagGaisSna: (Figure 4.2.5b) show that
lithiation of the clathrate results in PDFs with decreased intensities and significant shifts
in the correlations, which is indicative of phase transformations. Refinement of the PDF
from Li1sBao.17Gao33Sno.s7 showed that correlations corresponding to the pristine type
VIII clathrate are still present, but the refinement could not capture all of the correlations
at high-r values (10 — 30 A) (Figure E.6a). Adding Li-Sns to the refinement as a second

phase results in a better fit with 30.6 mol% clathrate and 69.4 mol % Li;Snsz (Figure
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E.6b, Table E.6). We attribute the presence of LizSns to originate from the lithiation of
the B-Sn impurity in the clathrate sample. LizSns was chosen as a second phase for the
refinement because it is the expected product from the lithiation of 3-Sn at the voltage of
this particular electrode (0.17 V); furthermore, the Bragg peaks in the structure factor
pattern of this sample showed reflections from both the clathrate and LizSnz structures
(Figure 4.2.4c). After fitting the PDF pattern to the clathrate and LizSns phases, three
peaks appear in the difference plot at r values of 2.88, 3.60, and 4.70 A (Figure E.6b).
We attribute the origins of these correlations to the lithiated amorphous phase that forms
when lithium reacts with the clathrate. This result is similar to our previous PDF analysis
of type | clathrate BagGess after lithiation, where a similar treatment of the refinement
revealed an amorphous phase with three peaks at low-r values in the difference plot.1’
Based on the similar result and absence of other Bragg peaks appearing in the structure
factor pattern (Figure 4.2.4c), we attribute the peaks in the difference plot to an
amorphous Li-Ba-Ga-Sn phase that coexists with the pristine (unlithiated) clathrate phase

at this stage of the lithiation process.

Further lithiation of the type VIII clathrate to a composition of
Li>.0Bao.17Gao.33Sno67 resulted in further decreases in the intensity of the high-r
correlations (10 < r < 30 A), suggesting the complete conversion of the crystalline
BagGaisSnasi by this point, consistent with the structure factor plots (Figure 4.2.4c). At
low-r values (2 < r <5 A), three main correlations are present at 2.83, 3.60, and 4.83 A.
These correlations are at similar distances to those attributed to the amorphous phase in
the PDF for Li1sBao.17Gao33Sno.s7 (Figure E.6b), suggesting that the amorphous phase

continues to grow at the expense of the pristine clathrate phase. The low intensity of
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correlations past 15 A indicates the absence of long-range order in the sample, consistent
with the broad peaks in the structure factor pattern (Figure 4.2.4c). Further lithiation to
Liz2Bag.17Gao.33Sno.67 shows a similar PDF pattern as the one for LizoBao.17Gao.33Sno 67,
but the first correlation at 2.84 A has a lower intensity relative to the correlation at 4.89
A, an indication that Sn/Ga-Sn/Ga bonds are being broken to form more Sn/Ga single
atoms. Furthermore, the presence of low intensity correlations from 15 — 30 A in both
PDF patterns suggests the presence of small amount of crystalline phase; we attribute this
to possible Li-Sn crystalline phases formed from the reaction of the 3-Sn impurity present

in the clathrate starting material as described previously.

From these results, it appears that the Li-Sn crystalline phases that form upon
lithiation of the B-Sn impurity contribute substantially to the PDF of the lithiated clathrate
electrode, especially at high r values. To better elucidate the local structure of the
amorphous phases formed upon lithiation of the clathrate, the contribution of the residual
crystalline Li-Sn compounds was removed by subtracting the appropriate experimental
LixSn PDF from the PDFs of the lithiated clathrates. The results of this process are shown
in Figure 4.2.6a. For the PDF of Li2.0Bao.17Gao.33Sno.67, the subtraction was performed
using the PDF taken from the Li>sSn electrode because both cells were lithiated to a
similar voltage (Table E.4). The experimental PDF was scaled to fit over the high-r
correlations and then subtracted from the clathrate PDF. The correlations from the
experimental Li2sSn PDF, which was refined to 100% Li-Snz (Figure E.5c), matched the
high-r correlations of the type VIII clathrate well, as seen by the low intensity in the
difference curve from 15 < r < 30 A (Figure 4.2.6a). A similar process was conducted for

the PDF of Liz2Bag17Gao.33Sno.67 but using subtraction of the PDF from Lis.4Sn. Attempts
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were made to refine the experimental patterns of Li2.oBao.17Gao33Sn0.67 and
Liz2Bao.17Gao.33Sno67 to the structure of LizSnz (Figure E.6cd). The results showed a
similar difference plot from 2 — 10 A as the ones shown in Figure 4.2.6a, but the high-r
(20 — 30 A) correlations were not fit as well, consistent with the poor fit to LizSns
observed in the refinement of the Li>sSn PDF from 20 — 30 A (Figure E.5e). The
contributions from the impurity Li-Sn crystalline phases were dominant in the PDF above
6 A and by subtracting them from the clathrate PDFs, it gives a clearer picture of the
features originating from the lithiated amorphous phase formed upon reaction of lithium

with the clathrate.
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Figure 4.2.6 (a) Subtracting the Li-Sn impurity crystalline phase from the amorphous
clathrate PDF. (b) Comparison between the lithiated PDFs of B-Sn and the type VIII
clathrate. From the refinements, Li2sSn was determined to contain LizSns, while Liz4Sn
contained a mixture of LizSnz and Li7Sn..

In Figure 4.2.6b, the PDF patterns for the f-Sn and type VIII clathrate samples
after lithiation are compared. The lowest r-values are at 2.94 and 2.77 A, respectively. In
many binary Li-Sn compounds, the first correlation is a combination of direct Sn—Sn

bonding and Li—Sn correlations (Figure E.3). The Sn—Sn bond length in LizSnz and
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LizSnz is 3.00 A and 2.95 A, respectively, which matches the correlation at 2.94 A and is
slightly shorter than the Sn—Sn bond length in -Sn of 3.11 A. In comparison, the first
correlation seen in the lithiated clathrate with composition of Lis2Bao.17Gag.33Snos7 (2.77
A) is much shorter than the first correlation distances in $-Sn, LizSns, and LizSnz while
slightly larger than the Sn—Ga bond length in the pristine type VIII clathrate structure
(2.642-2.764 A).*"* This suggests that the Ga atoms are participating in bonding with Sn
in the amorphous lithiated phase and thus results in a lower average bond length when
compared to pure Sn—Sn bonding. The next correlation occurs at 3.60 A for the clathrate
derived lithiated phases, which is similar to the Ba—Ga/Sn distances in the pristine
clathrate phase (3.632-3.852 A).1"* The absence of this peak in the PDFs of the Li-Sn
reference compounds (Figure E.3) as well as the lithiated $-Sn samples confirms that it
is associated with Ba—Ga/Sn correlations. This Ba correlation is also notably similar to
the Ba—Ge distance (3.44 A) we observed previously in the PDFs of amorphous Li-Ba-Ge
phases formed after lithiation of type | Ba-Ge clathrates.!”® The correlations at 4.68 and
5.51 A in the Li2sSn PDF are associated with two different next-nearest neighbor Sn—Sn
correlations in the LizSns phase (Figure E.3b). In the clathrate sample, a single
correlation is centered at 4.98 A. The splitting of this peak into two correlations is a
consequence of the parallel alignment of two different next-nearest neighbor distances of
Sn-Sn units (Sn trimers in the case of LizSns, see Figure 4.2.4f and Figure E.7), while it
becomes a single peak as the amount of isolated Sn atoms increases (as in LizSny, see
Figure E.3c and Figure E.5f). The peak at 4.98 A for the clathrate sample is expected to
correspond to a similar type of next nearest neighbor correlation; however, the peak is not
split which could be due to disorder between Sn/Ga—Sn/Ga units in the amorphous phase
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or the presence of more isolated single atoms. We note that this single peak at 4.98 A is a

178 and in

feature similar to one observed in the PDFs of amorphous lithiated BasGess
lithiated nanoparticles of amorphous Ge and has been attributed to the absence of parallel
alignment of adjacent dumbells.?*® Another notable feature in the PDFs for both B-Sn and
the clathrate materials is the decrease in intensity of the first correlation (2.7 — 2.9 A)
relative to the correlations from 4.7 — 5.2 A as the Li content increases. This behavior is
indicative of a breaking of direct Sn/Ga bonds resulting in more isolated Sn/Ga atoms
surrounded by Li, which manifests as a single peak around 5 A. This is seen in the PDF
of Liz4Sn (Figure 4.2.5a) where instead of completely two split peaks (as seen in LizsSn
at 4.68 and 5.51 A), these correlations are starting to merge, which is an indication that
the Sn trimers are being broken up in favor of single Sn atoms. Since a similar trend is

observed for the clathrate sample, we suspect that Sn/Ga—Sn/Ga bonds are being broken

in an analogous manner albeit via a more disordered arrangement.

Finally, after the subtraction of the Li-Sn contribution to the PDF pattern, broad
peaks at around 6 — 12 A are present in the PDFs of the lithiated clathrate electrodes at
similar positions to the correlations in the PDFs of the Li-Sn compounds, suggesting the
presence of analogous but disordered structures in the amorphous phases. We made a
similar observation when comparing the PDFs of crystalline Li-Ge binary compounds
with those of amorphous phases formed after lithiation of BagGeass in our previous
work.1"® There we found from PDFs taken during in situ heating at 420 — 450 K that the
amorphous lithiated BasGess phases crystallized into binary Li-Ge phases. With in situ
PDF, we demonstrated that the broad correlations from 6 — 10 A in the amorphous

sample were disordered analogues of similar correlations in the crystalline Li-Ge phases.
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We performed in situ PDF heating experiments from 300 — 420 K (Figure E.8) of the
amorphous Lis2Bao.17Gao.33Sno .67, but no significant crystallization events were observed
over this temperature range, possibly due to the need for a higher temperature or the
complication of Ga being present. Overall, the PDF results show that the local structure
of the amorphous Li-Ba-Ga-Sn phase have similarities to those in the crystalline Li-Sn
phases. The main difference of the structures is the lack of long-range order and the
presence of the Ba—Ga/Sn peak at 3.60 A, suggesting that the Ba atoms are intermixed

between regions of Li-Ga/Sn.

Next, the effect of different lithiation mechanisms on cycling performance for f3-
Sn and the type VIII clathrate are compared. Figure 4.2.7 shows the voltage profiles,
capacity, and Coulombic efficiency (CE) for the two materials for 10 cycles. For f-Sn,
the cycling performance is quite poor with a first cycle CE of 55% and low capacity
retention, with loss of almost all of the initial capacity by the third cycle. In contrast, the
type VIl BagGaisSna: clathrate shows much better cycling and CE over the 10 cycles.
For the clathrate electrode, the capacity begins at 670 mAh/g and decreases to 75 mAh/g
after the 30" cycle while the CE begins at 75% and then stabilized greater than 95% for
the remaining cycles (Figure E.9). While detailed investigation of electrolyte reduction
processes on the type VIII clathrate surface is out of scope for this work, low CE and
insufficiently passivating solid electrolyte interphases (SEI) have been observed before in
type I silicon clathrate electrodes!?®& and may also be the case for the Sn clathrate. We
expect, however, that optimization of the electrolyte and electrode construction will allow
these materials to have better cycling performance to be competitive with other alloying

anode materials.
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Figure 4.2.7 (a) Capacity and (b) Coulombic efficiency vs. cycle number for 3-Sn and
type VIII BagGaisSns: clathrate electrodes in half-cells cycled at 12.5 mAh/g with a

voltage range of 0.01 — 2.5 V vs. Li/Li*. Voltage profiles for (c) B-Sn and (d) type VIl
BagGaisSna; clathrate.

The voltage profile for the first cycle of B-Sn (Figure 4.2.7¢) shows the

characteristic plateaus described by crystalline phase transformations during lithiation as

described before. However, during the first delithiation, the voltage profile shows a more

sloped profile as well as a lower capacity, resulting in a low CE. Based on the low

capacity in subsequent cycles, we presume that the capacity fade originates from

electronic disconnection of the $-Sn particles from the current collector due to volume

contraction of LixSn during the first delithiation. Previously, an in operando NMR study

showed that the capacity fade of Sn nanoparticles originated from the disconnection of
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LizSnz during delithiation;?'* we expect this effect to be exacerbated in our case due to
the use of larger sized Sn particles. In contrast, the type VIII clathrate shows a more
reversible voltage profile with much better cycling stability, despite the larger particle
size (Figure E.1). The voltage profile of the first delithiation shows a gradually sloped
profile from 0.01 — 0.60 V vs. Li/Li* with a much higher CE of 75%. In the second cycle,
the lithiation curve shows a sloped profile ranging from 0.45 — 0.01 V vs. Li/Li* cutoff
that mirrors the delithiation profile. In subsequent cycles, the electrode appears to be
following the same reaction path due to the similar shape of the voltage profiles,
suggesting that after the amorphization of the clathrate in the first cycle, the resulting
amorphous phase cycles reversibly. There is still notable capacity fade during
electrochemical cycling of the clathrate electrode, which could be due to volume

expansion or unstable SEI formation.

Since both electrodes were prepared similarly, the difference in cycling behavior
is attributed to differences in the properties of the -Sn and clathrate active materials. We
attribute the better electrochemical performance of the clathrate phase to the amorphous
structural transformation. After the BagGaisSna: is converted into an amorphous lithiated
phase in the first cycle, subsequent delithiation and lithiation cycles go through solely
amorphous solid-solutions, which are known to reduce the stress®>17:23 experienced by

the electrode during lithiation and delithiation, resulting in higher cycling stabilities.

The aforementioned electrochemical and structural analysis showed that the
lithiation process of the type VIII clathrate could be described as a conversion/alloying

reaction to an amorphous phase. To assess the possibility of Li insertion into the type
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V111 BagGaisSnay structure prior to electrochemical amorphization, we performed DFT
calculations to evaluate the Li site energies and migration barriers between possible Li
positions. The type VIII structure is comprised of hexagonal-face containing polyhedra,
which are potentially favorable structural features for Li insertion based on our previous
calculations and experiments,>>1°2179244 a5 well as empty voids, which could potentially
serve as access points for Li to enter the larger polyhedra. To evaluate the energetic
favorability of Li insertion, the Gibbs free energy of reaction (AGy) was calculated for
several Li positions where a negative AG represents a favorable reaction relative to the
unlithiated BagGaisSns1 and Li metal. The pristine clathrate was calculated using the
experimental type VIII BagGaisSna1 unit cell; the Ga substitutions on Sn sites were
determined by the occupancy fraction derived from the single crystal refinement while
minimizing Ga—Ga bonds. The resulting structure has a lattice parameter of 11.838 A
(experimental = 11.588 A) and a formation energy of —0.179 eV//atom. The hypothetical
type V111 BagSnss structure was also computed and resulted in a much higher formation
energy of —0.051 eV/atom, demonstrating how the framework substitution of Ga
stabilizes the structure. Then, single Li atoms were placed in the BagGaisSna; lattice and
relaxed to find the local minimum positions for LiBagGaisSna1. Four Li positions were
determined as local minima based on this procedure and are shown in the pristine
structure in Figure 4.2.8ab which displays a cubic void (shaded orange) connected to the

distorted dodecahedra (shaded light blue).

Li position 1 represents Li in the center of the void which forms in between the
distorted dodecahedra (as shown more clearly in Figure 4.2.1b and Figure 4.2.2a). The

Gibbs free energy of reaction (AGy) of this position is shown in Figure 4.2.8c as Li
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position “1” with a value of 0.62 eV, suggesting that this position does not result in a
favorable reaction. Observation of the Li distances between the unrelaxed (Li—Sn/Ga =
2.22 A) and relaxed structures (Li-Sn/Ga = 2.54 A) suggests that the high energy
originates from the expansion of the void to maintain acceptable Li—Sn/Ga distances,
resulting in significant disturbance of the surrounding Sn/Ge framework. Due to the
positive AG; of this position, we conclude that the voids in the type VIII structure are too

small to be occupied by Li.
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Figure 4.2.8 (a,b) Schematics of an empty void (orange) connected to a distorted
dodecahedra (blue) in the calculated type VI BagGaisSna: structure with investigated Li
positions viewed in two perpendicular directions and labelled 1-4. (c) Gibbs free energy
of reaction (AGy) for the reaction BagGaisSna1 + Li — Li BagGaisSnas; for each different
Li position. The corresponding potential (V vs. Li/Li*) is shown on the right axis. (d)
NEB-calculated minimum energy paths for migration of Li (cyan) between positions 4
and 3 in the distorted dodecahedra.
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In our previous studies, we identified hexagonal faces as important features for Li
to coordinate to or migrate through.'®?* In particular, for the guest-free, type 1 Sn
clathrate (Snss), the center of the hexagonal face was determined as a favorable Li
position. Due to large size of the hexagon comprised of Sn atoms,*”® appropriate Li—Sn
distances (2.7-2.8 A) can be maintained. Therefore, we chose to investigate the Li
positions in the center of the Sn/Ga hexagonal faces in the distorted dodecahedra in the
type VIII structure. The energies of the hexagonal face positions are represented by
positions 2 and 3; the two positions are distinct because of the different positioning of the
adjacent Ga atoms in the hexagonal face (i.e., Position 2 has two Ga atoms on opposite
sides of the hexagonal face, while Position 3 has two Ga bonded together next to the
void). The AG: for Li in these positions are +0.06 and —0.087 eV, respectively,
suggesting that the local positions of the Ga atoms in the hexagon affect the Li site
energy. These energies are lower than if Li was placed in the void (Position 1), but higher
than Li insertion into the Snss hexagon (-0.30 eV).17® After relaxation, there is a slight
rearrangement of the hexagonal face and the Ba atom in the adjacent cage is perturbed
from its original position, suggesting that these disturbances might be the origin of the
higher relative energy. Position 4 is also close to a hexagonal face, but this hexagonal
face is distorted because part of it forms the empty void. Similar to Position 3, this
position has a Gibbs free energy of reaction (AGy) of —0.093 eV, suggesting that the

hexagonal-like faces have similar energies for Li insertion.

Next, climbing image nudged elastic band (NEB) calculations were used to
estimate the Li migration barrier between adjacent Li positions within the distorted

dodecahedra. The NEB energy reaction path between position 4 and 3 is presented in
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Figure 4.2.8d with the inset showing the beginning and ending Li positions in the cage.
The pathway for the migration involves Li moving along the side of the cage while the
Ba atom in the cage moves slightly to maintain its distance from the migrating Li atom.
This pathway results in a barrier of 0.48 eV which is reasonable for room temperature
diffusion, suggesting that Li migration could be feasible within the structure between the

two hexagonal faces of the distorted dodecahedra.

The DFT results suggest that Li insertion is energetically feasible as it predicts Li
insertion positions with negative Gibbs free energy (positive voltage vs. Li/Li*) with a
reasonable migration barrier (0.48 eV) for bulk diffusion. However, whether this process
is seen experimentally depends on competing reactions that can occur in a similar voltage
range. Since the potential for the alloying reaction of BagGaisSnz; to form the Li-rich
amorphous phase is at 0.25 V vs. Li/Li* (Figure 4.2.3), we do not expect Li insertion into
the clathrate lattice to occur since this is a higher voltage reaction compared to the
insertion reactions (e.g., Li insertion into Position 3 or 4 at ~0.10 V vs. Li/Li* per Figure
4.2.8c) as the Li content increases. We attribute the relatively high Li site energies in the
BagGaisSna; structure to the presence of the Ba guest atoms since our previous
calculations showed that guest-free Sn clathrate (Snss) has a favorable Li site energy of —
0.30 eV. To accommaodate the Li atom, the Ba atoms move from their favorable positions
in the center of the dodecahedral cages, which incurs an energetic cost to the system and
results in a higher energy Li position compared to if the Ba was not present. If guest-free
type VIII structures could be obtained, they would be particularly interesting for insertion

electrodes due to large amount of hexagonal faces in the polyhedra. Unfortunately, there
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have been few reports of Tetrel clathrates forming with the type VIII structure, all which

have full guest atom occupancy.?>* 2

4.2.4. Discussion

4.2.4.1. Comparison of the lithiation mechanisms of BagGess and BagGaisSnaz

The structural transformation of the type VIII clathrate BagGaisSnz1 during
lithiation is very similar to those observed in our study on type | Ge clathrates®’®. To
illustrate this, the voltage profiles, dQ/dE plots, and PDFs of the fully lithiated structures
of BagGaisSna;1 and BagGess are presented in Figure 4.2.9. Both clathrate voltage profiles
show a plateau (seen as a large peak in the dQ/dE plot) followed by a sloped region until
the end of lithiation. This shape of voltage profile suggests that upon lithiation, the
clathrate phase undergoes a two-phase reaction to form a lithiated amorphous phase,
which is further lithiated via a solid-solution mechanism. The PDFs of the fully lithiated
amorphous phases derived from BagGess and BagGaisSnz1 show similar peak shapes and
positions up to 15 A, with the peaks for Lis2Bao17Gao.33Sno.7 shifted to slightly higher r-

values due to the longer bond lengths of Ga and Sn atoms.
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Figure 4.2.9 (a) Voltage plot for BagGess and BagGaisSns: and corresponding dQ/dE
plots. (b) Comparison of the PDFs of the most lithiated phases of the BagGeass clathrate
and the BagGaisSna; clathrate. The compositions are normalized to the amount of non-
alkali/alkaline earth metal atoms. The data for BagGeas are reproduced from ref.18,

The close similarity of the structures and reaction mechanisms for BagGesz and
BagGaisSna; during lithiation reveals several important characteristics for the lithiation of
Ba-filled clathrates. First, the composition and local structure of the clathrate seems to be
more important for the Li alloying reaction rather than the initial crystal structure. While
the BagGeass clathrate is described by the type | and BagGaisSnas; by the type VIII
structure, the spacing of Ba atoms and the local structures are relatively similar. This is
illustrated in Figure 4.2.10, which shows a schematic of the local structure around Ba

atoms that is common to both clathrate structure types with select Ba-Ba distances
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labeled (Figure 4.2.10a), as well as a unit cell of the Ba sublattice in the type VIII
(Figure 4.2.10b) and type | (Figure 4.2.10c) clathrate structure. The common local
feature of the Ba sublattice comprises two face-sharing tetrahedra which then combine in
face-sharing and corner-sharing arrangements in the type VIII structure, and in face-
sharing arrangements for the type | structure. Both Ba sublattices have similar Ba-Ba
distances of around 6 A, but the distances in BagGess show a wider spread as a result of
the different Ba sites in the type I structure (corresponding to the centers of the Gezo and
Ge24 cages). When the clathrate structure is eventually converted to an amorphous phase
via electrochemical lithiation, the similar local structuring of Ba within the framework
structure has a larger effect on the structures of the resulting amorphous phases compared
to the small differences in the arrangement of framework/guest atoms in the original
clathrate structure.

a) Type VI b) Type VIII
6.060 A 6.175 A | ’

A

6511A7

Figure 4.2.10 (a) Schematic of the common local Ba feature in the type VIII BagGaisSna:
and type | BagGess clathrate Ba sublattices. Ba sublattice of the (b) type VI BagGaisSna;
clathrate and (c) type | BagGess clathrate.

Another important consideration is that despite differences in composition, both

clathrates react through a similar mechanism, as supported by the similar shaped voltage
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curves and PDFs after lithiation (Figure 4.2.9). The PDF of the framework-substituted,
type | clathrate BasAlisGeso also displayed similar features to the one for BasGess'® and
BagGaisSna; after lithiation. The shared reaction mechanism between the Ba-filled
clathrates with different compositions is interesting as elemental Ge,*?° Sn,*%" Al,*3" and
Ga®® all have distinctly different lithiation pathways at room temperature and involve
crystallization to Li binary phases. Furthermore, alloys of Sn, such as SnSh?>%2%° and
GasSn,?! show electrochemical features during lithiation that can be traced back to the
lithiation of the constituent elemental phases, suggesting that significant demixing and
crystallization occurs during the lithiation process despite the alloyed state of the starting
material. We attribute the distinct electrochemical properties of the clathrates to the
unique structure where Ba guest atoms and framework atoms form an atomically mixed
amorphous phase after lithiation, which kinetically prevents demixing of the constituent

elements.

The origin of this amorphous pathway in the lithiation of type VIII clathrate can
be attributed to kinetic limitations of the lithiation of the host structure. The Ba atoms are
presumed to act as “pillars” which serve to break up long-range order and prevent the
bulk crystallization of Li-Sn/Ga phases. This is similar to what we observed in the
BagGess system,*’® but the lack of known binary Ba-Sn clathrate phases (i.€., BagSnss)
precludes a direct comparison to BagGess. In contrast, f-Sn undergoes phase
transformations at low Li content to form crystalline phases (e.g., Li2Sns, LiSn) that
follow the binary phase diagram. Comparison of the crystal structures of f-Sn, Li>Sns,
and LiSn (Figure E.10) show a common square Sn unit that is progressively broken up as

the Li content increases. It has been suggested that this common feature in the Li-Sn
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crystalline phases enables kinetically facile phase transformations with good
reversibility.?*"-2* In the case of the clathrate, the original crystal structure is unrelated to
Li-Sn or Li-Ga binary phases, which means that a significant amount of rearrangement
and demixing of Ba/Sn/Ga would be required to form crystalline binary phases, a process
that is highly unlikely at room temperature. As a result of these kinetic limitations, the

phases that form are amorphous with the mobile Li ions driving the structural changes.

The amorphous lithiation pathway of BagGaisSna1 has significant effects on the
voltage profile relative to that in f-Sn. Most notably, the voltage of reaction with lithium
is lower for the clathrate (0.25 V vs. Li/Li") than for B-Sn (0.45 V), which is consistent
with the formation of a higher energy amorphous phase. In addition, the presence of Ba
and Ga substitution in the clathrate is expected to further increase the Gibbs free energy
of the lithiated phase (i.e., lower the voltage) as seen in our previous study on the
BasAlyGessy (0 <y < 16) clathrates, which demonstrated that increasing Al substitution
decreased the reaction potential compared to BasGess > We speculate that Ga
substitution could have a similar effect on the reaction potential. We also note that the
clathrate reacts with a lower amount of Li compared to -Sn (3.2 Li for the clathrate, 3.4
Li for B-Sn), which was also a notable effect when increasing the degree of Al

substitution in BagAlyGess-y.

After the initial conversion of the clathrate to an amorphous phase in the first
cycle, the delithiation profile is sloped, showing no distinct plateaus corresponding to
phase transformations. This sloped behavior suggests that delithiation of the

LixBao.17Gao.33Sno.67 phase goes through a solid-solution mechanism where the Li content
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varies continuously during the reaction. After one lithiation and delithiation cycle, the
originally crystalline clathrate is suspected to now be amorphous, similar to the what
occurs for diamond cubic Si.®?'’ Based on the PDF analysis of BasGeas after full
lithiation and delithiation, the local structure was similar to that of the original pristine
crystalline clathrate but did not exhibit long-range order. Based on the similar reaction
mechanisms of the Ba clathrates, we expect the delithiated LixBao.17Gao.33Sho.67 phase to
have a similarly structured amorphous phase. During cycling, the shape of the voltage
profile does not change significantly, suggesting that the amorphous phase formed in the
first cycle is able to be reversibly cycled. However, future PDF characterization after

cycling or in situ measurements will be needed to confirm this.
4.2.4.2. Design Strategies for Li-ion battery applications

On the basis that BagGess, BagAl1sGeso, and BagGaisSnaz all undergo amorphous
phase transformations upon reaction with Li, we presume that this amorphous reaction
mechanism might be a general feature of the Li-alloying of clathrates with guest atoms.
An exception to this trend is the type | clathrate BagAli6Sizo, which we found to display
electrochemical reactions dominated by surface reactions rather than bulk alloying
reactions.>®1% Notably, the presence of guest atoms is important as clathrates with type I
structures that can be synthesized without guest atoms (i.e. vacant cages) can go through
topotactic insertion reactions without transforming to amorphous phases at low degrees of
lithiation. This has been observed in Siiz6*%%*4and also likely occurs in Geiss,>? but
amorphous phase transformations are observed if the type Il clathrates are prepared with

guest atoms®® or overlithiated.!® On the basis of the DFT calculations presented herein
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(Figure 4.2.8) and our previous calculations, we conclude that clathrates with occupied
cages will favor amorphous phase transformations over insertion reactions since the
energies for the Li sites (for insertion processes) and migration barriers increase if the
cages are already occupied.>>21° By assuming a common amorphous reaction
mechanism among clathrates containing guest atoms, we can propose a general strategy
for designing clathrates to serve as alloying anodes which could be helpful in directing
future research. First, it is important to emphasize that the initial crystalline clathrate
structure will be converted into an amorphous phase in the first lithiation process and
later cycles will involve lithiation/delithiation of amorphous phases. This is similar to the
electrochemical reaction of Li with diamond cubic Si, where the diamond structure is not
recovered after Li is removed.3234117 Next, the guest atoms (i.e., Ba) in the clathrate
structure serve as electrochemically inactive but structurally important components, with
the role of kinetically frustrating the formation of crystalline phases. Suppressing the
formation of crystalline phases mitigates large changes in volume, which can lead to
better cycling retention. Then, substitution of elements on Tetrel framework sites (i.e.,
with Ga or Al) allows for tuning of the reaction voltage and lithiation capacity of the

amorphous phase.

In terms of the guest atom selection, the optimal choice is the lightest atom
possible to maintain a high gravimetric specific capacity while still having the benefit of
serving as “pillar” to suppress crystalline phase transformations. In this regard, the
lightest reported guest atom (other than Li) for clathrates is Na.*? However, our previous
studies investigating the properties of Na-filled Si clathrates in batteries suggest that the

Na guest atom does not suppress crystalline phase transformations, as the formation of
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crystalline LiisSis was observed after full lithiation of both type | (NasSiss) and type Il
(Na4Siizs) clathrates.>*?%? The lithiation of Na-filled Ge clathrates (e.g., Naza-
«Ge13618225% NagZnaGes2?*® NagGasGess?®*) has yet to be reported but would be promising
if phase transformations were disrupted. However, we think this is unlikely as Ge
generally shows a higher propensity than Si for to undergo crystalline phase
transformations during lithiation when considering the elemental phases with diamond
cubic structure. The next lightest guest atom for clathrates is K, with many K-filled Si,
Ge, and Sn clathrates reported.?3"26>-267 We believe K-filled clathrates are particularly
promising due to the significantly larger atomic size of K compared to Na, which might
affect the room temperature lithiation pathway significantly while still having a relatively
low atomic weight. We have preliminary data of the K containing Ge clathrate,
KsLixGessx,''° showing that the voltage profile has a single major plateau during
lithiation and then a sloped delithiation curve (Figure E.11ab), similar to BagGess and
BagGaisSnaz, suggesting it might also go through an amorphous phase transformation.
PXRD after full lithiation showed that the pristine clathrate reflections decreased in
intensity without any other phases being detected, further supporting an amorphous phase
transformation (Figure E.11c). Due to the large particle sizes of the KsLixGess-x (Figure
E.11de), we suspect that there could be kinetic limitations during the lithiation which
resulted in incomplete conversion of the clathrate. Further structural characterization with
PDF analysis of the lithiation intermediates of KsLixGessx Will be needed to confirm the
suspected amorphous phase transformation. Tetrel clathrates have also been reported to
form containing Rb, Cs, and Sr guest atoms*-:268-270; however, these guest atoms are

heavier than K and Na and would be less attractive in terms of gravimetric capacity.
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More work examining the effect of the size and valency on the guest atom on the
subsequent lithiation pathways would be warranted for assessing the viability of heavier

guest atoms.

Substitution of framework atoms with other elements is also an interesting design
avenue as it allows for tuning of the reaction capacity/voltage while also being able to
compensate for the extra mass originating from the guest atoms. In the case of
BagGaisSnai, the molar mass (5829.3 g/mol) is lower than that of pure Sn (6409.8 g/mol)
on a per atom basis meaning that the additional mass from Ba atoms is negated by the
incorporation of the Ga. This means that despite the lower amount of Li reacting with
BagGaisSna1 (3.2 Li per Sn/Ga vs. 3.4 Li per Sn for B-Sn), both BagGaisSnsy and 3-Sn
have similar initial capacities (~700 mAh/g). In addition to the modification of the
capacity in terms of weight or amount of reacted Li, our findings suggest that adding
substitutions decreases the reaction voltage (also seen when substituting Al for Ge in
BasAlyGeas y)°217® which would result in a higher overall cell voltage when the clathrate
is coupled with a cathode in a full cell, resulting in a higher energy density. The effect of
substitutions on the capacity, reaction voltage, and amount of Li that can react with the
electrode means there should be an optimal point at which the energy density is
maximized. Considering the K-filled Ge and Sn clathrates, the Al-substituted clathrates
KsAlsGess and KsAlsSnss?™* are particularly promising due to the low weight of Al,
which could nullify the weight increase from K while also potentially decreasing the
reaction voltage with minimal decreases to the amount of L.i that reacts. If these clathrates
go through amorphous lithiation pathways like the Ba clathrates, then they could be

promising alternatives to elemental Ge and Sn anodes for Li-ion batteries.
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4.2.5. Conclusions

In this work, the lithiation pathway of the type VIII BagGaisSna: clathrate is
investigated with electrochemical analysis and total scattering X-ray powder diffraction
measurements. BagGaisSns; and B-Sn (as a comparison) are lithiated to similar amounts
and then subjected to X-ray characterization. The lithiation voltage profile for the type
V111 clathrate shows a single plateau at 0.25 V followed by a sloping profile, while the
voltage profile of B-Sn has three plateaus corresponding to known phase transformations
to Li-Sn crystalline phases. Structure factor patterns at different points in lithiation
confirm that B-Sn goes through highly crystalline phase transformations, while the type
V111 clathrate undergoes an amorphous phase transition. PDF analysis confirms the phase
transformation of the type V111 BagGaisSns: clathrate to a highly lithiated amorphous
phase that lacks long-range order. The PDF analysis also suggests that the amorphous
LixBao.17Gao.33Sno.67 phases share similar local structure to those in crystalline Li-Sn
phases. Galvanostatic cycling experiments showed that the type VIII clathrate resulted in
much better cycling and Coulombic efficiency than 3-Sn, which is attributed to reduced
stresses and deleterious effects of volume expansion/contraction during cycling on
account of the solid-solution lithiation/delithiation mechanism in the clathrate. DFT
calculations to assess the possibility of topotactic Li insertion into the BasGaisSnaz
clathrate suggest that the Li insertion site energy is too high to be competitive with the

amorphous alloying reaction due to the presence of the Ba guest atoms in the cages.

258



Overall, we find that the lithiation of the type VIII BagGaisSns; is very similar to
that observed in the type | BagGess clathrate investigated in our previous work. The
similar reaction mechanism and structure of the amorphous phases is attributed to the
unique clathrate structure in which Ba atoms are distributed through the cage framework
and act as “pillars” to prevent long-range ordering. The resulting amorphous phase has
distinct electrochemical reactions with Li relative to elemental phases and potentially
beneficial electrochemical properties such as a lower reaction voltage and better cycling
stability due to the solid-solution mechanism. Tetrel clathrates represent a wide design
space for tuning the materials properties because of the numerous types of guest atoms,
structures, and compositions. Based on the results presented here, we expect that many
other clathrate compositions could undergo amorphous alloying reactions with novel and

tunable electrochemical properties for Li-ion battery applications.
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4.3.Electrochemical Lithium Alloying Behavior of Guest-free, Type Il Silicon
Clathrates

Reproduced with permission from Journal of Physical Chemistry C, under revision.

Unpublished work copyright 2021 American Chemical Society.

4.3.1. Introduction

Chapter 4.1 and 4.1 demonstrated the cage structure and accompanying defects
result in significantly different electrochemical properties for clathrates compared to the
well-studied amorphous and diamond cubic elemental phases. For instance, we have
shown that the BagGeass, BagAl1sGeso, and BagGaisSna: clathrates undergo solely
amorphous phase transformations upon electrochemical reaction with Li rather in contrast
to the crystalline phase transformations typically observed in the constituent element
phases (i.e., Ge, Al, Ga, Sn).1"®272 Further, the amorphous phases formed after the first
lithiation of the clathrates are retained in subsequent cycles and display promising
electrochemical properties as alloying anodes for Li-ion batteries due to the solid-solution
nature of the lithiation process and lower reaction voltage relative to those in elemental

phases.

Given their open framework structure, we have also investigated the possibility of
topotactic Li insertion into the cages of guest-free clathrates. We recently reported
evidence of reversible Li insertion into nearly guest-free type Il Si clathrate (Nazs-ySiizs, Yy

~ 23).2% Inthe type 1l Si clathrate structure, Si dodecahedra (Sizo) and hexakaidecahedra
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(Sizg) are arranged in face-sharing configurations while guest atoms (i.e. Na) reside at the
centers of each cage.*’ Figure 4.3.1a shows a schematic of a Sizo (grey) and Sizs (blue)
cage connected via a pentagonal face and Figure 4.3.1b shows a polyhedral model of the
clathrate to illustrate the connectivity of the cages. While the Sizo cages consist of only
pentagonal faces, the Sizg cages contain both hexagonal and pentagonal faces. From our
ab initio analysis of the possible Li diffusion pathways in guest-free Siiss, we determined
that the large Sizg cages, which are connected to each other via hexagonal faces, are
predicted to be responsible for bulk Li diffusion through the type Il clathrate structure.
This is because the calculated Li migration barrier through the hexagonal faces (0.2 eV)

was much lower than migration through the pentagonal faces (2.0 eV).%*4

a) b)

a
b*‘t‘c

Figure 4.3.1 (a) Crystal model schematic of the dodecahedra (Sizo, grey) and the
hexakaidecahedra (Si2g, blue) that comprise the type 11 Si clathrate structure with Na
guest atoms in the cage centers. Si atoms are orange and Na atoms are yellow. (b)
Polyhedral model of the type Il clathrate Si1zs.

In our previous investigation of the lithiation properties of type Il Si clathrates, we
observed that topotactic Li insertion into the structure influenced the subsequent Li

alloying behavior that was observed with addition of higher amounts of Li.?** In nearly
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guest-free Si clathrate (Na1Siiss), a voltage plateau at 0.26 —0.30 V vs. Li/Li* was
correlated to Li insertion into the vacant cages, resulting in a composition of Liz2Siizs.
Immediately upon the incorporation of more Li, the lithiated clathrate phase (Liz2Si13s)
then underwent a phase transformation attributed to the formation of an amorphous
lithium silicide phase starting at 0.25 V.%%24 On the other hand, when the Si clathrate
cages were filled with Na guest atoms (i.e., as in Nai11Siizs and Na2sSiizs), N0 voltage
plateaus at either ~0.30 V (from Li insertion) or 0.25 V (from the conversion of
crystalline Lis2Siize to amorphous lithium silicide) were observed. Rather, a single voltage
plateau at 0.12 — 0.15 V was seen,*>?4 which is more similar to the lithiation process
seen in diamond cubic Si (a-Si).3*3** Based on our analysis of the Li diffusion paths in
Siizs, We determined that Na occupation of the Siog cages prevents Li insertion by
blocking the low energy, Li migration pathway through the hexagonal faces. Since the
process at 0.25 V was only observed if preceded by topotactic Li insertion into the
clathrate (i.e., to form Lis2Si13s), we speculate that this Li insertion process kinetically
enables the formation of an amorphous phase with a lower Li content than what is
typically seen in the lithiation of a-Si. To investigate this phenomenon, herein we use
synchrotron X-ray total scattering measurements to obtain structure function and pair
distribution function (PDF) plots to characterize the local and long-range structure of the
amorphous intermediates formed during the electrochemical lithiation of guest-free, type
Il Si clathrate. By comparing the phases formed upon alloying the clathrate with Li to
those seen when reacting diamond cubic Si (a-Si) to similar Li compositions, we aim to
rationalize the structural origins of the potential-dependent phase transformations in the
clathrate at degrees of lithiation that exceed the topotactic insertion process.
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The results show that after Li insertion into the vacant cage of the type Il Si
clathrate, a two-phase reaction occurs between the clathrate and an amorphous lithium
silicide phase that contains a high amount of Si—Si connectivity. In contrast, the PDF
analysis confirms that the two-phase reaction during lithiation of a-Si forms an
amorphous phase with comparatively fewer Si—Si bonds, higher lithium content, and a
local structure more similar to that in Li1sSi4. This structural difference in the amorphous
phases formed during lithiation allows us to rationalize the voltage differences of these
materials (0.25 V vs. Li/Li* for clathrate vs. 0.10 V for a-Si), as phases with lower Li
content are expected to contain more Si—Si bonds, thus resulting in a phase with a higher
voltage. The low energy Li diffusion paths in the type 11 clathrate structure enable Li to
spread throughout the Si matrix in a manner similar to that seen in the lithiation of
amorphous, rather than diamond structured, Si. These results demonstrate how the initial
host structure of Si can be used to modify the subsequent Li alloying pathways by

enabling bulk Li diffusion into the Si matrix.

4.3.2. Experimental Methods

The type Il clathrate was synthesized via the thermal decomposition of NasSis and
prepared into electrodes as described in our previous work.?** The electrodes were
lithiated galvanostatically in half-cells with lithium metal and then extracted for ex situ
measurements. Synchrotron X-ray pair distribution (PDF) measurements were conducted
at Diamond Light Source (Didcot, United Kingdom) at the 115-1 dedicated PDF beamline

with A = 0.161669 A. The atomic PDF, G(r) as defined by Billinge et al.,??° was

263



generated from the total scattering data using PDFgetx3 within the XPDF suite software
package.??1??2 Synchrotron X-ray diffraction measurements were performed at the P02.1
powder diffraction beamline at PETRA I1l1 at the Deutsches Elektronen-Synchrotron
(DESY) with A =0.20733 A. More detailed descriptions of the synthesis, electrochemical

and synchrotron measurements, and PDF analysis are in Appendix F

4.3.3. Results

4.3.3.1. Electrochemical lithiation

To investigate the structural origin of the alloying reaction in the type Il clathrate
electrodes observed beginning at 0.25 V vs. Li/Li*, ex situ synchrotron X-ray total
scattering measurements were conducted after different amounts of Li were
electrochemically inserted, with similar measurements performed on a-Si electrodes for
comparison. The refinement of the as-prepared clathrate showed that the cages were
nearly free of Na guest atoms, with a composition of Nao.31)Si1zs and lattice constant of
14.6484(8) A (Figure F.1, Table F.1). Therefore, from here on the clathrate sample will
be referred to as NaiSiizs. The voltage profiles and corresponding dQ/dE plots for the
first lithiation of Na1Sii3s and a-Si are presented in Figure 4.3.2 with teal, orange, green
and blue dots showing the points at which samples were collected for ex situ total
scattering measurements. The capacity and voltage corresponding to each of the colored

dots for each sample are shown in Table F.2.
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Figure 4.3.2 (a) Voltage profile and corresponding (b) normalized dQ/dE plot of the
lithiation of Na:Sii3s and a-Si at 25 mA/g (~C/120) with a voltage cutoff of 10 mV vs.
Li/Li*. The teal, orange, green and blue dots represent the points at which cells were
disassembled for ex situ measurements.

The voltage profile and dQ/dE plot for lithiation of crystalline a-Si has already
been described in detail in previous work®33* and is characterized by a voltage plateau
and peak in the dQ/dE plot at 0.10 V vs. Li/Li* corresponding to the two-phase,
conversion reaction between o-Si and an amorphous lithium silicide phase denoted as a-
Li,Si, where x ~ 3.5.3 In the case of the Na1Siiss electrode, a small voltage plateau and
peak in the dQ/dE plot at 0.29 V is observed, which is attributed to the topotactic
insertion of Li into the clathrate cages. This process and underlying structural mechanism
was described in detail in our previous work.?** After the topotactic process, a two-phase
reaction is seen at 0.24 V vs. Li/Li*, which is assigned to the conversion of the lithiated
clathrate to an amorphous phase.*® As seen in Figure 4.3.2, this alloying reaction occurs
at a higher voltage for the NaiSiise clathrate than for a-Si. It is also a higher voltage than
that seen in Na-filled clathrates Na24Si13s (type 11) and NagSiss (type 1), which also alloy
with Li to form amorphous phases beginning at around 0.10 — 0.15 V vs. Li/Li*.>262
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However, the alloying potential for NaiSiiss is similar to the voltage seen in the lithiation
of amorphous Si (0.25 — 0.30 V),17:207.273-275 gggesting that they may be undergoing
similar phase transformations (this will be discussed in further detail later). After the
plateau at 0.24 V, the profile for NaiSi13s becomes sloped until reaching the voltage
cutoff at 10 mV. In the dQ/dE plot (Figure 4.3.2b), there are broad peaks centered at 90
and 45 mV. The broad peak at 90 — 100 mV is often seen in the dQ/dE plots of
amorphous Si and is attributed to the breaking up of larger Si clusters in favor of smaller
Si units such as Si-Si dumbbells and single atoms.®>'7 The peak at 45 — 50 mV is then
attributed to the crystallization of the amorphous LixSi phase to crystalline Li;sSig 11727
Despite the identical lithiation capacity of 1000 mAh/g, we observe a large difference in
reaction potential between the a-Si and Si clathrate electrodes (~90 vs. 220 mV), which
implies that the lithium silicide amorphous phases in either case are structurally
distinguishable. Therefore, analysis of structure function and pair distribution function
plots was conducted to identify the structural differences between these two different

amorphous phases.
4.3.3.2. Structure function and pair distribution function (PDF) analysis

The structure function and PDF plots for a-Si and NaiSiizs at the different points
in lithiation process indicated in Figure 4.3.2 are presented in Figure 4.3.3. The structure
function is derived from the total scattering diffraction pattern and allows for the tentative
identification of crystalline and amorphous phases present in the pattern by comparison
with calculated reference patterns. Figure 4.3.3a shows the structure function plots for

the lithiation of a-Si, with the pristine (i.e., unlithiated) material showing reflections that

266



match the calculated reference pattern of a-Si (Figure F.2). At 1000 mAh/g (composition
of Li1.05S1), the reflections from a-Si are lower in intensity and broad peaks appear at
around 1.8 and 2.4 A (marked by blue stars), indicating the growth of a lithiated
amorphous Si phase (i.e., a-LixSi). Further lithiation to 2000 mAh/g (Li2.10Si) shows a
larger decrease in a-Si reflections and a growth in the broad peaks attributed to a-LixSi.
At the 55 mV voltage cutoff (2650 mAh/g, Li2.77Si), the pristine «-Si continues to be
consumed in the reaction and the broad a-LixSi peaks begin to form separate peaks, likely
related to the crystallization of LiisSia. At 10 mV (3201 mAh/g, Lis3sSi), the structure
function matches that for Li1sSis (143d),2%! the phase formed upon full lithiation!?,
indicating that the a-Si was completely consumed and the a-LixSi crystallized into
Li1sSis. This behavior is consistent with previously reported ex situ and in situ XRD
analysis of 0-Si,>*!" where a two phase reaction between a-Si and a-LixSi was correlated
to the plateau at ~0.10 V and the crystallization of LiisSis from a-LixSi to the process at

50 mV.
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Figure 4.3.3 Ex situ structure function and PDF plots of the lithiation of (a,c) a-Si and
(b,d) NaiSi1ss at the points marked in Figure 4.3.2.

For the guest-free, type Il clathrate (Na1Siiss), the structure function plots of the
pristine sample (Figure 4.3.3b) shows a good match with the calculated reference pattern
for the type Il Si clathrate (Figure F.2). At a capacity of 1000 mAh/g (Li1.05Si) and
potential of 0.22 V, the reflections corresponding to the pristine clathrate are greatly
decreased in intensity and broad peaks appear around 1.8 and 2.4 A (marked by the
green diamonds). These peaks, attributed to an amorphous lithium silicde phase (denoted
a-LixSi’ to differentiate from the a-LixSi phase that forms upon lithiation of a-Si), are
broader than those in the seen in a-Si at 1000 mAh/g, which could be related to structural

differences expected from the large observed difference in potential as explained
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previously. At 2000 mAh/g (Li2.10Si), the pristine clathrate has been almost completely
consumed and the peaks associated with a-LixSi’ increase in intensity. At this point in the
lithiation process, the clathrate electrode appears be almostly completely amorphous,
which is in contrast to the large fraction of a-Si still present at 2000 mAh/g for the
lithiation of a-Si (Figure 4.3.3a). At 55 mV (2484 mAh/g, Li260Si), all the pristine
clathrate reflections have disappeared and only broad a-LixSi’ peaks are present. At 10
mV (3118 mAh/g, Lis26Si), the broad peaks split into sepearate reflections that match
with the reference pattern for Li1sSis, confirming that the process observed at 45 mV in
the dQ/dE plot (Figure 4.3.2b) is related to the crystallization of LiisSis. In summary,
these structure function plots confirm the lithiation mechanism of a-Si and demonstrate
that the NaiSiise clathrate structure, while like a-Si also undergoes a crystalline-to-
amorphous conversion reaction, is completely consumed at an earlier stage in the
lithiation process relative to that in a-Si. This results in formation of a different type of
amorphous lithiated intermediate phase than the one formed from a-Si, although both of

these amorphous phases eventually crystallize into LiisSis at sufficiently low potentials.

To elucidate the local structural differences of the amorphous phases, the Fourier
transform of the reduced structure functions were taken to generate the PDF plots.?%°
Generally, the PDF results for the a-Si samples matched those reported in previous
studies.® The PDF of pristine o-Si (Figure 4.3.3c) is well fit by a least-squares
refinement of the a-Si structure, confirming the purity of the pristine material (Figure
F.3a and Table F.3). The first three correlations represent the first three coordination

shells in o-Si, i.e. from direct Si-Si bonds (2.35 A), second nearest neighbor (2.83 A), and

third nearest neighbor (4.50 A) Si-Si distances (identified at 2.35, 3.8, and 4.5 A by Key
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et al.®®). After lithiation, the intensity of these a-Si correlations decreases, while there are
notable changes at low-r values (2 — 5 A) that originate from the amorphous phase (a-
LixSi) that is formed at the expense of a-Si as more Li is incorporated into the electrode.
Three specific correlations distances are indicated with dotted lines in Figure 4.3.3c that
correspond to direct Si-Si bonds (2.35 A, red), Li—Si bonds (2.80 A, blue) and first non-
bonding Si-Si distances (~4.7 A, black). As Li is incorporated into the system, the silicon
lattice is broken up and a decrease in the correlations related to Si—Si bonds is expected,
while the correlations from Li—Si bonds and non-bonding Si-Si correlations are expected
to increase in intensity. The PDF taken from the electrode after lithiation to 1000 mAh/g
looks very similar to that for the pristine a-Si, and these new correlations are very low in
intensity therein. However, the new correlations increase in intensity as more lithium is
added, consistent with the trend seen in the structure function plots (Figure 4.3.3a). For
a-Si lithiated to 10 mV, the PDF pattern was refined to crystalline Li1sSis with a fairly
good fit (Rw = 0.254) and lattice parameter of 10.7126 A (Figure F.3b). The PDF of the
o-Si electrode lithiated to 10 mV displayed residual Si-Si correlations at 2.28 A,
consistent with the findings from Key et al,* which were incorporated into the
refinement using the a-Si structure with a nanoparticle amplitude correction parameter of
4 A. On the basis of the similarity of the peak positions between the new correlations that
emerged in the PDF of the lithiated a-Si samples with the low-r correlations for LiisSia
(as seen in the PDF for the 10 mV sample), we posit that these new correlations have a
similar origin as those in Li1sSis. In the Li1sSis structure,?! the Si atoms are surrounded
by Li atoms with a coordination number of 12 (Figure F.4), so there are no direct Si-Si
bond distances. From inspection of the calculated total and partial PDF patterns for
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Li1sSia (Figure S4a), the correlation at 2.73 A is attributed to the nearest neighbor Li-Si
bonds and the correlation at ~4.7 A to the first nonbonding Si interactions (i.e., next-
nearest neighbor). We note that several other non-nearest neighbor correlations are
present from 4.5 — 5.5 A in the partial PDF for Li-Si and so contribute to the relative
broadness of the correlation seen at 4.75 A in the measured PDF. The PDF results
confirm the reaction mechanism for lithiation of a-Si, whereby a lithiated amorphous
phase forms in a two-phase reaction at the expense of a-Si, with eventual crystallization

to Li1sSis at low potentials near the end of lithiation.

The PDFs for the lithiation of NaiSiise are shown in Figure 4.3.3d. The PDF of
pristine NazSizzs is fit well in the refinement to the type 11 Si structure model (Figure
F.3c). Notably, the first two Si—Si distances are similar in a-Si and NaiSiizs While the
third-nearest neighbor is 5.45 A for the clathrate while it is 4.50 A for a-Si. This longer
distance reflects the open cage structure of the type Il clathrate. At a lithiation capacity of
1000 mAh/g, the PDF for the clathrate shows a significant decrease in intensity compared
to the pristine crystalline material. The low intensity of correlations from 20 < r < 30 A
suggests a decrease in long-range order and that amorphization is occurring in the
sample. As in the a-Si PDFs, correlations at 2.8 A (Li-Si, blue) and 4.5 — 4.7 A (Si-Si,
black) begin to appear that correspond to Li—Si and non-bonded Si-Si correlations while
the correlation related to direct Si-Si bonds (2.35 A, red) decreases. In the PDF for
Na1Siize lithiated to 2000 mAh/g, the original crystalline clathrate appears to have been
almost completely consumed in the reaction, consistent with the structure factor plot
(Figure 4.3.3b). At 55 mV, the structure is highly disordered with broad peaks around

2.3-29Aand 4.6 -4.9 A At 10 mV, correlations at high-r (20 — 30 A) appear,
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evidence of long-range order. As in a-Si, the amorphous phase formed during initial
lithiation of the clathrate crystallizes into LiisSis4 at the end of lithiation, which is
supported by the PDF refinement (Figure F.3d) and observation of LiisSis peaks in the
structure function plot (Figure 4.3.3b). Overall, the PDF plots demonstrate that one of
the major structural differences between the lithiation of a-Si and the type Il Si clathrate
is the Li composition at which host structure is consumed during lithiation. The clathrate
becomes completely amorphous earlier in the lithiation process (by 2000 mAh/g or a
composition of ~Li2.10Si), e.g. upon reaction with less Li. This implies that Li is
spreading throughout the whole Si matrix and surrounding the Si atoms at an earlier point

during lithiation of the clathrate than in a-Si.

To understand how the local structure of the lithiated amorphous phases in the
two different polymorphs differ, the PDFs for the lithiated electrodes were fit in the
following manner. First, the crystalline contributions of the PDFs were fit to the
structures of the pristine, unlithiated starting materials (a-Si and NaiSiizs). On the basis
that the lithiation process takes place via a two-phase alloying reaction, the lithiated
electrodes should consist of the unreacted crystalline starting phases and amorphous, Li-
containing phases; the difference curve of the refinement fit to the crystalline starting
phase should therefore reveal the local structure information of the lithiated amorphous
phase. These refinements are shown in Figure F.5 (parameters in Table F.3-4) while the
difference curves (with crystalline phases removed) are plotted in Figure 4.3.4ab. For the
Na1Si13s electrode lithiated to 10 mV and 55 mV, the actual PDF (rather than a difference
curve), is shown in Figure 4.3.4b due to the absence of crystalline a-Si or Na;Siizs

phases in these samples.
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Figure 4.3.4 Difference curves for PDFs for lithiated (a) a-Si, (b) type 11 Na:Siize
electrodes after fitting to crystalline a-Si or NaiSiizs, respectively. The plots
corresponding to the electrodes lithiated to 10 mV and 55 mV for NaiSiiss are the actual
PDF patterns (not difference curves). (c) Plot comparing the ratio of the intensity of the
direct Si-Si correlations (Ggonded) to the indirect Si-Si correlations (Gnon-bonded) at the
different stages of lithiation. The higher ratio gives a qualitative indication of a higher
amount of Si-Si connectivity within the amorphous phase.

By subtracting away the correlations from crystalline a-Si, the correlations

corresponding to the amorphous phases are more evident in the difference curves. For
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example, the PDF pattern for a-Si after lithiation to 2000 mAh/g still contains a
noticeable amount of 0-Si and the correlation around 4.75 A attributed to the amorphous
phase can be barely discerned (Figure 4.3.3c). However, the features originating from the
amorphous phase are more clearly elucidated in the difference curves (Figure 4.3.4a).
Due to the low scattering of lithium-rich phases to X-rays, some of the PDFs have noise
which manifest as high frequency ripples in the PDF plot. This is most evident in the
difference curve for a-Si at 1000 mAh/g, likely due to the small amount of amorphous
phase present in the sample. Despite the noise, there are noticeable correlations centered
at 2.35, 2.83, and 4.75 A which, as described earlier, are attributed to Si—Si bonds, Li-Si
bonds, and non-bonding Si-Si distances, respectively. The PDFs for the a-Si electrodes at
the higher degrees of lithiation (2000 mAh/g, 55 mV, 10 mV) look similar, suggesting a
shared common local structure. The main difference between the PDFs is the sharpness
of the peaks corresponding to direct Si-Si (2.28 — 2.35 A) and Li-Si (2.73 — 2.80 A)
bonds. The Si-Si and Li-Si correlations are merged in the 2000 mAh/g sample, while the
peaks begin to split as the potential goes from 55 to 10 mV. The broad peaks in the PDF
at 2000 mAh/g are expected as this phase is completely amorphous, which results in a
broadening of the PDF features due to the larger distribution of different Si and Li atomic
environments. The subsequent sharpening of the peaks at lower potentials is consistent
with the crystallization of LiisSis, which results in more defined Li—Si distances. Despite
the changes in capacity and voltage, the local structure of the amorphous lithium silicide
remains the same; this behavior is consistent with the two-phase reaction mechanism
where, as Li enters the system, the lithium silicide phase grows at the expense of the
unlithiated phase and the potential remains invariant.*®
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Another important factor is that the correlation related to direct Si—Si bonding at
around 2.28 — 2.35 A decreases in intensity compared to the correlation at 4.75 A as the
lithiation proceeds. The ratio of these correlations is a qualitative indication of the degree
to which the Si matrix has been broken up by the incorporation of Li atoms. The larger
the intensity of the peak at around 4.75 A (which we call Gnon-bonded) relative to the one at
2.28 — 2.35 A (Ggonded) means that more Si—Si bonds are being broken to form isolated Si
atoms, which is similar to the structure found in crystalline Li1sSis. This ratio of peak
intensities is plotted in Figure 4.3.4c, which shows the ratio of Ggonded/GNon-bonded fOr the
different samples. For a-Si (red curve), this ratio starts at 1.2 and then remains at 0.75
until the end of lithiation and crystallization of Li1sSis. The decrease of Ggonded/Gnon-bonded
as more Li is incorporated indicates that the amorphous lithiated phase that initially forms
has a larger amount of Si clusters with retained Si—Si bonding compared to the
amorphous lithiated phase found at higher degrees of lithiation (i.e., two distinct
amorphous lithium silicide phases with different local structure). This interpretation is
consistent with previous nuclear magnetic resonance (NMR) studies showing two Li
chemical shifts corresponding to Li next to Si clusters and Li surrounding isolated Si
atoms at the beginning of lithiation of a-Si.1®8 As lithiation proceeds, the amount of Si
clusters in the amorphous phase eventually decreases while isolated Si atoms increase,
consistent with the lower amount of Si—Si bonds observed in the PDFs for a-Si with high

Li content (2000 mAh/g, 55 mV, 10 mV).

In contrast, the lithiated amorphous phases formed during lithiation of the
clathrate are found to have an evolving local structure. From the difference curves in

Figure 4.3.4b, the correlation at 2.35 A, related to direct Si-Si bonds, has a much higher
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intensity relative to the correlations from 4 — 5 A (related to next nearest neighbor Si—Si
correlations) found in the PDF of the electrode lithiated to 1000 mAh/g. This indicates
that a large amount of Si—Si connectivity from the original clathrate structure was
retained in the amorphous phase. This is supported by the Ggonded/GNon-bonded ratio in
Figure 4.3.4c showing a much higher ratio of connected Si to unconnected Si compared
to the ratio seen for a-Si lithiated at the same capacity (i.e., 2.5 vs. 1.2 at 1000 mAh/g).
This indicates that the different Si connectivity is one of the distinguishing features of the
amorphous phases formed in a-Si vs. clathrate electrodes at 1000 mAh/g. In addition,
there is a notable peak at 3.83 A in the PDFs of the clathrate samples that is related to the
next-nearest neighbor correlations in a Si tetrahedron or Si pentagon, indicating that Si
clusters of this size are still in present in the amorphous phase®. The noise in the PDF for
a-Si lithiated to 1000 mAh/g makes it difficult to distinguish whether or not a similar
peak at 3.83 A is present, but we believe it is possible given the observation of Si clusters
in the previous NMR studies.>8 The local structure of the amorphous phase formed
after lithiation of the clathrate to 2000 mAh/g, the point at which the pristine phase has
been almost completely consumed, shows a decrease in intensity in the correlations at
2.35 and 3.83 A and increase in intensity for the correlations around 4.75 A, indicating
that Si—Si bonds have been broken. Further lithiation to 55 mV shows a similar trend as
that seen in a-Si where the Ggonded/Gnon-bonded ratio decreases, suggesting that lithiation
proceeds through a continuous breaking of Si—Si bonds with the incorporation of more
Li. At 10 mV, the local structure is similar to the one at 55 mV, but with sharper and

more defined correlations, consistent with the crystallization of LiisSia.
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To better understand the local structure of the lithiated clathrate at 1000 mAh/g
and 2000 mAh/g, the two difference curves from the refinement are plotted with the
simulated total and partial PDFs of Li1.Si7 (Figure 4.3.5a), a crystalline phase
comprising Si arranged in “stars” and pentagons (Figure 4.3.5b). Since the pristine
clathrate structure contains Si atoms in both of these arrangements, and because the
composition of the electrode lithiated to 2000 mAh/g (Li2.10Si) is similar to that of Li12Si7
(Li1.71Si), we believe this comparison could help to elucidate the local structure of the

lithiated amorphous phase, a-LixSi’, present at this point of the lithiation process.
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Figure 4.3.5 (a) Difference curves for PDFs for lithiated type Il NaiSiize electrodes after
fitting to crystalline Na;Siizs, respectively and simulated total partial PDF of Li12Siv. (b)
Crystal structure model of Li12Siz (from ref?’") displaying only the Si atoms. The dashed
colored lines correspond to correlation distances in (a).
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As seen in the Si-Si and Li-Si partial PDFs, the two shortest correlations in the
total PDF of Li1Si7 correspond to direct Si—Si bonds and Li—Si bonds. Notably, the Li-Si
correlations only contribute significantly to the total PDF at around 2.74 A, while at
higher distances, the Si-Si correlations dominate. The three correlations indicated with
the dotted lines in the Li12Si7 total PDF (3.83, 4.25, and 4.62 A) are identified in Figure
4.3.5b, with the color of the bond matching the dotted line in Figure 4.3.5a. At 3.83 A
(cyan), there is a small peak in the calculated PDF pattern of Li12Si7 corresponding to the
next-nearest neighbor distance in the Si pentagon. This correlation appears to be present
in the PDFs of the clathrate lithiated to both 1000 and 2000 mAh/g, suggesting that
similar Si-Si distances are present in the a-LixSi” amorphous phase. Next, there is a small
correlation at around 4.25 A (purple) which manifests as a shoulder to the larger peak at
4.62 A (black). The former correlation corresponds to the Si-Si distance in Li12Si7 found
between parallel Si pentagons as well as the edge of the Sis stars (purple). The latter
corresponds to Si-Si correlations between the pentagon and star Si clusters (black). This
distance matches the correlation seen in the 2000 mAh/g PDF but is larger than that
observed in the 1000 mAh/g PDF (4.52 A). Both of these correlations are shorter than the
non-bonding Si-Si correlation at 4.70 A for Li1sSia (Figure F.4a), suggesting that
isolated Si atoms are not the major feature in the lithiated clathrate phases. This is
consistent with the high Ggonded/GNon-bonded ratio seen in Figure 4.3.4c. The correlations
from ~3.8 — 5.5 A are broader than those in crystalline Li12Siz, which is expected for
disordered amorphous phases. On the basis of the similar correlation distances in the
amorphous phase at seen in PDFs at 1000 and 2000 mAh/g as those in Li12Si7 as shown
in Figure 4.3.5a, and the higher Ggonded/GNon-bonded ratio indicating more Si—Si bonding
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(Figure 4.3.4c), we expect that large Si clusters such as pentagons, stars or other larger
aggregates are present in the amorphous phase formed during the initial lithiation of the

Si clathrate.

The PDF results show that the main structural differences in the amorphous
phases formed upon lithiation of a-Si and the type Il Si clathrate are related to: 1) the Si—
Si connectivity within the amorphous phase, and 2) the amount of Li needed to
amorphize the crystalline host. In the case of a-Si, an amorphous phase with high Li
content (x in LixSi has been estimated to equal 3.5 based on an in situ XRD study®?) is
formed that contains a significant fraction of isolated Si atoms. In the type Il Si clathrate,
the amorphous phase forms with a lower Li content (around Li>Si) and hence retains
more Si—Si bonding. As lithiation proceeds, the amount of Si—Si connectivity

continuously decreases until reaching a local structure similar to that in LitsSia.

4.3.4. Discussion

The electrochemical Li alloying mechanism in the type Il Si clathrate can be
summarized based on the presented results as follows. After topotactic Li insertion into
the vacant cages (from 0.30 to 0.26 V), a flat plateau at 0.24 V is observed which is
followed by a sloped voltage profile until the voltage cutoff. The plateau at 0.24 V is
assigned to the two-phase reaction between the lithiated clathrate (Liz2Siizs) and the
amorphous a-LixSi’ phase. This is illustrated in Figure 4.3.6 at a composition of Liy.0sSi
(corresponding to capacity of 1000 mAh/g), where both the Lis2Siiss Clathrate and the
newly nucleated amorphous phase are present. From the PDF analysis, the local structure
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of the amorphous phase is proposed to consist of large Si clusters/chains with many direct
Si—Si bonds. Considering that the original clathrate structure comprises of Si atoms
arranged in pentagons, hexagons, and stars, we believe these Si clusters could be
kinetically accessible at room temperature as only a few Si—Si bonds need to be broken to
form them. This amorphous structure is notably different than the local structure of the
amorphous phase seen in a-Si at 1000 mAh/g (Figure 4.3.4ac), which contains fewer Si—
Si bonds. Since the chemical potential (and hence electrode potential) of the Li—Si phases
are determined by the amount of Li in the phase and size of the Si clusters,14>204233.278 the
number of Si—Si bonds is expected to correlate with the reaction voltage. We thus
identify the large Si clusters in the amorphous clathrate phase as the origin of the higher
reaction potential seen in the clathrate (0.22 V) compared to the a-Si (0.09 V) electrodes

at the same lithiation capacity of 1000 mAh/g.
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Figure 4.3.6 Proposed lithium alloying mechanism for the guest free type Il Si clathrate.
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With the introduction of more Li, the pristine clathrate is almost completely
consumed at a capacity of 2000 mAh/g (corresponding to a composition of Li2.10Si).
From the sloped voltage profile, it is expected that the lithiation process occurs as a
single-phase reaction where Li atoms distribute throughout the whole sample while
continuously breaking Si—Si bonds, which results in a monotonic decrease in the
potential. This is supported by Figure 4.3.4c showing a decrease in the Ggonded/ GNon-bonded
peak ratio upon increasing lithiation. From comparison of the PDF at a composition of
Li2.10Si to the simulated PDF of crystalline Li12Si7 (Figure 4.3.5), we expect that similar
Si clusters (i.e., pentagons and stars) could be present due to the analogous positioning of

the Si-Si correlations.

As more Li enters the system to reach a composition of Liz30Si and potential of
10 mV, the amount of remaining Si—Si bonds decreases until the amorphous phase
crystallizes to LissSis with some residual Si—Si bonds remaining (Figure 4.3.6). The
dQ/dE plot of the clathrate is characterized by a broad peak at 0.10 V vs. Li/Li*; a similar
peak in the dQ/dE plot of the lithiation of amorphous Si has been attributed to the
conversion of two distinct amorphous phases (a-Li2sSi and a-LizsSi)**2?" After isolated
Si atoms become the dominate feature, the a-LixSi’ phase then can undergo the
amorphous-to-crystalline phase transformation to form LiisSis due to the similar local

structures.?8°

Based on these results, we liken the alloying behavior in the type Il Si clathrate to

be similar to that in amorphous Si. Numerous mechanisms have been proposed for the
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first cycle reaction between Li and amorphous Si, with certain analyses showing two-
phase reactions between pristine amorphous Si and a distinct amorphous lithium silicide
phase,?0"275281 while others show single-phase behavior,2"627%282 depending on the
sample conditions and electrode parameters. Despite these opposing descriptions, it is
generally agreed that lithium insertion into amorphous Si beyond the first cycle follows
solid-solution behavior. An example dQ/dE plot of the lithiation of amorphous Si is
reproduced in Figure F.6 and compared to that of the type Il Si clathrate. Despite the
different processes at high potentials (see Figure F.6 for more detail), the low potential
processes associated with the Li alloying reactions are similar, suggesting that Li is able
to spread across the Si matrix and continuously break Si—Si bonds via a single-phase

reaction in both materials.

From comparison of the lithiation characteristics of NaiSiizs to those of other
clathrates, the effect of bulk Li diffusion throughout the whole Si matrix on the
electrochemical profile becomes clear. This point is illustrated in Figure 4.2.7, which
compares the reported voltage and dQ/dE plots for Na-filled Si clathrates from this and
previous works,>*2%2 along with those of amorphous Si® and a-Si. Upon lithiation, the
Na-filled type 1l clathrates (Na11Siizs and NazsSii3e) display voltage plateaus similar that
seen in o-Si and notably at lower potentials than the sloped voltage profiles from
amorphous Si and nearly guest-free clathrate (Na:Siizs). When the Sizg cages of the type
I1 Si clathrate are filled with Na (as in the case of Nai1Siizs and Naz4Siize), Li has low
diffusivity throughout the bulk crystal as the Li migration barriers around the Na guest
atoms are expected to be high.?** Similarly, there is low Li diffusivity in a-Si.? This low

Li diffusivity can explain the two-phase reaction mechanism seen in Na11Siizs, Na24Si13s,
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and o-Si, whereby lithiation occurs through a moving phase boundary between a lithiated
and non-lithiated phase rather than homogenous lithiation through a solid-solution. On
the other hand, the topotactic insertion reaction of Li into Na;Siize allows for Li to spread
throughout the Si matrix, forming Lis2Sii3s With Li sites in the Sizg cages throughout the
electrode, and establishes important diffusion paths that are maintained after
amorphization occurs.?** This allows the nearly guest-free type Il Si clathrate to form an
amorphous phase with a higher amount of retained Si—Si bonds than those found in the
Na-filled clathrates, which is responsible for the higher voltage during the initial part of
the lithiation process. Given that the clathrate host becomes amorphous at a composition
with comparatively lower Li content, the reaction is then able to proceed through a

single-phase reaction similar to that seen in the lithiation of amorphous Si.
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Figure 4.3.7 Comparison of the voltage profiles and dQ/dE plots of various reported Si
structures. The data for NaiSiizs and a-Si are from this work, that for Na24Siqze from ref.
5, that for Na11Sii3e from ref 12, that for NasSise from ref.13, and that for amorphous Si
from ref.17
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Another interesting trend in the Na-filled clathrates (Na11Si13s, Na24Siizs, NagSias)
is that they all react at a higher voltage (around 0.12 — 0.15 V) compared to that for a-Si
(0.10 V) (Figure 4.3.7). We speculate that this behavior could originate from the
presence of the Na guest atoms within the Si framework, which provide extra electron
density that could aid in destabilizing the Si—Si bonds as L.i is inserted and the
amorphization process begins. Since Si—Si bond breaking is expected to be the most
kinetically difficult step of the reaction, the presence of Na atoms could modify the
local structure of the amorphous phase, which would change the reaction voltage. Future

PDF studies would be insightful for confirming this speculation.

It is also interesting to note that the voltage characteristics of the type | clathrate,
NasSias,2% are similar to those of the Na-filled type 11 clathrate (NazsSiizs).>® The type |
clathrate structure has a different arrangement of polyhedral cages comprising six
tetrakaidecahedra (Si24) and two dodecahedra (Si2o) per unit cell. Though the arrangement
of Si is slightly different in the type | and type Il structures, the local structures are
similar. Since both crystal structures become amorphous during electrochemical
lithiation, the small differences in the initial crystalline structures are not expected to
result in significant differences in the local structure after lithiation, since the properties
of the amorphous phases are dominated by local interactions. This is an important point
as it suggests that the composition of the clathrate is more relevant for determining the
electrochemical alloying behavior rather than the structure of the clathrate. In this case,
we see that the alloying behavior in nearly Na-free clathrate is more similar to the solid-
solution process seen in amorphous Si, whereas the Na-filled clathrates all display similar

two-phase reactions. As explained earlier, this distinction likely has to do with the
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diffusivity of Li through the structure, with the presence of Na decreasing the Li

diffusivity and inhibiting the single-phase reaction.

4.3.5. Conclusions

X-ray pair distribution analysis is used to investigate the amorphous alloying
pathway of NaiSiize and compare it with diamond cubic structured a-Si. We find that
after the initial insertion of Li into the empty cages, the clathrate goes through a two-
phase reaction to form an amorphous phase with a high amount of Si—Si connectivity.
Upon incorporation of more Li, the local structure of the amorphous phase changes via
the continuous breaking of Si—Si bonds, resulting in a sloped voltage profile. Near the
end of lithiation, broad peaks in the dQ/dE plot at 0.10 V and 50 mV are observed, which
is similar to those seen in the lithiation of amorphous Si. PDF measurements confirm that
observed feature at 50 mV corresponds to the amorphous-to-crystalline phase
transformation to form LiisSia, suggesting that the clathrate behaves similarly to

conventional Si electrodes after the initial insertion and two-phase reaction.

The origin of the high voltage, two-phase reaction of the lithiated clathrate
(Lis2Si1ze) is attributed to the initial topotactic Li insertion process into the clathrate cages
that precedes the Li alloying reaction and allows Li to spread throughout the Si matrix,
establishing important diffusion paths which allow the crystalline Si clathrate matrix to
become amorphous at a lower Li composition and allows the resulting amorphous lithium

silicide phase to lithiate via single phase reaction mechanism. These results demonstrate
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how initial bulk Li insertion into an alloying anode can lead to modified reaction paths by

kinetically enabling the nucleation of amorphous phases with lower Li content.
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5. HIGH TEMPERATURE ELECTROCHEMICAL SYNTHESIS OF SILICON AND

GERMANIUM CLATHRATES

5.1. Solid-State Electrochemical Synthesis of Silicon Clathrates Using a Sodium-

Sulfur Battery Inspired Approach

Reproduced with permission from Dopilka, A.; Childs, A.; Bobev, S.; Chan, C. K.
Solid-State Electrochemical Synthesis of Silicon Clathrates Using a Sodium-Sulfur
Battery Inspired Approach. J. Electrochem. Soc. 2021, 168, 020516. Copyright 2021 IOP

publishing.

5.1.1. Introduction

Intermetallic clathrates are a class of materials comprising face-sharing
polyhedral cages of Tetrel (Tt, where Tt = Si, Ge Sn) elements that encapsulate alkali or
alkaline earth metal guest atoms. With their unique structures and tunable cage sizes,
clathrates have received much attention for their thermoelectric,?1128
superconducting,*&"17 optoelectronic,!’#18228 and electrochemical4®52:5456.152,178,179
properties. As many of these properties are modulated by host-guest interactions and the
clathrate cage occupancies, synthetic methods that can reliably result in pure-phase
materials of the desired polytype are highly important. In particular, the possibility of
using silicon and germanium clathrates as potential anodes for Li-ion batteries has
attracted substantial research interest in recent years. We recently conducted ab initio

density functional theory (DFT) calculations on type I clathrates based on Ttss and found
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the barriers for Li migration were 0.4 eV or lower, which suggests that these materials
could be very promising in battery applications.’® Through our experimental
studies,>*°4°6:152.178 \we have further investigated the role of framework structure and
defects in clathrates for applications as anodes, with structure-dependent electrochemical
properties playing a major role in the lithium insertion or alloying behavior in these
materials. As a result, synthetic approaches that can result in phase-pure clathrate
materials will greatly benefit the elucidation of relationships between their structure and

electrochemical properties.

The clathrates discovered in 1965 by Kasper et. al contain Na guest atoms
surrounded by different sized Si frameworks, with the type | clathrate (NagSizs)
composed of Sizo and Siz4 cages and the type Il clathrate (Na24Sii3s) composed of Sixg and
Sizs cages.®® The synthesis of these structures relies on the removal of Na atoms from the
NasSis Zintl phase, e.g. via thermal decomposition,86:1°5170:286-288 reaction with chemical
oxidants, ‘828 or spark plasma sintering (SPS),?°°-2% after which the tetrahedral Si
clusters reform into the clathrate cages under sufficiently high temperatures (350 — 600
°C). The success of the SPS and kinetically controlled thermal decomposition!’® methods
have demonstrated the importance of the rate of reaction (i.e., rate of sodium removal
from NasSis) for obtaining phase-pure Si clathrates with Na guest atoms. However, these
techniques do not allow for direct control over the reaction rate; rather, the reaction rate is
determined by the reactor characteristics at a certain temperature. For instance, the SPS
technique relies on DC current pulses to control the temperature (by Joule heating) and to
drive the oxidation of NasSi4. Since the DC current pulses are responsible for heating and

oxidation, they are intrinsically coupled and thus can only operate in a limited range to
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satisfy the required temperature. Therefore, a technique that allows for direct
manipulation of the oxidization rate independently of the temperature could enable
greater control of phase selectivity and morphology, which is important for materials

property characterization and utilization of clathrates in the aforementioned applications.

To address these issues, we present a new synthetic approach for silicon
clathrates using an electrochemical cell inspired by the high temperature sodium-sulfur
(Na-S) battery,?®* wherein molten Na and S electrodes are separated by a Na* conducting
beta alumina solid electrolyte. On the basis of the high Na™ conductivity in beta alumina
materials?® in the temperature range in which clathrates can form from tetrahedral Si
clusters, we propose that an electrolytic cell utilizing B”-alumina and a molten Na
electrode can be used to electrochemically oxidize (i.e., desodiate) a working electrode
comprised of the Zintl precursor to form the Si clathrate using galvanostatic control over
the reaction kinetics. Herein, this cell is used to prepare type | clathrate NagSiss from
NasSis through a solid-state electrochemical oxidation reaction for the first time. The
room temperature lithium insertion properties of the NasSiss obtained from this synthesis
were also evaluated and are reported for the first time. The results show that solid-state
electrochemical synthesis by use of a B”-alumina solid electrolyte is effective for
obtaining phase-pure type | clathrate materials. The synthetic approach decouples the
reaction temperature from the rate of oxidation, leading to opportunities for more
controlled crystal growth. In addition, the application of electrochemical analytical
methods enables a deeper understanding of the thermodynamic processes involved in the
formation of intermetallic clathrate phases. We therefore show that beta alumina, of

which the original discovery was deemed by Whittingham and Huggins to be the
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“prelude to a revolution in solid-state electrochemistry” for its role in catalyzing the
search for ion conducting materials crucial to the development of rechargeable

296

batteries,~”° can also play a key role in enabling solid-state synthesis methods for the

preparation of novel electrode materials for these batteries.

5.1.2. Experimental Methods

Preparation of NasSis Pellet - In order to prepare NasSis, Na and Si were
combined ina 1.2 : 1 molar ratio and sealed in a Nb tube under argon using arc-welding.
The Na and Si were purchased from either Aldrich or Alfa-Aesar with stated purity
greater than 99.9 wt % (metals basis) and were used as received. The Nb tube was then
sealed in a stainless-steel reactor under an argon environment and then heated at 650 °C
for 48 hr. Afterwards, the Nb tube was opened in an argon-filled glovebox and the
contents were ground with a mortar and pestle into a fine powder. The NasSis powder
was then pressed into a 12 mm diameter pellet using a pressure of 1000 psi in an argon
environment. The pellet of NasSis served as the working electrode in all electrochemical

experiments. The typical amount of NasSi4 used in an experiment was 100-160 mg.

Assembly of Electrochemical Cell - The housing of the electrochemical cell
comprised a stainless-steel 304L half nipple (Kurt J. Lesker, HN-0275) with the bottom
welded closed with a stainless-steel cap. This served as the positive electrode current
collector in the experiments. A 0.094-inch diameter stainless-steel wire insulated with
alumina and mounted on a 2.75-inch feedthrough (Kurt J. Lesker, EFT0512993) served

as the negative electrode current collector. During the experiments, the flange with the
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electrical feedthrough was connected to the positive current collector using screws and a
copper gasket (Figure G.1). The solid electrolyte was purchased from lonotec LTD (B1-
50-LNZ, Na B"-alumina tube) and had dimensions of 28 mm (ID) x 50 mm (length) x 1.5
mm (thickness). Metallic Na and Sn were purchased from Sigma-Aldrich. Large excesses
of Na and Sn metal was used for the counter electrode. For Na, the mass was around 5 g,

while the mass of the Sn metal was 20 g.

A schematic of the assembled cell is shown in Figure 5.1.1a. A pressed pellet of
NasSis serves as the working electrode (WE) and a cup of Na* ion conducting, -
alumina serves as the solid electrolyte?® and reservoir for containing the liquid metal
counter/reference electrode (either molten Na or Sn). This configuration is analogous to a
Na-S battery with the NasSis pellet in lieu of the molten sulfur cathode.?®* To assemble
the electrochemical cell, the NasSis pellet was placed at the bottom of the positive current
collector reservoir. The B”-alumina cup which contained either Na or Sn metal was then
placed on top of the pellet. To apply light pressure, a spring was placed on top of the -
alumina cup before the feedthrough was placed on top with the copper gasket and sealed.
Care was taken to ensure that electrical contact was made between the feedthrough and
the Na or Sn CE after either metal was melted. All the above preparations were
undertaken in an argon-filled glovebox. For electrochemical measurements, the cell was
heated in a furnace that was placed inside an argon-filled glovebox and heated to the
desired temperature for electrochemical oxidation. Stainless-steel wire (as seen in Figure
G.1) was used to make electrical connection from the reactor inside the furnace to the

electrical feedthrough in the glovebox that was connected to the potentiostat outside.
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Electrochemical Measurements - A Biologic SP-200 potentiostat was used to
conduct the electrochemical experiments. Galvanostatic cycling with potential limits
(GCPL) was used to perform the galvanostatic intermittent titration technique (GITT). In
general, a constant current pulse was used for a set amount of time, followed by
relaxation at open circuit for a different amount of time. The current, current pulse time,
and open circuit relaxation time can be found in the figure captions associated with the
voltage profiles. The current density was chosen so that the desodiation reaction would be
completed within several days. When the cell impedance was observed to substantially

increase, the current density was adjusted (i.e., decreased).

The theoretical gravimetric specific capacity of NasSis was determined using its
molecular weight, the stoichiometry of the oxidation reaction, and Faraday’s constant, as

shown in the following:

1mol Na,Si, 38 mol Na* 1mole~ 96485.33C

1 g Na,Siy * * * * —
20432 g % mol Na,Si, 1mol Nat 1mole
0.2778 mAh

Post-Synthesis Washing of Reaction Products - After the electrochemical
oxidation reaction, the electrochemical cell was opened in an argon-filled glovebox and
the powder was removed. To remove residual NasSis, the powder was removed from the
glovebox and transferred to a fume hood. Then, ~10 mL ethanol was introduced rapidly
to the powder from a wash bottle. Rapid bubbling would indicate the reaction of NasSia

with ethanol, since silicon clathrates are stable in air and water.'®® *Note: Extreme care

must be taken and appropriate personal protective equipment must be used when
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working with NasSis4 in ambient conditions due to its high reactivity to both air and

water. The powder was then immersed in an ultrasonic bath to break up agglomerates.
After the bubbling decreased in intensity, de-ionized water (~10 mL) was introduced to
the powder and the resulting suspension was sonicated for additional time. *Caution: Do

not add water directly to the powder containing NasSis as it could lead to a fire. After

all the bubbling had completed, the powder was recovered using vacuum filtration and

then dried. The typical mass remaining after the washing procedure was 40-50 mg.

Materials Characterization - Powder X-ray diffraction (PXRD) was performed
with a Malvern PANalytical Aeris research edition powder diffractometer with Cu X-rays
operated at 40 kV and 40 mA with standard Bragg-Brentano diffraction geometry and
Pixel3D detector. For the samples used for Rietveld refinement, data were taken from 10
©<20<110°%inincrements of 0.011 degrees. For air-sensitive samples, the sample was
covered with a Kapton film in an argon-filled glovebox prior to diffraction
measurements. The Kapton film resulted in a broad background from 15° <26 <25°.
Rietveld refinement was performed with Jana2006.5* The peak shapes were described by
the pseudo-Voigt function, background fit with Legendre polynomials, and atomic
displacement parameters were modeled as isotropic. Initial occupancies were allowed to
be refined but were then set to full occupancy if they were within the standard deviation
of full occupancy. Scanning electron microscopy (SEM) was performed with a FEI Nova
200 Nanolab. The images were collected at 10 kV and a 0.54 nA spot size. Energy

dispersive X-ray spectroscopy (EDS) measurements were taken at 20 kV with a 2.4 nA
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spot size at a magnification of 800x. X-ray fluorescence (XRF) spectroscopy was

performed with a Bruker S2 PUMA.

Room Temperature Lithiation - The synthesized clathrate materials were prepared
into slurries by mixing the samples with 10 wt% carbon black (to serve as conducting
additive) and 10 wt% polyvinylidene difluoride (PVDF) (to serve as binder) in N-methyl
pyrrolidone (NMP) as solvent. Electrodes were also similarly prepared with Si powder
(100 mesh, Sigma Aldrich 99.999%, hand ground before use) for comparison. The
slurries were stirred overnight and coated onto Cu foil current collectors using a Meyer
rod, and then heated at 120 °C to remove the solvent. The clathrate composite electrodes
were evaluated in pouch cells with Li metal as the counter electrode, Celgard 2500 as
separator, and 1.2 M LiPFs EC/EMC (3:7 v/v) as electrolyte. Electrochemical testing was
performed with the GCPL (galvanostatic cycling with potential limits) technique using a
Biologic VMP3 galvanostat/potentiostat. After lithiation, the pouch cell was opened in

the glovebox and prepared for X-ray diffraction.
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5.1.3. Results and Discussion

Negative Current Collector
Alumina Insulation

Steel Spring

Na B”-Alumina Solid Electrolyte

Liquid Metal CE (Na, Sn)
Na,Si, Pellet (WE)

Positive Current Collector

Liquid Na or Sn

Figure 5.1.1 Schematics of the (a) electrochemical cell and (b) proposed electrochemical
reactions. NasSis is oxidized to NasSiss at the interface with the electrolyte via removal of
Na* and e7; the Na* ions are reduced at the liquid metal counter electrode to form either
Na metal or NaxSn.
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In this proof-of-concept, we show that product formation resulting from NasSis
decomposition can be controlled using electrochemical oxidation at different
temperatures and using different counter electrodes (CE) to control the Na vapor pressure
in the system. Removal of Na* ions and electrons from NasSi results in oxidation of the
[Sis]* tetrahedra to form new Si-Si bonds that comprise the framework of the NasSiss
clathrate; the sodium ions travel through the p’-alumina solid electrolyte and recombine
with the electrons transferred via the external circuit, becoming reduced on the CE
(Figure 5.1.1b). These electrochemical reactions, which are analogous to those that take

place when charging a Na-S battery,?°* are written as follows:

Working electrode:

23
(7) Na,Si, » 38Na* + 38e™ + NagSiye

Counter electrode:
Na*+e~ > Na or xNa* +xe” +Sn - Na,Sn

To perform the desodiation of NasSis4, the galvanostatic intermittent titration
technique (GITT)®2 was utilized to obtain better understanding of the reaction processes
through observation of the voltage under quasi-equilibrium conditions. Figure 5.1.2a
shows the GITT profile for the oxidation of NasSis at 450 °C using the Na metal CE and
low current densities (~1 — 2 mA/cm?) for desodiation. Before any current was applied,
the open circuit voltage was close to 0 V vs. Na/Na*. The voltage of NasSis vs. Na/Na*
has been predicted by first principles calculations to be 50 mV at 0 K27 and is expected

to decrease with increasing temperature. As constant current was passed through the cell,
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Na was removed from the NasSis working electrode and the cell potential steadily
increased. The difference between the constant current voltage (V) and voltage after
each relaxation step (Vo) also increased as the reaction progressed, indicating a rise in
cell impedance (Figure 5.1.2, insets). Despite this rise in cell polarization, the Voc
remained relatively constant as the sodium content in the WE decreased. For a two-
component system at quasi-equilibrium conditions, a voltage plateau as the composition
is varied is indicative of a two-phase reaction mechanism.® Therefore, these results

suggest that the desodiated products nucleate and grow at the expense of the reacted
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Figure 5.1.2 The galvanostatic intermittent titration technique (GITT) voltage profile for
oxidation of NasSis using a Na metal counter electrode at (a) 450 °C (5 min current pulse,
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45 s relaxation) and (b) 550 °C (12 min current pulse, 2 min relaxation). The insets
demonstrate how the polarization (difference between V¢ and Vo) increased during cell
operation. For (a), the relaxation time was increased to 1.5 minutes after 280 mAh/g and
at 425 mAh/g the curret pulse was increased to 90 minutes.

Due to the cell impedance increasing as desodiation progressed, the applied
current density was decreased until the reaction time exceeded two days or when the
potential reached 4 V. For the reaction performed at 550 °C using the Na CE (Figure
5.1.2b), the cell polarization was much lower than at 450 °C and higher current densities
could be realized (3-4 mA/cm?). The lower polarization of the reaction is likely due to the
improved kinetics and conductivities of the components at the higher temperature. In the
case of the reactions using the Sn CE (Figure G.2), the initial Vo before current was
applied was around -0.4 V due to the lower chemical potential of Na in Sn metal. The
voltage profile had a similar shape as that obtained with the Na CE. Due to the large
excess of Sn compared to the NasSis in the cell, we expect the potential of NaxSn to be

relatively constant during the reaction, thus acting as a quasi-reference electrode.

PXRD analysis of the as-obtained products after the reactions (i.e., prior to
washing) showed that a significant fraction of residual NasSis was still present in the
samples when using the Na, but not Sn, liquid metal as CE (Figure G.3). Additionally,
EDS analysis of the pellets reacted using the Na CE showed a high Na to Si ratio,
indicative of the presence of NasSis remaining after the reaction (Figure G.4). The
products were then crushed and washed with ethanol and water to remove residual
NasSis. Significant bubbling upon introduction of ethanol to the powder was only

observed when washing the reaction products obtained when using the Na CE, indicating
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the presence of NasSis. The powders obtained from the reactions using the Sn CE showed
no bubbling when ethanol was introduced. These observations are consistent with the
PXRD patterns of the powders before washing (Figure G.3) that show substantial
amounts of NasSi4 in the former case but not the latter. In cases where clathrate product
was formed, a dark bluish black powder was obtained after drying, which matches the

physical description of Na-Si clathrates from previous studies.?®
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Figure 5.1.3 PXRD patterns of reaction products after washing with ethanol and water.
The temperature and counter electrode used are indicated above each pattern. The
reflection marked with a diamond is of unknown origin and not seen in any other
samples. The blue stars indicate the presence of another type | clathrate unit cell
attributed to the NasGaySise-y phase.
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The PXRD results after the washing procedure revealed reflections corresponding
to the type I clathrate NagSiss under all conditions investigated (Figure 5.1.3). a-Si with
diamond cubic structure was observed as a minority phase for the reaction performed at
550 °C using the Na CE (8.12 wt%) and 450 °C with the Sn CE (5.29 wt%), although a-
Si was the predominate phase at 550 °C using the Sn CE. Energy dispersive X-ray
spectroscopy (EDS) analysis of the powders containing NasSiase after washing (Figure
G.5) detected the presence of Na and Si, corroborating the PXRD results and confirming

the formation of clathrate compounds, which are stable in water or alcohol.>®

SEM images comparing the morphologies of the NagSiss samples obtained under
the different reaction conditions are presented in Figure 5.1.4. For samples prepared at
450 °C, agglomerates were observed with primary particles less than 1 micron in size and
ligament-like microstructures. The sample prepared at 550 °C with the Na CE displayed
agglomerates with larger primary particle sizes, demonstrating how altering the reaction
conditions can result in modified morphologies. The porous, ligament-like morphology
could result from the decrease in volume that occurs when converting NasSis to NagSiae
while the particles maintain ionic and electronic contact. Indeed, cross-section SEM
imaging of the pellet after oxidation at 550 °C reveals a porous connected network
(Figure G.4b), supporting this hypothesis. In all reaction conditions used, the cell
impedance increases with progressive conversion of NasSisto NagSiss, Which could be

due to the decreased reaction area due to volume contraction.
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Figure 5.1.4 SEM images of type | Na-Si clathrates obtained at (a) 450 °C with Na CE,
(b) 450 °C with Sn CE, and (c) 550 °C with Na CE

Using the available PXRD data, Rietveld refinement was performed, with initial
coordinates taken from the type | NasSias clathrate studies by Stefanoski et al.}’® The
results (Figure G.6-8, Table G.1-3) showed that the NagSiss structural model (all Na and
Si sites occupied) fit well to the experimental pattern and resulted in lattice parameters in
the range of 10.2002(4) — 10.2045(6) A, close to those previously reported.7%1%
Interestingly, no reflections corresponding to the type Il Si clathrate (NaxSi1zs, 0 < X <
24) were observed, indicating that the type | phase is favored under these oxidation
conditions, possibly due to the unique control over the rate of the reaction. In contrast,
other synthetic methods described above typically result in mixtures of type I and type Il

clathrates.
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For the sample synthesized at 550 °C with the Na electrode, closer inspection of
the powder pattern revealed broadening of the reflections. The peak-asymmetry,
particularly for the reflections at lower Bragg-angles, can be also described as
“shoulders” (indicated by the blue stars), as shown in Figure 5.1.3. This is an indication
of the presence of another type | clathrate phase with a larger unit cell than NagSiss. The
root-cause for the larger unit cell cannot be ascribed to defects on the Na sites (i.e.,
NaxSiss, 0 < X < 8), nor in the silicon framework (i.e., NasSissx, 0 < X < 2), as the cell
parameter is approximately 10.29 A. Introducing the second phase into the refinement
greatly improved the fit to the data. In view of the detection of a small amount of Ga in
the sample (Figure G.9), this second clathrate phase is thought to be NagGaySiss.y, where
Ga atoms are substituting for Si. Such a structure has been previously reported by
Urushiyama et al.?®® For the refinement of the atomic parameters, the atomic
displacement parameters were fixed to 0.005 for the Si/Ga atoms and 0.04 for the Na
atoms; unphysical values were obtained when the parameters were not fixed. Then, the
Ga content on the 24k site in the clathrate structure was fixed to 2% and the Ga
occupancy on the 6c¢ site was allowed to be refined while fixing the number of atoms on
the 6¢ site. The refined lattice constant of 10.2857(6) A matches well with the expected
trend reported by Urushiyama et al. for a Ga content of y = 4.2% We therefore assign this
phase to a gallium-substituted silicon clathrate, NagGaySiss.y (y = 3.8). The presence of
Ga in the sample was confirmed with X-ray fluorescence analysis (Figure G.9). This was
unexpected, as no Ga was intentionally introduced into the system, so the origin may be
from Ga impurities or contamination of raw materials or reactor components. Future
work will be done to investigate possible sources of impurities; however, the presence of

302



the Ga does not affect the major conclusions drawn in this work. This result, moreover,
suggests that framework-substituted clathrates may also be accessible using this synthetic

approach.

Table 5.1.1 Summary of the reaction products obtained prior to washing, experimental
capacity, and percentage of theoretical capacity to form NagSiass for the reactions
conducted.

Counter Temp (°C) Products Before Expt. Capacity % of Theoretical
Electrode Washing (mAh/qg) Capacity
Na 450 NagSiss + NasSis 512 119
Na 550 NagSiss + NasSis + o- 658 152
Si (minority)
Sn 450 NagSiss + a-Si 364 84
(minority)
Sn 550 a-Si + NagSiss 423 99
(minority)

To better understand the differences in product formation when using various
reaction conditions, the experimental desodiation capacities (determined from the charge
transferred) were compared to the theoretical desodiation capacity of 433 mAh/g (based
on the starting mass of NasSis, see Table G.4) and summarized in Table 5.1.1. The
results show that when using the Na CE, the experimental desodiation capacity is greater
than the theoretical amount possible calculated based on the starting amount of NasSia.
Excluding corrosion of reactor parts, which is expected to be minimal, an alternative
explanation is the presence of a secondary pathway for Na mass transport between
electrodes that would allow for the reintroduction of Na to the WE. At these reaction
temperatures, we hypothesize that there is sufficient Na vapor pressure to enable its

reaction with NagSiss, €.9., after diffusion between gaps of the stainless-steel housing and

303



solid electrolyte. This process (Figure 5.1.5a) can be thought of as a “self-discharge”
reaction since it reverses the desodiation reactions described earlier. Subsequently, some
of the clathrate is transformed back to NasSis, which can be re-oxidized to NagSiss and
register as “excess” desodiation capacity with respect to the original mass of NasSis. In
other words, we propose that the NasSis detected in the pellet after the reaction was not
due to incomplete conversion of NasSis to NagSiss, but rather from the transformation of
the NagSiss product back to the reactant. Indeed, in situ synchrotron PXRD heating
experiments have shown that there is strong structural coherency between certain lattice
planes of NasSis and NagSiss, enabling relatively facile transformation between the two

structures as the Na content is modulated.?®®
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Liquid Na

Figure 5.1.5 Schematic illustrating the role of Na vapor during electrochemical oxidation
of NasSis (a) As NasSis is converted to NasSiss, Na vapor originating from the Na CE
reacts with NagSiss to reform NasSis on the WE, which can then be re-oxidized. (b) With
a Sn CE, there is less Na vapor pressure in the system so the NasSia is not reformed on
the working electrode.

On the other hand, when Sn is used in place of Na as the CE, we find no excess
desodiation capacity and the experimental capacities are lower than the theoretical values
(Table 5.1.1). Since reflections from NasSis were not observed in the PXRD patterns of
the as-obtained reaction products (i.e., before washing, see Figure G.3), this implies that
the NasSis was consumed in the electrochemical reaction. When Sn instead of Na is used
as the CE, the reduced Na vapor pressure in the system suppresses the back reaction

(Figure 5.1.5b). This difference is most pronounced for the reaction at 550 °C using the
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Sn CE, where a-Si is the main product. This also suggests that the Na vapor is
contributing to the phase formation (which has been shown previously®), in this case
leading to no clathrate formation. Others have reported the conversion of a-Si to NasSis
via reaction with Na vapor from 500 — 580 °C,'">3% thus confirming the reactivity of Na
vapor at these temperatures. Therefore, it is plausible that the reverse reaction (formation
of a-Si from NasSis) can occur under these conditions. Future studies will investigate
how the temperature and Na vapor pressure affect the phase selection of the Na-Si

clathrates in this system.

a) 1.50 b) — Byt
< Pristine
< 1.254 i
A y NaBS! s .
S 1.00 g Na,,Si,; = L.«-J
i g a-Si =| Fully Lithiated
% 0.751 £ =
> S )
T | Noay c b (
.= 0.501 0.10V p.12v Ofs .
E, 1 00 01 02 03 04 05 £
o) 0,25-‘ Potential vs. LilLi* (V) Li,Si, .
o S | Na,Si,,
0.00 ; ; ; a1 ) g ..Illl A [T
0 1000 2000 3000 4000 20 30 40 50 60

Capacity (mAh/g) 2Theta (Degree)

Figure 5.1.6 (a) Room temperature galvanostatic voltage profile and dQ/dE plot (inset) of
the lithiation of NagSiss synthesized at 450 °C with the Sn counter electrode (40 mA/g)
and a-Si (25 mA/g) with a voltage cutoff of 0.01 V vs Li/Li*. The data for the type Il
Na24Si13s was reproduced from ref. 16 and is obtained from potentiodynamic cycling with
a 25 pA/mg threshold current. (b) PXRD patterns of the pristine electrode and after full
lithiation with references for Li1sSis?® and NagSis*’®. The diamonds indicate reflections
from an unidentified phase.

Previously, only the electrochemical properties of the type Il NaxSiizs or mixed
type I/type | phases as anodes for Li-ion batteries have been investigated.*>>® Due to the

phase selective synthesis for the type I silicon clathrate presented here, we are now able
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to investigate the electrochemical lithiation of the type | NagSiss without contribution
from the type 11 NaxSii3s phase. Figure 5.1.6a shows the room temperature voltage
profile and dQ/dE plot of the lithiation of the NasSiss clathrate synthesized at 450°C
using the Sn electrode. Voltage profiles from diamond cubic Si (a-Si) and the mixed type
I/11 electrode (containing 20% NasSiss and 80% Naz4Si1zs) from our previous work® are
shown as comparison. The voltage profile of NagSiss is characterized by a plateau at 0.14
V vs. Li/Li* represented as a large peak in the dQ/dE plot and reaches a capacity of 3688
mAh/g at the voltage cutoff of 0.01 V. The profile shape of NagSiss is similar to that of a-
Si, but the clathrate reacts at a slightly higher voltage of 0.14 V vs. Li/Li* and displays a
higher specific capacity. The voltage profile of NasSiss is also similar to that of Na2sSixzs,
which has a large voltage plateau around 0.12 V vs. Li/Li*.5® PXRD was performed of the
electrodes before and after full lithiation (Figure 5.1.6b). The results showed that the
NasSise reflections disappeared after lithiation, with new reflections corresponding to
Li15Sis** and an unknown phase (marked by diamonds) observed. The origin of the
unknown phase will be investigated in future experiments, possibly with pair distribution
function (PDF) analysis, which has been helpful in elucidating the structure of clathrate
lithiation intermediates.’® Our previous work>® on the mixed type /11 Si clathrate
electrode showed that the material turned amorphous during lithium insertion and then
subsequently recrystallized into LiisSis after full lithiation. The observation of reflections
from Li1sSis in the PXRD pattern of the fully lithiated NasSiss suggests that a similar
alloying reaction may be occurring in the type | clathrate. This is also interesting as our
recent work on the germanium clathrate with type | structure (BasGeass) showed that the

presence of Ba atoms during the Li alloying reaction impeded the formation of crystalline

307



LiisGes.1’® As Na atoms are smaller and more chemically similar to Li than Ba, we
suspect that guest atoms larger than Na are needed to prevent long-range ordering during
the alloying reactions of clathrates. Overall, the results suggest that NagSiss behaves
similarly to diamond cubic Si and Naz4Sii36 during lithiation by forming a lithiated

amorphous phase until the crystallization of LiisSia.

These results demonstrate that the bulk conversion of NasSis via electrochemical
oxidation to NasSias is possible and results in phase-pure materials that can be used for
further study as anodes in Li-ion battery systems. We believe that this electrochemical
oxidation approach can be broadly applied to other Zintl compound precursors. Our
preliminary studies show that Ge clathrates with type Il structure can be prepared from
NasGes at 350 °C using the same approach (Figure G.10). The success of these methods
demonstrates the viability of the solid-state electrochemical approach for synthesis of
both Si and Ge clathrates from Na-containing Zintl phases. Compared to other oxidation
pathways to obtain intermetallic clathrates, the electrochemical method has distinct
advantages. For instance, the rate of oxidation can be controlled independently of the
temperature of reaction through tuning of the current density, which could lead to greater
control over the reaction products. Due to the flexible nature of the electrochemical
synthesis, we expect these results to have important implications for the solid-state
synthesis of clathrates for optoelectronic, electrochemical, and thermoelectric

applications.

5.1.4. Conclusions
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In this work we demonstrate the electrochemical oxidation of NasSis at 450 and
550 °C to form the type | Na-Si clathrate phase with a Na ”-alumina solid electrolyte
and Na/Sn metal counter electrode. The electrochemical oxidation is performed with the
galvanostatic intermittent titration technique (GITT) in order to observe the open circuit
voltage at different states of charge. The GITT results show that as more Na is oxidized
from NasSis, the difference between the voltage at constant current and open circuit
increases indicating an increase in cell polarization. The relaxed voltage at open circuit is
relatively constant during oxidation, suggesting the presence of a two-phase reaction.
Based on the XRD analysis after electrochemical oxidation, the NasSis phase is converted
to the type | NasSiss phase, corroborating the electrochemical results. The phase
formation is found to be dependent on the temperature and choice of counter electrode
(liquid Na or Sn). In the case of the Na counter electrode, the type | NagSise clathrate
phase was formed at both 450 and 550 °C while the clathrate phase was only formed at
450 °C when using the Sn counter electrode. Based on the observed excess capacity and
residual NasSis present when using the Na counter electrode, we propose that the Na
vapor pressure plays an important role during the electrochemical reaction by acting as
another route for mass transport between electrodes. By decreasing the Na vapor during
the reaction through use of the Sn counter electrode, the phase formation and morphology
of the clathrate is altered, suggesting possible avenues for further control over the
reaction products. Room temperature lithiation of the synthesized NasSiss clathrate
showed similar Li-alloying reactions to those seen in type Il Si clathrate (Na2sSi1zs) and

a-Si. Overall, the high temperature electrochemical oxidation of Zintl phases with a Na
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B-alumina solid electrolyte is a novel synthetic method with the potential for greater

control and understanding of clathrate synthesis.
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5.2. Electrochemical Synthesis of Type Il NaxSiyGe1se.y

This section is comprised of unpublished work.

5.2.1. Introduction

Type 1l Ge clathrates are of potential interest for electrochemical®? and
photovoltaic® applications. Recently, reversible Li insertion into type Il Si clathrates
was demonstrated®** and it is predicted that similar behavior would occur in the type I
Ge clathrate due to the same structure. Similar to the Si clathrate, the type Il Ge structure
can be prepared without guest atoms which is important for enabling the aforementioned
applications. However in contrast to the Si clathrates, the synthesis of type 1l Ge clathrate
has been more elusive as the traditional thermal decomposition of the sodium containing
Zintl phase (NasTts, Tt = Si, Ge) is more difficult for the Ge clathrate.*! Previous
synthesis methods have successfully obtained the type 11 Ge clathrate but typically with
various impurity phases. Using an ionic liquid to oxidize Nai12Ge17, a guest free type Il
Ge clathrate was obtained with diamond Ge impurities'®” and this method has been
further optimized to rely on the gaseous oxidation by HCI*®*. Thermal decomposition has
also been demonstrated to be successful with modified reactors®® and with thin films.128
Recently, an electrochemical approach based on a molten salt electrolyte synthesized the
type Il Ge clathrates (Naz2s-xGeizs) from the oxidation of the Nai2Ge17 Zintl phase along
with other impurities.?%® One of the notable impurities is a hexagonal NaixGes+ phase
which has been obtained separately from a thermal decomposition of NasGes at 350-360
oC,302303 Based on the current reports, there is no established conditions under which the
formation of the clathrate phase or hexagonal phase forms and methods for achieving

phase purity are needed. To achieve this, better understanding of the reaction conditions
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and phase formation in this system is needed to fully realize and establish the properties

of this potentially technologically useful material.

Previous synthesis of type 1l Ge and type Il alloyed Si-Ge clathrates demonstrated
that alloying Si or Ge into the structure can aid in targeting the type 11 phase by
destabilizing other competing phases.* For instance, adding 10% of Ge to NasSis
resulted in no formation of the type I clathrate phase which is a common byproduct of the

thermal decomposition of NasSis *°

Recently, we reported an electrochemical method to synthesize Na-Si clathrates
using a Na conducting p-alumina phase with an analogous cell geometry to a Na-S
battery. NasSis was converted into the type | NagSiss clathrate via solid-state two-phase
reaction under constant current oxidation conditions. To further evaluate this method for
synthesis of clathrates, in this work we investigate the solid-state electrochemical
oxidation of NasGes at various temperatures (300-400 °C). To investigate the possibility
of achieving better phase purity, the alloyed NasGesSi Zintl phase was also synthesized
and used as the working electrode in the electrochemical experiments. The
electrochemical oxidation method allows for in situ observation of the electrode potential

during the reaction which can provide better understanding of the reaction mechanisms.

The results show the products of the electrochemical oxidation of NasGes is
temperature dependent with the type Il phase forming at low temperature, the hexagonal
phase at intermediate temperatures, and diamond Ge at higher temperatures. Performing
the oxidation with the Si doped NaGesSis resulted in the formation of pure type 11 and

diamond phases at 350 and 400 °C, respectively suggesting that Si doping removes the
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competition from the Na-Ge hexagonal phase. Rietveld refinement is performed on the
alloyed type Il Ge-Si clathrate and suggests that Na is off-center in the larger cages which
is supported by DFT calculations. Overall, this work further demonstrates the viability of
using electrochemical methods to synthesize clathrates via the oxidation of the Zintl

phase precursors.

5.2.2. Experimental and Computational Methods

5.2.2.1. Preparation of NasGes and NasGesSiy electrodes

In order to prepare NasGes, Na and the Ge were combined ina 1.2 : 1 molar ratio
and sealed in a Nb tube under argon using arc-welding. The Na and Ge were purchased
from either Aldrich or Alfa-Aesar with stated purity greater than 99.9 wt % (metals
basis). The Nb tube was heated at 650 °C for 48 hours in a muffle furnace under in an Ar
atmosphere with (<0.1 ppm O2 and H20). To prepare NasGesSiy, first Ge and Si was ball-
milled for 8 hours using a Spex Mixer/Mill 8000M with a stainless-steel jar and balls
(SPEX 8007 - Stainless Steel Grinding Vial Set). Then the alloyed Ge-Si powder was
combined in a 1.2 :1 molar and heated in a similar manner as the NasGes phase.
Afterwards, the Nb tube was opened in the Ar glovebox and the contents were ball-milled
in a tungsten carbide lined vial with a tungsten carbide milling ball (SPEX SamplePrep
5004) for 5 minutes to create a homogenous powder. The powders were then pressed
under an Argon atmosphere using a 7mm diameter die at 750 psi. The pellet served as the
working electrode in all electrochemical experiments. Typical mass of the pellets were

around ~30-35 mg which corresponded to capacities of 8-12 mAh.
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5.2.2.2. Electrochemical Reactor Assembly

The housing of the electrochemical cell comprised a stainless-steel 304L half
nipple (Kurt J. Lesker, HN-0275) with the bottom welded closed with a stainless-steel
cap. This served as the positive electrode current collector in the experiments. A 0.094-
inch diameter stainless-steel wire insulated with alumina and mounted on a 2.75-inch
feedthrough (Kurt J. Lesker, EFT0512993) served as the negative electrode current
collector. During the experiments, the flange with the electrical feedthrough was
connected to the positive current collector using screws and a copper gasket. All cell

assembly was done in a Ar glovebox.

The solid electrolyte was purchased from lonotec (D11.5-1-LNZ), a cylindrical
membrane with a diameter of 11.5 mm and a thickness of 1 mm. The cell is comprised of
two boron nitride crucibles. The smaller boron nitride (BN) crucible had dimensions:
height of 20 mm, inner diameter of 12 mm and outer diameter of 16 mm. The larger BN
crucible had dimensions: height of 18 mm, inner diameter of 16 mm and an outer
diameter of 20 mm. In the bottom of the small BN a 10 mm hole was cut in the bottom
which serves to create the interface between the solid electrolyte and the Na metal. A
metal disc (20 mm diameter, 4 mm height) with a tapped screw hole was screwed into the
bottom of the large BN crucible to serve as part of the positive current collector. To
assemble the cell, first a 15.5 mm diameter stainless-steel spacer (MTI, EQ-CR20-
Spacer-05) was placed in the bottom of the large BN crucible on top of the screw
followed by a spring (McMaster Car, 0.5 long, 0.48” OD,9435K115) and then followed

by another stainless-steel spacer. Then, the NasGes pellet electrode was placed in the
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center of the stainless-steel spacer. Then, the solid electrolyte membrane was placed on
top of the pellet electrode. The small BN crucible is then placed on top and into the large
BN crucible (they fit snugly together) and pushed down so the spring is applying
pressure. Then while pressure is applied, a locking wire is inserted through pre-cut holes
in the sides of both crucibles which locks both crucibles under compression of the spring.
Then, Na metal is placed in the small BN crucible with the hole in the bottom that is
exposed to the solid electrolyte. Prior to sealing in the housing, the cell is heated on a hot
plate at 250 °C (in the glovebox) so that the Na metal melts to ensure contact with the
solid electrolyte. Then, the cell is placed in the bottom of stainless-steel housing and is
sealed with a copper O-ring. In subsequent cell assembly (i.e after heating and a
reaction), the Na metal is stuck to solid electrolyte (as seen in Figure 5.2.1c) and the
solid electrolyte and Na metal are secured to the small BN crucible. The same Na metal
electrode was used for all the presented electrochemical experiments. After each reaction,
a new spring was used. After a completed reaction, the cell was disassembled inside an
Ar glovebox. In general, the working electrode pellet was not adhered to the solid
electrolyte. In between the NasGes and NasGesSiy reactions, the solid electrolyte surface

was polished with 1000 grit SiC sandpaper.

5.2.2.3. Electrochemical Characterization

The electrochemical reactions were carried out using the galvanostatic
intermittent titration technique (GITT) which involves current pulses followed by times

for open circuit relaxation. The potentiostat used to carry out the electrochemical
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reactions with a Biologic MPG-2 using the galvanostatic charging with potential limits
(GCPL) method. Prior to starting the electrochemical oxidation, the cell was heated (in 2
hours) and held at 450 °C for 20 hour and then ramped down to the reaction temperature
in 30 minutes with an additional 30 minute equilibration time before any current was
passed. The purpose of the hold at 450 °C is to ensure and establish good interfacial
contact with the Na and the solid electrolyte. Experiments done without the initial higher

temperature hold resulted in poor interfacial wetting and high polarizations.
5.2.2.4. Materials Characterization

Powder X-ray diffraction (PXRD) was performed with a Malvern PANalytical
Aeris research edition powder diffractometer with Cu X-rays (K alpha and beta) operated
at 40 kV and 40 mA with standard Bragg-Brentano diffraction geometry and Pixel3D
detector. For air-sensitive samples, the sample was covered with a Kapton film in an
argon-filled glovebox prior to diffraction measurements. The Kapton film resulted in a
broad background from 15° < 26 < 25°. Scanning electron microscopy (SEM) was
performed with a FEI Nova 200 Nanolab. The images were collected at 10 kV and a 0.54
nA spot size. Energy dispersive X-ray spectroscopy (EDS) measurements were taken at

20 kV or 30 kV at a magnification of 800x or 1500x.

Rietveld refinement was performed with Jana2006.5* The peak shapes were
described by the pseudo-Voigt function, background fit with Legendre polynomials, and

atomic displacement parameters were modeled as isotropic.

5.2.2.5. Density Functional Theory (DFT) Calculations
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The first-principles DFT calculations were performed to explore Na insertion and
migration in guest free type Il Ge clathrates using a similar manner as in our previous
work>>1%2179244 ‘The calculations were carried out using the VASP code’”®, the PBE
functional’®, and projector augmented wave (PAW) potentials with a plane wave basis
set’8. In the PAW potentials, the Ge 4p and 3d and Na 3s and 2p electrons were treated as
valence electrons. The kinetic energy cutoff for the plane wave basis set was chosen to be
400 eV and the reciprocal space was sampled with the Monkhorst pack meshes 3 x 3 x 3
centered at I". The cubic Geuss unit cell (Fd3m space group) was used in all calculations.
The convergence criteria for the electronic and ionic relaxations were set to be 0.01 and
0.1 meV, respectively. These criteria resulted in relaxed structures with residual forces
below 0.03 eV/A. The geometric optimization was performed in two steps. First, the unit
cell volume was optimized without the constraint of the cubic symmetry. Then the
relaxed lattice constant, taken from the relaxed volume, was used in a second step where
only ionic relaxation was allowed under the cubic symmetry constraint. The crystal

structures with the ionic positions of the second step are reported.

The Gibbs free energy change of reaction (AGy) and the average voltage were
calculated as described previously®>%2. The formulas used for calculating the Gibbs free
energy change and average voltage for insertion of Na in Geiss, for example, are shown

in equation (1) and (2), respectively:

AG, = E(NaGey36) — E(Na) — E(Gey36) 1)
V(x) = —%,x=#ofNa 2
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where E(NaGe;s¢) and E(Ge;3¢) are the total free energies for the clathrate systems with
and without the Na atom, and E (Na) is the energy per atom for Na metal. The calculated
values for E(Na) is -1.311 eV/atom. A negative AG (i.e. positive voltage) represents a

spontaneous reaction relative to Na metal, suggesting the feasibility of sodiation in a half
cell with Na metal as the counter electrode. All crystal structure figures were created with

Diamond 4.5.3.

The climbing image nudged elastic band (NEB) method was used to calculate the
Na migration barriers®. All NEB calculations used a linear interpolation as a starting
band with 7 intermediate images between the beginning and ending images. The images

were converged until the force on each image was below 0.03 eV/A.

5.2.3. Results and Discussion

In our previous work using B-alumina, a cup of the solid electrolyte was used to
hold a liquid metal electrode and placed in contact with a working electrode pellet of the
NasSis precursor. In this work, a modified reactor was assembled with a solid electrolyte
membrane to simplify the cell assembly procedure and provide a more reliable way to
apply pressure to the electrodes. Figure 5.2.1 shows a schematic and photographs of the
cell. A detailed description of the cell assembly can be found in the experimental section.
Two differently sized boron nitride (BN) crucibles are used as the base of the cell. In the
bottom of the large BN crucible is a spring which allows for pressure to be applied when
the small BN is placed into the large BN crucible. The NasSiyGes.y working electrode is

placed in the center of stainless-steel spacer followed by the larger diameter solid
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electrolyte membrane. Then Na metal, which acts as the reference/counter electrode is
placed on top of the solid electrolyte to form the two-electrode cell. Prior to any potential
being applied to the cell, the cell was held at 450 °C for 20 hours and then moved to the
desired reaction temperature afterwards. Na 3°’-alumina has notable issues with Na metal
wetting at lower temperatures (300 °C) and the hold at 450 °C is used to ensure good
wetting of the Na metal with the solid electrolyte.>* Figure 5.2.1c shows the Na metal
electrode contacting the solid electrolyte with good wetting after a reaction involving the

450 °C hold.

a) Negative Current Collector Na,Si Ge,, Pellet

Alumina Insulation

Small Boron Nitride (BN) Crucible
Na Metal

Locking wire

Na B”-Alumina Solid Electrolyte
Na,Si Ge, Pellet

Spring C) Small BN
Large Boron Nitride Crucible P £

Positive Current Collector

Stainless Steel Current Collector Na Metal

Figure 5.2.1 (a) Schematic of the two-electrode cell used to perform the electrochemical
oxidation of the NasSiyGes.y Zintl precursors (b) Photograph of the cell assembled and
the working electrode pellet in the center of the stainless-steel spacer. (c) Photograph of
the Na metal and solid electrolyte interface demonstrating good Na wetting of the surface
after heating at 450 °C.

To carry out the electrochemical oxidation, the galvanostatic intermittent titration
technique (GITT) was used which involves current pulses with time for open circuit

relaxation. The purpose of the GITT method is to observe the open circuit potential after
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a relaxation time in order to remove the Kkinetic effects on the potential of the system. The
difference between relaxed open circuit potential and the potential during constant

current is referred to as the polarization.
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Figure 5.2.2 Galvanostatic intermittent titration technique (GITT) voltage profile of the
oxidation of NasGes at (a) 300, (b) 350, and (c) 400 °C with 12 hour current pulses and 1
hour of relaxation time.
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Figure 5.2.2 shows the GITT voltage profiles at 300, 350 and 400 °C with the
current densities used in each region for the oxidation of NasGes. The current was
decreased by half from the previous current starting with 324 uA/cm? when the voltage
started to increase sharply or reached 5 V. The dotted lines at 231 mAh/g and 281 mAh/g
mark the theoretical capacities assuming a starting composition of NasGes and then

reaching a composition of Na24Geiss and Geiss, respectively.

Figure 5.2.2a displays the voltage profile for the electrochemical oxidation of
NasGes at 300 °C which shows the potential of the cell starts close to 0.0 V vs Na/Na*
and then shows a sloped region until plateauing at 0.50 V. The sloped region suggests
that there could be some variable Na composition (i.e. Nas=sGes) in the Zintl phase as a
continuous increasing potential represents a single phase region for a two-component
system. The voltage plateau indicates the presence of a two-phase region suggesting that
the conversion of NasGes is occurring. The relaxed potential after the first current pulse is
0.40 V which is notably higher than the potential for the conversion of NasSis (57 mV at
550 C).2%2 The potential of the system quickly rises at the first current density of 324
HA/cm? which is then lowered sequentially and eventually reaches a capacity of 190
mANh/g, lower than the capacity needed for full conversion to Na2sGe1ss. The relaxed
voltage in between the current pulses is similar suggesting that despite the large rise in
cell polarization, a two-phase reaction is occurring, similar to what was observed for the
oxidation of NasSis.?%2 Figure 5.2.2b shows the GITT voltage profile for the reaction at

350 °C, which shows much lower polarizations and a flat plateau with relaxed voltage of
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0.37 V. The beginning of the profile shows a flat plateau near 0.0 V which could occur
from excess Na metal from the synthesis as Na metal is expected to react at this potential.
The polarization is much lower than at 300 °C suggesting that the temperature has a large
effect on the kinetics of the reaction. The capacity of the cell at 350 °C reaches 240
mAh/g, which is close to a full conversion to Na24Geiss. The reaction at 400 °C is similar
to that at 350 °C but with a lower voltage after relaxation of 0.34 V. The cell reaches a
higher capacity than what would be expected from full removal of all the Na suggesting
that there could be some Na vapor self-discharge as described in our previous work.?®2
Although, the two electrodes are sealed from away from each other by a BN/BN interface
and a solid electrolyte/BN interface, it is possible that some Na vapor is transporting
between them to reform NasGes. A Na vapor reaction with Ge to form NasGes has been
demonstrated to occur at 400°C suggesting that this could be the cause of the excess

capacity.'?®
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Figure 5.2.3 (a) PXRD of the pristine NasGes and the products of the reaction products
synthesized. SEM micrographs of the products after exposure to air at (b) 300, (c) 350,
and (d) 400 °C. The broad background from 15° < 20 < 25° is from the Kapton film used
to protect the sample from oxidation during the PXRD measurement.NasGes reference
structure from ref3%, Geiss from ref*>’, and NaixGes:, from ref 3%

After the reaction was completed, the cell was cooled and then disassembled, and
the products were retrieved. PXRD of the pristine NasGes and the product of each
reaction without exposure to air (using Kapton film) are presented in Figure 5.2.3 in
addition to SEM images (after exposure to air) at each temperature. The PXRD results
show that in all cases the NasGes reflections have been converted into different
crystalline phases. At 300 °C, there appears to be a small amount of NasGes present
based on the peak at ~16 ° which would be consistent with the capacity being lower than

the theoretical to form Na2sGeiss. The other identified reflections include two NaxGeiss
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phases with different lattice parameters (possibility with different Na content) and a small
amount of the hexagonal Nai-xGes+; phase. Notably, there appears to be no a-Ge
impurities at 300°C which is commonly seen in other synthesis methods.'5181:263 At
350°C, the major phase is the hexagonal Nai.xGes+; phase with NaxGe1ss and a-Ge as
minor phases, while at 400 °C, the major phase is a-Ge with a minor contribution from
the hexagonal NaixGes+, phase. Based on these assignments, the temperature of the
reaction significantly affects the reaction products. At low temperatures, the type 11 phase
is favored which is consistent with the reaction temperatures of other synthesis
methods.1?81°0:181263 The formation of the hexagonal phase at 350 °C is also consistent
the reported synthesis method of this phase.3’? Based on the voltage profiles in Figure
5.2.2, there is no significant voltage difference between the reactions and the effect of the
temperature on the potential is not currently known. This suggests that all the phases are

at a similar potential and the temperature is the main contributor to the phase formation.

SEM of the reaction products at each temperature are shown in Figure 5.2.3bcd.
The powders were mainly comprised of agglomerates of smaller particles in addition to
particles with wire-like morphology. Interesting, this wire morphology was seen in all the
samples and the origin is unknown. The EDS of the powder do not show any obvious
elemental impurities (Figure H.1), suggesting it is one of the reaction products. Overall,
the results demonstrate the solid-state oxidation of NasGes in an electrochemical cell can
result in analogous phase formation as other chemical oxidation methods, generally
resulting in a multi-phase product. The voltage profiles demonstrate the reactions proceed

via two-phase reactions with potentials around 0.34-0.40 V vs Na/Na".
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Figure 5.2.4 Galvanostatic intermittent titration technique (GITT) voltage profile of the
oxidation of NasGesSi; at (a) 350, and (b) 400 °C with 12 hour current pulses and 1 hour
of relaxation time.

Next, an electrode comprised of NasGesSii was oxidized in an analogous way as
NasGes to investigate whether better phase purity could be achieved. Figure 5.2.4 shows
the voltage profiles of the oxidation of the NasGesSi1 Zintl phase at 350 and 400 °C with
the dotted vertical lines showing the theoretical capacities for achieving the fully sodiated
clathrate phase and to remove all the initial Na. The voltage profiles show similar

behavior to those for NasGes with an initial potential starting near 0.00 V and quickly
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increasing and then plateauing. There was no initial plateau at 0.00 V for these
experiments suggesting that there was possibly less excess Na metal. The relaxed
voltages during the plateaus were 0.36 V and 0.33 V for 350 and 400 °C, respectively.
These voltages are similar to what was observed for the NasGes precursor at the same
temperature suggesting that the Si alloying did not significantly change the reaction
voltage. The final capacity at 350 °C was 260 mAh/g which is greater than the capacity
of obtaining the composition Na24SizsGe1o2 While the reaction at 400 °C was 320 mAh/g,
higher than the capacity of for removing all the starting Na suggesting that Na vapor
might be self-discharging the cell. Overall, the voltage profiles of the oxidation of

NasGesSii show similar behavior to those of the oxidation of NasGes.
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Figure 5.2.5 (a) PXRD of the pristine NasGesSi1 and the products of the reactions at 350
and 400 °C. SEM micrographs of the products after exposure to air at (b) 350 and (c) 400
°C. The broad background from 15° < 26 < 25° is from the Kapton film used to protect
the sample from oxidation during the PXRD measurement. NasGe> 82Si1 18 reference
structure from ref®%, Geiss from ref!>’
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PXRD of the pristine NasGesSis reaction products without exposure to air is
shown in Figure 5.2.5 along with corresponding SEM micrographs. The products of the
reaction demonstrate that full conversion of the Zintl phase precursor was achieved along
with phase pure synthesis of the type Il clathrate phase at 350 °C and the o phase at 400
°C. Notably, there is no sign of the hexagonal Na-Ge phase in the PXRD patterns
suggesting that the incorporation of Si into the Zintl precursor prevented the formation of
this competing Na-Ge phase. SEM micrographs of the products show that the powders
are comprised of agglomerates of nanosized particles. The primary particles for the
reaction at 400 °C are smaller than the clathrate and are consistent with the broad PXRD
peaks which could be due to peak broadening due to nanometer crystallite sizes. The
morphology is similar to the previous product of the oxidation of NasSis which showed
agglomerated powders with a large amount of texture suggesting the presence of many
crystallites. Another notable difference between the NasGes oxidation and NasGesSis is
the absence of the particles with wire morphology suggesting that the presence of the Si

significantly modified the resulting products.

Rietveld refinement was performed on the PXRD for the clathrate phase
synthesized at 350 °C from the NasGesSi1 precursor and is shown in Figure 5.2.6. First,
the pattern was fit with a guest-free SizsGe1os Structure assuming homogenous mixing of
the Si on the Ge framework sites. The ratio of Si and Ge was fixed to the nominal
composition of the precursor and was confirmed based on EDS of the powders (Figure

H.2). The refined lattice parameter of the structure was determined to be 15.1186(4) A
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which is lower than the lattice parameter of the guest-free Geiss (15.2115(1) A)**" and
similar to the lattice parameter of the alloyed Sio.25Geo 75 clathrate (15.10 A),**° thus
confirming the alloying of Si into the Ge clathrate. After the pattern was fit to the guest-
free structure, a difference Fourier transform was performed which revealed residual
electron density in both (Ge,Si)20 and (Ge,Si)2g cages. In the smaller cages, a peak was
found in the center, which is attributed to Na, while in the larger cages residual electron
density was split in a tetrahedron aligned around the four hexagons. The structure was in
the refined with Na in the center of the (Ge,Si)20 and in the off-center 32e position in the
(Ge,Si)2s cages with their displacement parameters fixed to equal to the framework site.
The refinement resulted in a final composition of Nas 41)SizsGe1o2 suggesting that most of
the Na had been removed by the electrochemical oxidation. The atomic parameters and

atomic displacement parameters are presented in Table H.1.
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Figure 5.2.6 Rietveld refinement of the PXRD patterns of the products of the oxidation
of NasGesSiy at 350 °C after being exposed to air. The black circles represent the
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experimental pattern, the red curve represents the calculated pattern, and the blue curve
represents the difference curve. The refined atomic positions, occupancies, and atomic
displacement parameters can be found in Table H.1. The red tick marks represent the
reflections corresponding to Nas 41)SizsGeio. Refinement residuals: ¥?= 2.07, Rp=0.028,
and wRp= 0.037.

The off-center Na positions aligned with the hexagon faces in the large
hexakaidecahedra are similar to our previous refinements of Li in the Sizs cages®** and
result from a mismatch between the cage size and the size of the cation. Since Na already
has been demonstrated to have a slightly off-center position in the Sizs cage,'®?% this
effect is expected to be exacerbated in the larger (Si,Ge)2s cages. Although, this disorder
has been modelled with off-center positions in the Si»g cages, modelling Na with off-
center position has yet to be considered for the Naz-xGeiss clathrate.?633% Here, we

present structural evidence for the off-center positions for Na in the larger Ge cages.

To further investigate the possible Na positions in the Geiss lattice, DFT
calculations are used to evaluate separate Na positions. Figure 5.2.7ab shows a crystal
model schematic of the investigated Na positions and the Gibbs free energy of reaction of
each position along with the average sodiation voltage. The four positions investigated
were the Geyo center position, the Gezg center position, Gezg coordinated off the
hexagonal face (Off Hex) and Geg coordinated off the pentagonal face (Off Pent). The
relaxed off-center positions in the Gezs cage were found to be 1.311 and 1.195 A off-
center for the Off Hex and Off Pent positions, respectively. For comparison, Na in Sizs is
found experimentally to be 0.54 A off-center.?®® Figure 5.2.7b, shows the Gibbs free
energy of reaction for each Na position relative to Na metal and the guest-free Ge1ss

where a more negative Gibbs free energy corresponds to a more favorable reaction.
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Figure 5.2.7 DFT calculations of Na positions in Ge1ss (a) Schematic of a Gezg cage
connected with a Gezo cage showing the DFT calculated Li positions viewed down the
[110] direction. (c) Gibbs free energy of reaction (AG,) for the reaction Geiss + Na
(metal) — NaGeiss for each different Na position. (c) NEB-calculated minimum energy
paths for migration of Na in Ge1ss between the Ge2o and Geog cages through a shared
pentagonal face (Pentagon Transition) and between the Gezs and Gezs cages through a
shared hexagonal face (Hexagon Transition).

The results show that the most favorable Na positions in the lattice are the Gezo
center and the off-center positions in the Gezg cage. The center Gezg cage position is 0.12
eV higher in energy than the Off Hex positions suggesting that Na would prefer to
occupy an off-center position in the large Gezg cages which is consistent with the results
from the Rietveld refinement. Though, the results are from the structure in the Rietveld

refinement are alloyed with 25% Si, we expect a similar trend as it is primarily based on

330



the size of the cages. This result is consistent with our previous calculation on the
position of Li and Na atoms in clathrate cages as a function of cage size.!’® The stability
of the position is primarily determined by size of the clathrate cage and the alkali metal’s
favorable bond distance. The Gegs cage is too large to maintain the favorable ~3.0 A Na-

Ge distance at the center of the cage and thus the Na atom prefers to be off-center.

Figure 5.2.7c shows the energy vs reaction coordinate plots for nudged elastic
band (NEB) calculations performed to investigate the Na migration barriers between the
two types of cages. Since, the Naz-«Geiss can have a variable Na content,?633% the Na
content is expected to be controlled by the bulk diffusion of Na through the clathrate
lattice in a similar vein as Siizs.1% Since guest-free clathrates are of more technological
interest than the Na-filled ones, understanding the kinetics and pathways of Na migration
will be important for obtaining these guest-free structures. The results show that when Na
migrates between two Gezs cages through a hexagonal face, the migration barrier is 1.3
eV, similar to our previous results for NaGeus (1.5 eV).}"® For Na migration between the
Ge2g cage and Gezo cage through a pentagonal face, the migration barrier is much at
higher a 4.0 eV. Interestingly, the pathway did not converge to a path that resulted in
breaking a Ge-Ge bond to lower migration barrier of the pentagonal transition state. This
phenomenon has been observed in a variety of situations for Li and Na migration in
clathrates®17%244 and seems to be a possible mechanism for alkali metals to move in and
out of the small dodecahedra with a lower migration barrier. It is possible that that the
transition state is only possible if a Na is in an adjacent cage and is a cooperative
mechanism similar to Li in Siiss and Siss.1">%* More calculations and experiments will be

needed to elucidate this mechanism and the diffusion of Na within the Ge framework.
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The DFT calculations support the finding the Na prefers an off-center position in the
hexakaidecahedra and demonstrates that Na migration barriers are expected to be

relatively high consistent with the high temperature needed to desodiate the structure.

5.2.4. Conclusions

In this work, the solid-state electrochemical oxidation of NasGes and NasGesSiy
Zintl precursors are performed with a two-electrode cell using a Na p’’-alumina solid
electrolyte. The galvanostatic intermittent titration technique (GITT) is used to perform
the oxidation and shows that the synthesis results in a two-phase reaction with constant
potentials around 0.34-0.4 V vs Na/Na*. The oxidation results in full conversion of the
Zintl phase precursors which are transformed into different products depending on the
temperature. For NasGes, the products included the type 11 Ge clathrate, the hexagonal
Na-Ge phase, and a-Ge phase showing a clear low to high temperature (300, 350,400 °C)
dependence on the phase formation. For the oxidation of NasGesSiy, ho hexagonal Na-Ge
phase was observed and phase pure alloyed type 1l clathrate phase and o phase were
obtained at 350 and 400 °C, respectively. Rietveld refinement of the type Il alloyed Si-Ge
phase resulted in a composition of Nas.4(1)SizsGeios With a lattice parameter of 15.1184(4)
A in good agreement with previous reports. The Na positions are found to be off-center in
the hexakaidechedra based on a difference Fourier transform and is supported by DFT
calculations showing that Na energetically prefers an off-center position. Finally, NEB
calculations are used to estimate the Na migration barriers which show that migration
into the dodecahedra is kinetically difficult with a barrier of 4.0 eV, while Na migration
through the hexagonal face between the Gezs cages should is more facile with a barrier of

1.3 eV. These results demonstrate that electrochemical oxidation using a solid electrolyte
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can be used to effectively synthesize Ge clathrate materials starting with Zintl phase
precursors. Using a Zintl phase precursor alloyed with Si can be used to target the type Il

phase and achieve better phase purity than the pure Na-Ge precursor.
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5.3. Electrochemical Na-Sn Flux Synthesis of Na-Si Clathrates

This section is comprised of unpublished work.

5.3.1. Introduction

Na-Si clathrates are host-guest structures comprised of a Si framework with Na
guest atoms and have been recently investigated as Li-ion battery anodes with interesting
properties.4953244.262 However, the metastable nature of the structures requires alterative
reaction pathways that start with a high energy precursor. All reported syntheses of the
type I and type 1l Na-Si clathrates start with NasSis followed by an oxidation of the
structure resulting in Na atoms leaving and Si bonds being formed.40:15:164.170,185:262,280,.307-
310 The process by which this occurs has been achieved by various oxidation methods
including vacuum, chemical oxidants, electrochemical methods. The resulting
morphology and size of the Na-Si clathrate crystals depends on whether Si mass transfer
is possible at the required reaction temperature. For example, oxidation of NasSis under
vacuum results in polycrystalline powders while oxidation under applied pressure!’%2% or
in a Na-Sn flux resulted in single crystals®®®31°, Due to the volume contraction of Na
leaving NasSis, Si mass transport is required to form large single crystals or else the
resulting structure is porous and polycrystalline because there is no mechanism by which
Si can diffuse to achieve single crystal growth. This is evident from the SEM and TEM
micrographs of the Si clathrates synthesized via the thermal decomposition and
electrochemical oxidation of NasSis described in Chapter 3.3 and 5.1244252, Further
development of the synthesis methods for the Na-Si clathrates will be vital in

understanding the structure property relationships of these structures.
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Recently, there have been several reports of using Na evaporation with a Na-Sn
flux to grow large crystals (1-5 mm) of Na-Si clathrates®®®!° and other ternary?®® and

quatnery3!

clathrates. At certain temperature and Na compositions, single crystal growth
of type I and type Il Si clathrates have been achieved. For example, at 500 °C, a starting
mixture of Na:Si:Sn (6:2:1) was subjected to a thermal gradient for 48 hours which
resulted in evaporation of 41.7% of the starting Na.>!° These conditions resulted in the
growth of type | NagSiss single crystals with sizes in the range of 1-2 mm. At a time of 72
hr, 53.3% of Na evaporated and the resulting product were large crystals (5 mm) of type |

and type Il Na-Si clathrates. From these results, the growth of the Na-Si clathrates is

driven by the removal of Na from the Na-Si-Sn mixture resulting in single crystal growth.

As demonstrated in the Chapter 5.1 and Chapter 5.2, electrochemical oxidation of
Na can result in analogous reactions to the reactions that rely on Na evaporation??,
However, electrochemical methods come with the advantage of a larger amount of
control over the reaction and an in situ observation of the electrode potential which is
insightful for understanding the reaction mechanism. To further apply the
electrochemical methods to the controlled growth of Na-Si clathrates, this section
investigates using electrochemical methods to drive the Na oxidation of a starting mixture
of Na-Si-Sn (6:2:1) to perform analogous reactions to the evaporation experiments
described by Morito et al.*'° To achieve this, a two-electrode cell is assembled where a
cup of the Na B’’-alumina electrolyte is immersed in a pool of Na metal while the inside
of the cup contains the Na-Si-Sn flux. The electrochemical cell is then heated to 500 and
550°C and a constant current is applied to the cell which drives Na removal from the Na-

Si-Sn flux and promotes the growth of Si clathrates.
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5.3.2. Experimental Methods

5.3.2.1. Preparation of NasSis

In order to prepare NasSis, first Si was ball-milled for 10 minutes using a SPEX
Mixer/Mill 8000M with stainless-steel jar and balls. The purpose of the ball-milling is to
make the Si more reactive during its heating with Na metal. Then, Na and the ball-milled
Si were combined in a 1.2 : 1 molar ratio and sealed in a Nb tube under argon using arc-
welding. The Na and Si were purchased from either Aldrich or Alfa-Aesar with stated
purity greater than 99.9 wt % (metals basis). The Nb tube was heated at 650 °C for 48
hours in an Ar glovebox with (<0.1 ppm Oz and H20). Afterwards, the Nb tube was
opened in an Ar glovebox and the contents were the ball-milled in a tungsten carbide
lined vial with a tungsten carbide milling ball (SPEX SamplePrep 5004) for 5 minutes to
create a homogenous powder. This powder was then used as the NasSis source for the

electrochemical reaction. The purity of the NasSis was confirmed with PXRD.

5.3.2.2. Electrochemical Reactor Assembly

The housing of the electrochemical cell comprised a stainless-steel 304L half
nipple (Kurt J. Lesker, HN-0275) with the bottom welded closed with a stainless-steel
cap. This served as the negative electrode current collector in the experiments. A 0.094-
inch diameter stainless-steel wire insulated with alumina and mounted on a 2.75-inch
feedthrough (Kurt J. Lesker, EFT0512993) served as the positive electrode current
collector. During the experiments, the flange with the electrical feedthrough was

connected to the positive current collector using screws and a copper gasket.
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The solid electrolyte was purchased from lonotec (H1-35-LNZ) and was a cup
with a height of 35 mm, inner diameter of 20 mm and thickness of 1.5 mm. To assemble
the cell, first Na metal (Sigma-Aldrich) was placed in the bottom of a boron nitride
crucible (MTI Corporation, EQ-CB-D30H26, 3 00.D x 24 I.D x 26 H mm). 304
Stainless-steel mesh was placed and wrapped around the bottom of the boron nitride
crucible to serve as the negative current collector. Then, the solid electrolyte was placed
inside the boron nitride crucible containing Na metal. Then to prepare the reaction,
NasSis (~127 mg) and Sn powder (~150 mg) (Sigma-Aldrich ,10 micron >99%) were
mixed in the bottom of the solid electrolyte cup until the powder looked visually
homogeneous. Na metal (120 mg), which was melted and had its oxide layer removed,
was placed on top of the powder. The oxide layer was removed by using metal tweezers
to skim the oxide layer that is on the surface. As more oxide layers is removed the higher
the surface tension of the Na metal becomes which indicates an oxide free surface. The
molar ratio of Na:Si:Sn was approximately 6:2:1. Then the housing was sealed in the
glovebox with the stainless-steel current collector contacting the powder in the solid
electrolyte cup. The electrochemical reactor was heated in a glovebox oven during the
electrochemical reaction. Figure 5.3.1 shows a schematic and photograph of the

electrochemical reactor.

5.3.2.3.Electrochemical Characterization

The electrochemical reactions were carried out using the galvanostatic
intermittent titration technique (GITT) which involves current pulses followed by times

for open circuit relaxation. Details of the current and relaxation times can be found under
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the figures with the voltage profiles. The potentiostat used to carry out the
electrochemical reactions was a LANHE CT2001A. Prior to starting the electrochemical
oxidation, the cell was allowed to rest for 1 hour at the hold temperature (after a 3-hour

ramp).
5.3.2.4.Post-Syntheses Washing procedure

To obtain the Na-Si clathrates, the Na-Sn flux was washed away in two steps: the
alcohol wash and the acid wash. After the electrochemical reaction, the cell was opened
in the Ar glovebox and the product was obtained from the bottom of the solid electrolyte
cup. In some cases, the product was stuck to the bottom of the cup and was scraped off
using metal tweezers. After a reaction, a metallic looking sheen was present which is
attributed to a Na-Sn layer that is known to wet the Na p’-alumina electrolyte well.304312
No attempt was made to remove this layer between reactions meaning that there is

possibly residual Sn, Na, or Si present during the subsequent reactions.

After obtaining the product in the glovebox, a fraction of the product (~100 mg)
was taken outside of the glovebox in a sealed 3-neck flask with rubber stoppers. 20 mL of
isopropanol was incorporated into the product with a syringe. Bubbling was observed
indicating a reaction of the Na-Sn containing species with the isopropanol. After 20
minutes of reaction, the mixture was transferred to a 50 mL beaker and was then
sonicated for 30 minutes (in air). After this time, 10 mL of ethanol was added, and the
mixture was sonicated for 30 more minutes. After this time, 5 mL of deionized H.O was
added and sonicated for 1 additional minute. Then the solution was vacuum filtered with

a polycarbonate 0.2-micron membrane with a glass frit support while adding additional
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20 mL of H20. The product was then dried at 70-100 °C for 30 minutes. This concludes

the alcohol treatment which results in the removal of the Na in the product.

After the powder was dry, it is introduced into 20 mL glass vial. Then 8 mL of
concentrated HCI (38%) is added to the powder and then sonicated for 40 minutes. The
goal of the acid treatment is to remove the Sn components which is dissolved as SnCl». Si
clathrates have been shown to be stable in HCI*>>2%_ After the 40 minutes of sonication,
10 mL of H.O is added, and the products are then vacuum filtered using a PVDF
membrane and washed with 50 mL of additional H20. The products were then dried at
70-100 °C for 30-60 minutes. This concludes the acid treatment which results in the

removal of Sn from the products.
5.3.2.5. Materials Characterization

Powder X-ray diffraction (PXRD) was performed with a Malvern PANalytical
Aeris research edition powder diffractometer with Cu X-rays (K alpha and beta) operated
at 40 kV and 40 mA with standard Bragg-Brentano diffraction geometry and Pixel3D
detector. For air-sensitive samples, the sample was covered with a Kapton film in an
argon-filled glovebox prior to diffraction measurements. The Kapton film resulted in a
broad background from 15° < 26 < 25°. Scanning electron microscopy (SEM) was
performed with a FEI Nova 200 Nanolab. The images were collected at 10 kV and a 0.54
nA spot size. Energy dispersive X-ray spectroscopy (EDS) measurements were taken at

20 kV with a 2.4 nA spot size.

5.3.3. Results and Discussion
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In this proof of concept, a two-electrode cell is assembled and tested to perform
the electrochemical oxidation of a mixture containing a molar ratio of 6:2:1 of Na:Si:Sn.

294 \where Na

The geometry of the electrochemical cell is similar to the Na-S battery
serves as the negative electrode inside the a cup of a Na p’’-alumina electrolyte and
molten sulfur resides in a container in contact with the solid electrolyte. A schematic of
the electrochemical cell is presented in Figure 5.3.1 showing the geometry of the parts.
In contrast to the Na-S battery, the electrode that is in contact with the outside of the
electrolyte cup is the Na metal which serves as the counter and reference electrode while
inside the cup is the Na-Si-Sn flux which serves as the working electrode. The cell is
placed into the stainless-steel housing described in Chapter 2.1.5. Stainless-steel mesh is
wrapped around the inside and bottom of the boron nitride crucible to provide electronic
connection to the Na metal electrode, while stainless-steel wire from the electronic
feedthrough establishes the electronic connection to the Na-Si-Sn electrode. Figure
5.3.1b shows a photograph of the electrolyte cup inside the boron nitride crucible along
with the stainless-steel mesh. To carry out an electrochemical reaction, NasSis powder is
mixed with Sn powder and a solid Na metal piece is added on top of the powder in an

elemental ratio of 6:2:1 (Na:Si:Sn). The reactor is then sealed and placed in a glovebox

furnace and heated to the reaction temperature of 500 °C.
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Figure 5.3.1 (a) Schematic of the two-electrode cell. (b) Photograph of the cell prior to
use.

Figure 5.3.2 shows the GITT voltage profiles at different amounts of capacity and
the PXRD and SEM results after the alcohol and acid washing. As seen in Figure
5.3.2abc, the voltage profile has several plateaus and sloped regions which correspond to
two-phase and three-phase regions in a three-component system.® The capacity has been
converted into atomic ratios with the bottom of the graph showing the starting
composition of the reactants along with the final composition calculated based on the
amount of charge passed through the cell. The final composition has only been calculated
based on the electrochemical charge and does not consider possible side reactions or self-
discharge due to Na vapor which was discussed in Chapter 5.1. Therefore, the final
composition reported is a lower bound and could possibly be higher due to Na vapor self-

discharge due to the use of the high temperature and Na counter electrode.

At the start of the reactions, the voltage of the cell relative to Na/Na™ is around 24

mV and is consistent with the expected products at this composition and temperature.
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Based on the Na-Sn phase diagram,®!® at a composition of 4 Na to 1 Sn (assuming 2 Na
are with the Si), the Na-Sn should be molten at 500 °C. The positive voltage is consistent
with a phase where Sn is dissolved in liquid Na thus increasing the potential relative to
pure Na metal (Na/Na*). Upon constant current electrochemical oxidation, there is a
continuous increase in the potential until reaching an open circuit voltage of around 47
mV where there is a plateau corresponding to three-phase coexistence region. Further
desodiation results in an increase in the potential and two more plateaus are observed
with a larger plateau at 64 mV suggesting the existence of nucleation events. Then, near a
composition of Na1sSi1eSn1.0, there is a fourth plateau at an open circuit voltage of 91

mV.
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Figure 5.3.2 Galvanostatic intermittent titration technique (GITT) voltage profile at 500
°C with 2 hour 1.91 mA/cm? current pulses and 10 mins of relaxation reaching a final
composition of (a) Nao.sSi1.9Sn1.0, (b) Naz1Si19Sn10, and (c) Nao.gSi2.0Sn1.0. (d) PXRD of
the products of the reach after the alcohol and acid wash. SEM micrographs of the
washed products reaching a final composition of (e) Nao.gSi1.9Sn1.0 and (f) Naz2.1Si1.9Sn1.o.

After the desodiation, the products are recovered from the cell and washed
following previous reports where the Na components are removed via an alcohol wash
and the Sn flux is removed with an acid wash.?'° The PXRD patterns after the washing
procedures are shown in Figure 5.3.2d. For the sample with the final composition of
Nao.sSi1.9Sn1.0, the PXRD shows reflections matching with the type | NasSiss phase along
with minor impurities of diamond cubic Si and other unknown phases. For the reaction

reaching a composition of Na2.1Si19Sn1.0, the type | NasgSiss Was also the major product
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with minor diamond Si impurities. The PXRD for the washed products of the reaction
reaching a composition of Nas.4Si20Snz1.0, which stops before the voltage plateau at 64
mV, shows that the products are amorphous with a minor presence of diamond Si. The
PXRD (Figure 5.3.2d) confirms that Na-Si clathrates can be obtained from starting with
a mixture of Na-Si-Sn and then driving the Na oxidation with an electrochemical cell.
The fact that the products are amorphous before the voltage plateau at 64 mV suggest that
this three-phase region at 64 mV could correspond to the nucleation and growth of the

type | clathrate phase.

SEM micrographs (Figure 5.3.2ef) of the clathrate containing products show that
the resulting powder is composed of small particles with ligament-like morphology in the
micron size. The particle size appears to be larger for the reaction with a final
composition of NaogSi1.0Sn1.0 compared to Naz1Si1.90Sn1.0, possibly because of the longer
time spent at the reaction temperature for the composition of Nag gSi1.9Sh1.0. Notably, this
result is in contrast with the previous reports preparing the Na-Si clathrates in a Na-Sn
flux which showed single crystal growth at temperatures from 450-600 °C.%1° The small
particles of the products suggests that a mechanism for large single crystal growth is not
present during the nucleation of the Na-Si clathrates. The ligament-like morphology of
the products is similar to the results found in the previous work,2%? suggesting that they

might be going through a similar solid-state reaction mechanism.

To further understand the origin on the voltage plateaus in Figure 5.3.2, reactions
were prepared without NaSi and without Sn and oxidized in an analogous way. The

voltage profiles are shown in Figure 5.3.3 showing the voltage profiles with starting
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compositions of Nag 3Si1.90Sn1.0 (Na-NaSi-Sn), Nas.0Sn1.0 (Na-Sn), and Nag 0Si2.0 (Na-
NaSi). Figure 5.3.3a shows the same voltage profile in Figure 5.3.2a for comparison
while Figure 5.3.3b shows the voltage profile for Na-Sn. Notably, the reaction with only
Na and Sn, shows plateaus in similar voltages at the one in Figure 5.3.3a, suggesting that
these plateaus originate from the Na-Sn part of the electrode. Another important
observation is the plateau at 40 mV in the Na-Sn suggests that a two-phase reaction is
occurring which implies the crystallization of a solid Na-Sn phase in the previously liquid
Na-Sn. Based on the Na-Sn phase diagram, 500 °C the Na-Sn mixture should be liquid
until reaching a composition of NaSn with a reported melting point of 578 °C.%3
However, the melting point of NagSna is reported as 478 °C. If there is small discrepancy
between the reported melting temperature and the temperature of the furnace, the reaction
might result in the nucleation and growth of the NasSns phase which would manifest as a
voltage plateau. Furthermore, there’s a voltage plateau at 96 mV and the original voltage
plateau at 64 mV for the Na-NaSi-Sn system is absent, confirming the previous
speculation that the 64 mV plateau corresponds to the nucleation and growth of the type |

clathrate phase.
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Figure 5.3.3 Galvanostatic intermittent titration technique (GITT) voltage profile at 500
°C with 2 hour 1.91 mA/cm? current pulses and 10 mins of relaxation for (a) Na-NaSi-Sn,
(b) Na-Sn, and (c) Na-NaSi.

The voltage profile for the Na-NaSi reaction (Figure 5.3.3c) shows a low initial
starting voltage close to 0 vs Na/Na* consistent with the larger amount of Na relative to

Sn. The initial drop in potential is from the cell not being at equilibrium when the current
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pulse started. Oxidation results in a slightly sloped voltage profile until reaching a
composition of around NazsSi2.0 where the potential increases and a voltage plateau at 58
mV occurs. This voltage is similar to that seen corresponding to the type I clathrate
nucleation and growth at 64 mV, further confirming this voltage region corresponds to
the type I clathrate. PXRD of this reaction confirms that the type I clathrate is nucleated
with some other impurities phases, including NasSis suggesting it has not been fully
converted or there is Na vapor self-discharge (Figure 1.1). There is also evidence of Sn
containing phases suggesting the presence of a small amount of residual Sn from the
previous reactions using the same reactor. This behavior for the Na-Si binary is expected,
as the two phases are present: Na and NasSis. As the Na content is decreased, the liquid
Na metal will be removed through the cell until only NasSis remains. This corresponds to
the region from x= 0 to 3 Figure 5.3.3c. At this point, the NasSis would behave
analogous to our previous experiments where the solid-state conversion of NasSis would
occur to form the type | NagSiss clathrate by further decreasing the Na content in the
system.?®2 The open circuit voltage with the previous study at 550 °C was 56 m\/2?
which is close to the observed voltage of 58 mV confirming that an analogous reaction is

occurring in this experiment as well.

Based on these comparisons, the role that the Sn plays during the electrochemical
reaction becomes clear. If no Sn is present during the reaction, the liquid Na metal will be
removed prior to the nucleation of the type | NagSiss phase. This is because the potential
of the Na metal is lower than the nucleation potential of the type I clathrate. Once all the
Na is removed, there is no more liquid flux to promote Si mass transport and results in a

solid-state reaction. When Sn is present, the excess Na is present in the form of Na-Sn
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solution which is can exists in a wider range of potentials. Notably, the potential
corresponding to NagSiss is in between two voltage plateaus for the Na-Sn meaning that
Na-Sn is still present during the nucleation NasSise. This is important as the Na-Sn
component can facilitate mass transport during the nucleation and growth process of the

NasSiss clathrate.

An important feature of an electrochemical cell is the ability to directly control
the current rate independently of the temperature of the reaction system. This is notably
not possible during the evaporation of Na as demonstrated by Horito et al which showed
that the time it takes for Na to evaporate is dependent on the temperature of the system.3°
To investigate the effect of the current rate on the reaction, Figure 5.3.4 shows the GITT
voltage profiles for two reactions performed at 1.91 and 3.18 mA/cm?at 500 °C with the

PXRD after washing and the corresponding SEM micrographs.
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Figure 5.3.4 Galvanostatic intermittent titration technique (GITT) voltage profile at 500
°C with (a) 2 hour 1.91 mA/cm? current pulses and (b) 1.2 hour 3.18 mA/cm? current
pulses with 10 mins of relaxation times. (¢) PXRD of the products of the reaction after
the alcohol and acid wash. SEM micrographs of the reaction products obtained with a
current of (d) 1.91 mA/cm?and (e) 3.18 mA/cm?.

There are several notable differences between the voltage profile in Figure
5.3.4ab. First, the voltage profile with the larger current rate of 3.18 mA/cm? shows
higher polarization (i.e. difference between voltage during applied current and relaxed
voltage) which is consistent with the higher ohmic drop as more current is applied in the
system. Another difference is the amount of capacity for each plateau/sloped region is
less for the higher current meaning that the voltage reaches the 99 mV plateau despite
reaching a similar composition as the lower current reaction. This could originate from
the Na vapor self-discharge which would have less of an effect on the higher current rate
reaction as it spends less time at 500 °C over the course of the reaction. Future

experiments will be required to quantify the Na self-discharge. It is also possible to use a
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non-Na metal electrode (e.g. Sn) to mitigate the Na vapor pressure as demonstrated
earlier in Chapter 5.1.22 but this complicates the interpretation of the potential of the cell
because the potential of the counter Sn electrode would also change over the course of

the reaction.

Figure 5.3.4cde shows the PXRD and SEM micrographs of the two products after
washing with alcohol and acid. The PXRD show that both conditions result in the
synthesis of the type | NagSiss with minor diamond Si impurities. From the SEM
micrographs, the average particle size of the products synthesized at 3.18 mA/cm? is
lower than the product synthesized at 1.91 mA/cm?. This is expected as a higher current
rate reduces the time in the Na-Sn flux/solids which will decrease the time for coarsening
of nuclei. The higher overpotential required to achieve the larger current rate should also
increase the number of nuclei that initially form which leads to a larger number of
particles from which to grow from.3*4 Overall, by changing the current of the reaction
different morphologies of the clathrate particles can be grown which has implications for

understanding how the crystallite size of clathrates affects their properties.

In addition to changing the current rate, the temperature can be changed while
keeping the same current rate to isolate the effects of temperature on the reaction. The
results of this experiment are shown in Figure 5.3.5 which compare the reactions at a
current rate of 1.91 mA/cm? at 500 °C and 550 °C. The voltage profiles shown in Figure
5.3.5ab demonstrate that the 50 °C change in temperature resulted in a large difference in
the electrochemical behavior. At 550 °C, th