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Abstract

With the global economy finally accepting of the harm caused by fossil fuels to the planet
as a whole and the reality that they are a finite resource, ambitious plans are being made
to transition to carbon-neutral economies in the following decades. To allow for a
seamless transition and allow the energy-abundant life we are all familiar with to continue,
improvements must be made to the current electrodes used in electrochemical energy
storage devices to improve performance. One renewable technology does not fit all, and
research must be driven towards diversifying the technologies we rely on for energy

storage.

In this present work, solvent-engineered Tin(ll) Oxide (SnO) is synthesised for energy
storage applications, in which the morphology of the SnO may be tuned through a simple
change of reflux solvent. SnO lithium-ion battery electrodes are manufactured using
simple and scalable techniques. Using an iterative approach, the optimized morphology,
mass fraction, type of conductive additive and electrolyte are selected. A maximum
capacity of 980 mAh g was obtained at 0.1 C using the optimised heat treated Tuball-
single walled carbon nanotube (SWCNT) nanoflower SnO composite, whilst an initial
coulombic efficiency (ICE) of 80% was recorded in addition to maintaining a capacity of
815 mAh g after 300 cycles at 0.5 C. Furthermore as a proof of concept, a full-cell was
assembled using a lithium nickel manganese cobalt oxide cathode with the cathode shown

to be the limiting factor.

It was found that the same electrode optimised performance in sodium-ion batteries as
had been the case for the lithium counterpart. The electrode underwent an activation
period with the sodium alloying reaction over several cycles, with the increase in capacity
attributed to an electrochemical milling effect. The optimized composite had a
maximum capacity of 574 mAh g* at 0.05 C, whilst in terms of cycling stability it
displayed a capacity of 500 mAh g after 60 cycles, which dropped to 405 and 261 mAh
g after 80 and 120 cycles respectively. Issues remained however around the ICE of the

composite (51%) and the CE during cycling which remained under 99%.

SnO and Tuball inks were formed and printed as supercapacitor electrodes. Although the

presence of SnO did not increase the capacitance through pseudocapacitance, it had the



effect of inhibiting the functionalization and the subsequent degradation of the SWCNTs
in the presence of sulphate-based electrolytes. It was shown that the mechanism for
shielding the SWCNTSs involves a pseudo-reversible reaction between the sulphate ions
and SnO, which leads to the co-existence of both SnO and SnzO; after cycling in devices
as shown by x-ray diffraction and x-ray photoelectron spectroscopy. A 10% mass fraction
of SnO was the optimum addition; still enabling shielding whilst also maximising the
SWCNT mass fraction which is responsible for the electrode’s capacitance. The electrode
obtained a capacitance of 102 F g at 2 A g and a capacity retention in excess of 95%
after 30,000 cycles at 10 A g. An asymmetric device was assembled with MXene with
a voltage window of 1.8 V, obtaining an energy density of 24.39 Whkgtat 1 Ag'anda
capacity retention of 90% after 7,500 cycles.

In summary, this Thesis demonstrates the versatility of solvent-engineered SnO in
combination with SWCNTS towards a range of renewable energy storage applications.
The approaches taken are cost-effective, scalable and environmentally friendly. A
composite material has been developed that optimises performance in both
lithium/sodium-ion batteries, whilst employing the same constituent materials a wide

voltage supercapacitor electrode is developed.



Acknowledgements

Firstly, I would like to thank Prof. Valeria Nicolosi for allowing me to join her research
group to carry out my research in addition to constantly supporting my work and directing
it. In addition to this | would like to thank her for always putting the welfare of her staff
first and foremost and constantly solving all issues and problems we may face. | have
always left meetings with a renewed interest and energy for my work, and she possesses
an amazing skill of encouraging all her students even when results don’t turn out as

envisioned. It has been a pleasure to be able to call her my mentor for the past four years.

I would like to thank all the Nicolosi group for being so kind and helpful to me throughout
my time there. I would like to particularly thank Sergio Pinilla for mentoring me on a day
to day basis and giving up his time to help me with my project and answer the numerous
questions | put to him. I am also thankful to Michelle P. Browne, who helped me gain a
better understanding of material science and electrochemistry and also took the time to
help me when I asked. I also thank Jo&o Coelho for mentoring me on all things concerning
batteries and electrochemistry at the beginning of my PhD, Dahnan Spurling for lending
me his expertise with supercapacitors, Lorcan McKeon for carrying out printing work for
me and advising me on how best to fabricate devices and Sonia Jaskaniec for mentoring
me on the synthesis of my material. | would like to thank Lucia Hughes for assisting me
with XRD and being a friend | could moan to when | needed a good moan. | would like
to thank Dermot Daly, Megan Canavan and Clive Downing from the AML in Trinity
College Dublin for teaching me how to operate the SEM/FIB and always lending a hand
when called upon. | would like to thank Christopher Hobbs and Oskar Ronan, both
formally of the Nicolosi group for carrying out TEM characterisation for me. | thank
Danielle Douglas-Henry, Ainur Zhussupbekova, Lucy Prendeville and Sebastien VVaesen
for their assistance with experimental techniques needed for this PhD fellowship. | thank
Carol McCaffrey and Jesus Barco Montero for their assistance with all things concerning
admin, supplies and funding. I also thank Trinity College Dublin and in particular the

School of Chemistry for supporting me during this structured PhD.

| am very grateful for the continued support I receive from the Irish Research Council and
thank them for awarding me a Government of Ireland Postgraduate Scholarship
(GOIPG/2019/2428) without which 1 would not be able to carry out my work.



Finally (and most importantly), I would like to thank my family and friends for all their
support, particularly my parents Michael and Anne for their unwavering support of me

throughout my studies.



Table of Contents

DECIAIALION ...t I
A 01511 =T TR i
ACKNOWIEAGEMENTS........cooriciiricresieiessssi st sssses st ssssessanes v
PUDIICALIONS .......cvuvcecieeissteees st ssssss s ses s ess st et sses s sssssassssssssssssssansans X
COMMUNICALIONS .....coocveririciiisiesiesiesiessessesses st sse s s s es st ssessessesses s saesans Xi
AN o] o] £V = 0] T Xil
1. Introduction and MOLIVALION............c..cueiieeerineiessse st ssessssssessessaens 1
2. Theory and BacKgroUNd...........c.ccneieencssssesssss st sssssessss st ssssssssasens 3
2.1 Lithium-lon Battery: Historical DevelopmMENt............c..ooeeennennsiinesinsssesssssssssessssssenns 3
2.2 Electrochemistry of lithium-ion Datteries...........cocrvrrinrinreincsnesessns s ssssesssssssans 3
2.3 Lithium-lon Battery ANOde MaterialS............cccc.vrrirerrimrinssiesssssssssssssssssssessssssssssssssans 5
LthiUM MELAL BNOTES ........cvevveverieereeseseesseesssee s s s ss s sss e sssss bbb bbb sb st 6
CarDON-DASEA ANOUES......couueeeereeeneeeseeeeeesesseess st ess s bbb bbb bbb 6

IVIBEAL OXITES ....cvevveverserenseneseesese st esssssessssesssse s bbbkt 7

SO PIOPEITIES.....o.vervverseeesesseeeseseeesssseeesssseeesss e sss bbb RS8R 8

SNO S AN ANOUE MALETTAL.........uevveerecrrec ettt ettt bbb e st 9

2.4 Solid Electrolyte INtErpRase...........oc.ueeeeeeirieesisesssesssssesssessssessssesssessssesssssesssessseses 10
2.5 EIBCIIOIYE ...ttt 11
2.6 NANOMBLENTAIS.......coevvrerieeieite ettt et bbb bbbt 12
2.7 Cathode MALEFIAIS ...ttt ssss s st ssss st ssssssssssssaes 13
TraNSItION MELAL OXIES.......c.ueeveeeiesiieetes sttt s s bbb s ss bbbt st 13

2.8 Carbon Nanotubes fOr DALEFIES ..........ewrvrirmrerisessssssssssesssssssssssssssssssssssssssssssssssssssnns 14
PB-SWWCNTS ..ottt st st ssssssss s s ssssssss sttt sss st ssessssssssssasssssanees 16
TUDIL ...ttt bbb bbb bbb bR bbb bbb a st 16

2.9 SOAIUM-I0N BAIEKIES ...t sessssssesss st ssssesssssssssssssssssesssssssssssssans 16
2.10 Sodium-lon Battery ANOde MatErials............ccevreeeeemerinneriessseessesssssssssessssessseees 18
SnO as an anode MAterial FOr NIBS .........oc..reerrireenressnssssnssssssssssssssssssssssssssssssssssssssssssssssssssssssessess 19
EIECHOIVIE TOF NIBS.....covvveureeereeeineeiesesssesessseessssessssseesssssessssesssssesssssessssesssssesssssssssssssssesssssesssssesssssessssnsess 20

2.11 SUPEICAPACTIONS. .....ceoureereereeereeeseesseesseesseesssessseessesssessssssssssssesssessssssssssssesssesssessssssessssssnessnns 20
PSEUAOCAPACIIANCE ... vevseeesseeesseessseesssesessseeessssessssessssses s ss st sss s sess s s sb b ss bt sbssessbs s sssness 22



SNO as a SUPEICAPACITON MALEITAL.........evrverrrererssserssssessssssssssssssssssssssssssssssssssssessssssssssssssssssssssssssssessssnnes 24

Carbon Nanotubes fOr SUPEICAPACIIONS ...........rweurrrmmrssesssnesssmssssssssssssssssssssssssssssssssssssssssssssssssssssssanes 25
2.12 RETEIEICES ..o verrereereisrecesesesesssesss st seessssssss s sssess et ssss st s sssssssssssssssesssesssssssssssesssnsssnes 26
3. Experimental TEChNIQUES.........cc.ovurieireieesse et sessss st sssssssssessssssssssanes 33
3.1 ElectrochemiCal TESHING......c.coucuerverereernsinsinesisesssessssssssssssssssssssssssssssssssssssssssssssssssssansssnes 33
CYCIC VORBMIMELY.....oooereecriieessiesssisessssssssssss st sssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnnns 33
Galvanostatic Charge-DISChaIgE.........cuwrrrimrrerssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnnes 33
Electrochemical IMpedance SPECITOSCOPY .......cuuuurerrseeerssreeesssneessssnsesssssesesssssssssssesssssssesssssssessssssssees 34
3.2 EIECLION IMICTOSCOPY .....cvvuseresseessseessseessseessssesssessssessssesssssssssesssssssssssssssessssessssessssesssssssssesssnenes 36
Scanning EIECrON IMICIOSCOPY ....uuucveeerueersseeesssesessssssessssssssssssssssssssssssssssssssssessssssssssssssessssssesssssssesseses 37
Transmission EIECLION MICTOSCOPY ......ccveumueeeesmureesssneessssmssssssnsesssssssssssesssssssssssssssssssssesssssssesssssssesssssnns 38
Energy DisSpersive X-ray SPECITOSCOPY ....ccueueeresmmrerssreesssssessssessssssssssssesssssssssssssessssssessssssessssssns 39
3.3 X-RAY DITfTACHION........ooretrerireeiierisessiseesssessssssssessssesss st st ssssessssssss st ssssssssenes 40
3.4 X-Ray Photoelectron SPECtrOSCOPY ... rrmeremeesseesssesssessssesssesssessssessssssssssessssesssenes 41
3.5 Infrared and Raman SPECLIOSCOPY .......cwwrurremeresseessmesseessssessssesssesssessssesssssssssssssssesssenes 42
3.6 Nitrogen adsorption and BET @NalYSIS ...........werrrmeriemsessessesssesssesssssessssessseees 44
3.7 RETEIEICES ..ottt sttt sttt 46
4. Synthesis and Characterisation of Tin(I1) OXide...........cccoevernrrrernrrersesseeresssienns 48
4.1 Wet Chemistry Synthesis of Tin(I1) OXIde ... ssssssssssnens 48
Solvent Engineered Tin(I1) OXIde SYNNESIS ........cuurreerinreisissssnssssessssssesssssssssssssssssssssssssssssssssssenes 49
Solvent EffeCt 0N IMOMPNOIOQY .....uceveemueereseeerssesesssesessssssessssesesssssssssssssssssssssssssssssesssssssesssssssessssssesseses 50
4.2 SNO CharaCteriSALION.........c.crverruerrerreesnrssessssssssssssssssssssssssssssssssessssssssssssssssssssssssssssssssssnnes 52
TEM Characterization of SnO produced in MEthaNOLWALET ............cceuereeeereereeesseeesseeeesseeseseenns 52
Nitrogen Adsorption and BET analysis of SynthesSised SNO ........c..ceueesersessssessssessses 54
4.3 CONCIUSIONS....oovorrererirerrssssessesssssssssssssssssssesssessssssssssssessssssssssssssssssnsssasssssssssssssssssssnssssssssnsssnees 55
A4 EXPEFIMEINTAL......coorivereeereeisseiesessiee st sss st ss bbbt sb st 57
SYNENESIS OF SNO ...ovvvevtreetieeetieeesss st sesss st ess s ess sttt 57
A5 RETEIENCES ..ottt sss st st s st nees 58
5. Tin(11) Oxide as a Lithium-lon Battery ANOdE...........cccovuvenineniinennnsissssssssssnssnnns 60
5.1 Comparison Between Synthesised and Purchased SNO ..........ccovvvmrinrenseenseenssennnnne. 60
5.2 Incorporation of Single-Walled Carbon Nanotubes in ANOde ..........c.cevveerreernrennnnne. 62
Optimisation Of SWCNT IMaSS LOATING ......uuuevermerereereeeesseesssseesssseessssesssssessssesssssssssssssssssssssssssssssssssnaes 64



5.3 Investigation into the Effect of Morphology ..., 67

Rate Performance and CYCIADIIItY ...........cooc.ovrremreiirsiiesssnssssnsssssssssesssssssssssssssssssssssssssssssssssssssssssness 68
IMPEdANCE AN DIffUSION........cvvrrrierrriesssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssens 71
5.4 Electrochemistry of Optimised Morphology ... 74
5.5 Alternative SWCNTS for Improved CYCliNG..........coceernrncvneenssiessssinssssessssssesones 77
EFFECE ON CYCIING covvvrvrvevrrrerereisessisessssssssessssssssssss s ssssssssssessssssssssssssssessssssssssssssssssssssssssesssssesssssessssannss 79
5.6 Differential Capacity Analysis and Electrolyte Investigation ... 81
Optimised Half-Cell Performance and Comparison t0 Other WOrKS...........cc.eemeeereeessseeeses 84
5.7 POSE-MOITEM ANGIYSIS ......cvvvvemrineesieeeseessseesssessssessssesssssssssssssssssssessssesssssssssesssssssssesssneses 88
5.8 FUII-Cell FADFICALION. .......cvoeveereereireeseesessssssssessesssessssssssssssessssssssssssssssssssssssssssssssssssssnsssans 90
5.9 CONCIUSION .....vooverrerrerseeseeeseessesssssssssssssssessssssssssssssssesssessssssssesssssssssssssssnsssnsssassssssssesssssssnsssans 92
5.10 EXPEIIMENTAL .........oooiverieeresisessestse st s st st ss s ssss s sssssssssssssassansssnes 93
Preparation Of SWCINTS QISPEISIONS........c.erreeerrmressssssssssssssssssssssssssssssssssssssssssssssessssssssssssessssssssssssnss 93
Preparation of SnO/Carbon Black SIUITY ElECIIOUES...........cccuureeeerseeeessseeesissessssesessssesessssessssens 93
Preparation of SNO/P3-SWCNTS filM ElECIOUES .........ouureeerreeeireesieeesssseesssssessssssessssesesssssessssens 93
Preparation of SNO/TUDAIl-SWCNTS IECIOUES. ........ccuuumreeemrersssresssssesssssesssssssessssssessssssesssssssssens 93
Heat Treatment Of TUDAII EIECIIOUES...........cvvueeeeeeieeeeeeeeisessssesssssesssssssssssessssssssssssssssssessssens 94
Freeze-DryiNg EIBCIOUES .......covvverireeiesiisssinsssesssssssessssssssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssnns 9
ElectrochemiCal Cell CONSIIUCTION .......cc.uurewumeremereseeesseeesseessseesessesssssesssseessssssssssssssssssssssssssssssssssssssnsens 94
EICtrOChEMICAl ANGIYSIS........cvvurveeriiesesssssssssssssssssssessssssssssssssssssssssssssssssssssssssssssssesssssssssssssssssssssssssssnns 95
5,11 RETEIEIICES. ... veuueereerreseeesse st sssssssssssssess st ssssssss st st ssssssssssssssssssssssssssssssssssssssnness 96
6. Tin(11) Oxide as a Sodium lon-Battery ANOdE..........cccvueneenerneeneeneesesnenens 100
6.1 Optimisation of SWCNT Mass LOAAING ........ccc.cuervmriierrnreinesinessesinsssssssssssssssssssssssens 101
6.2 Investigation into the Effect of MOrphology ..o 103
Rate Performance and CYCIADIIILY ...........cc.vrururmrensisiesiesissssssssssssssssssssssssessssssssssssssssssssssssssssssssans 103
IMPEAANCE AN DIFFUSION. .......cveereeeeeeesseeesseeseeessseessseessseesssessssseess st ess st sssssssesssssessss s sss s ssseess 106
6.3 Electrochemistry of Optimised Morphology ...........c.coeweereeenmeenneenneenrenneeseeesseeeseeeseeens 108
6.4 Tuball SWCNTSs for Improved Performance...........cooeeneenneenneennesnneeseeeseesseesseeens 111
EFTECE ON CYCIING vvvreereeereeeieeeiseeiesecsse st ssses s bbb bbb bbb bbb 113
6.5 Differential Capacity Analysis and Alternate Electrolyte............cooccovovvenncenrenneen. 115
DIGIYME EIBCIOIYEE. ....oveeveverceeeeeeectieesseessseesss s s ess e ss e sss bbbt bs b 117
Optimised Half-Cell Performance and Comparison t0 Other WOrKS ..........occoeeneeeneceneeenneeineens 118
6.6 POSE-MOITEM ANAIYSIS .......cvvvreereeiseesseeessessseesisesssssss s ssess st ssssssss st sssssssssaes 121



LT O00) e 11T 1S 123

6.8 EXPEIIMENTAL.......coourvcieciresses sttt s st s st s st sstas 125
Preparation Of EIECIIOUES...........uurrrmrremmrssmesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnnsses 125
ElectrochemiCal Cell CONSIIUCHION..........cv.cureereesesssnessssssssssssssssssssessssssssssssssssssssssssssssssssssssssssssssnnsses 125
EleCtroChEMICal ANGIYSIS........c..erremrrernrssiesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnses 125

5.9 RETEIEINCES ..ottt st ettt 126

................................................................................................................................................ 128
7.1 Materials CharaCteriSation ............c.ueenerisinssnesiesssessisssssssssssss s ssssssssssssssesssssssssens 129
RAMAN SPECITOSCOPY ...vvevvrveereiressserssisssssssssssssssssssssssssssssessssssssssssssssssessssssssssssssssssssssssssssssssssssssssesssssssses 129

FTIR QNU XRD......ooiveriereiiesesssssessissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnses 130

T2 KPSt s AR 131
7.3 EIECIrON IMIICIOSCOPY.....ouuveeriresiessisssssssssssss s sssssssssssesssssssssssssssssssassssssssssssssssssssnssssssens 133
7.4 Mechanism of Electrochemical Anodic Oxidation of SWCNTS........ccccoeeverrinernenen. 135
7.5 Electrochemical ANGIYSIS........c.occrvremeinsisins s ssesssssssssssssssssssssssssssssssssssssssssssssens 136
SWOCNT/SNO EIECIIOUE........oooveeerereeereieessessssesssssssesssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 139

7.6 FUlI-Cell ASYMMELFIC DEVICE.........cvvreecetestesise s ssssssssssss s sssssssssssssssssssssens 141
7.7 SnO as a Supercapacitor Material ... ssesens 143
7.8 CONCIUSION.........cvvretetc ittt s bbb bbbt 145
7.9 EXPEIMENTAL......coveevecicresres sttt s st a st stas 146
Printing of SWCNT and SWCNT/SNO EIECIOUES ........ccuurevemmmrerimeesisserssssessssssessssesessssssesssss 146
Printing Of MXENE BlECITOUES...........evereeeriseeisss st ssss s ses st sessssss s ssssss s ssssssssssssssssssssnnes 146
EleCtrOChEMICAl ANGIYSIS..........ccvvervieeeseseessisssssss s ssss s sssss s ss s sssssssssssssssssssssssssssssssssssssssssssssssssssnnes 146

710 RETEIEINCES ...ttt ettt bbbt bbb et 148

8. Conclusions and FULUIE WOKK ... ssesaens 151
APPENAIX A\ ..ottt sttt bbb bbb 154
APPENAIX B ..ot 155
APPENAIX C ... 159
APPENAIX D ..ottt sttt bbb 164
APPENAIX E ..ottt sttt 166



Publications

Sean Ryan, Michelle P. Browne, Ainur Zhussupbekova, Dahnan Spurling, Lorcan
McKeown, Danielle Douglas-Henry, Lucy Prendeville, Sebastien Vaesen, Wolfgang
Schmitt, Igor Shvets and Valeria Nicolosi. “Single walled carbon nanotube
functionalisation in printed supercapacitor devices and shielding effect of Tin(Il) Oxide.”
Electrochimica Acta 448, 142168 (2023).

Sergio Pinilla, Sean Ryan, Lorcan McKeon, Meiying Lian, Sebastien Vaesen, Ahin Roy,
Wolfgang Schmitt, Jonathan N. Coleman and Valeria Nicolosi. “Additive Manufacturing
of Li-ion Batteries: A Comparative Study between Electrode Fabrication Processes.”
Advandced Energy Materials 13, 2203747 (2023).

Oskar Ronan, Ahin Roy, Sean Ryan, Lucia Hughes, Clive Downing, Lewys Jones and
Valeria Nicolosi. “Templated Synthesis of SiO2 Nanotubes for Lithium-lon Battery
Applications: An In Situ (Scanning) Transmission Electron Microscopy Study.” ACS
Omega 8, 925-933 (2023).

Sonia Jaskaniec, Sean R. Kavanagh, Jodo Coelho, Sedn Ryan, Christopher Hobbs, Aron
Walsh, David O. Scanlon & Valeria Nicolost. “Solvent engineered synthesis of layered
SnO for high-performance anodes.” npj 2D Materials and Applications 5, 27 (2021).

Sedn Ryan, Sonia Jaskaniec, Lucia Hughes, Valeria Nicolosi. “Solvent enginnered
SnO/SWCNT composites for high performance lithium/sodium-ion batteries.” Under
Preparation (2023), Work basis for Chapter 5 and 6.



Communications

Sedn Ryan, Jodo Coelho, Sonia Jaskaniec, Valeria Nicolosi. ‘“Development of
Lithium/Sodium-lon Battery Electrodes Based on Solvent Engineered Tin(ll) Oxide
Nanomaterials.” The Centre for Doctoral Training Workshop on Energy Storage and
Applications, (23— 27" May 2022), Trinity College Dublin, Ireland. (Oral)

Seédn Ryan, Jodo Coelho, Sonia Jaskaniec, Valeria Nicolosi. “Novel Materials for Future
Renewable Battery Technology.” Chemistry Careers in Energy and Sustainability,
Science Week, Trinity College Dublin, Ireland (11" Nov 2021). (Oral)

Sedn Ryan, Jodo Coelho, Sonia Jaskaniec, Valeria Nicolosi. “Development of
Lithium/Sodium-lon Battery Electrodes Based on Solvent Engineered Tin(ll) Oxide
Nanomaterials.” Electrochemical Society 243 Meeting (28" May — 2™ June 2023),
Boston, USA. (Poster)

Sean Ryan, Jodo Coelho, Sonia Jaskaniec, Valeria Nicolosi. ‘“Development of
Lithium/Sodium-lon Battery Electrodes Based on Solvent Engineered Tin(ll) Oxide
Nanomaterials.” Materials Research Society Spring Meeting (8" — 13" May 2022),
Honolulu, USA. (Poster)

Seén Ryan, Jodo Coelho, Sonia Jaskaniec, Valeria Nicolosi. “Development of Ultra-
Thin Lithium-lon Battery Electrodes Based on Solvent Engineered Tin(ll) Oxide
Nanomaterials.” International Society of Electrochemistry & Royal Society of Chemistry
Electrochemistry Group Irish Regional Early Career Meeting (27" May 2021), Online.

(Poster). Awarded Poster Prize (2™ Place).

Xi



Abbreviations

CE
CMC
CNTs
Ccv
DEC
EC
EDL
EDLC
EDX
EIS
EMC
EVs
FD
FEC
FIB
GCD
HOMO
HT
ICE
LIB
LUMO
MO
MWCNTS
NIB
NMC
NMP
P3
PVDF
SA

SC
SEl
SEM

Coulombic Efficiency
Carboxymethyl cellulose

Carbon Nanotubes

Cyclic VVoltammetry

Diethyl Carbonate

Ethylene carbonate

Electric double layer

Electric double layer capacitance
Energy dispersive x-ray spectroscopy
Electrochemical Impedance Spectroscopy
Ethyl methyl carbonate

Electric Vehicles

Freeze dried

Fluoroethylene carbonate

Focused lon Beam Milling
Galvanostatic charge-discharge
Highest Occupied Molecular Orbital
Heat treated

Initial Coulombic Efficiency

Lithium lon Battery

Lowest Unoccupied Molecular Orbital
Metal Oxide

Multi Walled Carbon Nanotubes
Sodium lon Battery

Lithium nickel manganese cobalt oxide
N-Methyl-2-Pyrrolidone

P3 SWCNTs

Polyvinylidene Fluoride

Sigma Aldrich

Supercapacitor

Solid Electrolyte Interphase

Scanning Electron Microscope

xii



SnO

SnO(70% MeOH)
SnO(EtOH)
SnNO(H20,
SnO(Hex)
SWCNTs

TEM

TMO

Tu

XRD

Tin(Il) Oxide

SnO synthesised in 70% methanol, 30% water
SnO synthesised in ethanol

SnO synthesised in water

SnO synthesised in hexanol

Single Walled Carbon Nanotubes
Transmission electron microscopy

Transition Metal Oxide

Tuball SWCNTs

X-Ray powder Diffraction

Xiii






1. Introduction and Motivation

1. Introduction and Motivation

In recent years with the energy demands of the earth’s population exponentially
increasing, new and innovative energy storage devices must be developed. Climate
change and the inevitable extinction of fossil fuel supplies have given rise to a surge in the
hybrid and electric vehicle market along with huge increases in renewable energy
infrastructure. The desire to move away from fossil fuels has never been greater, but
societies will never fully commit to the clean energy revolution unless the new
technologies at a minimum match the old (oil, coal, natural gas) if not exceed them. The
current sanctions imposed on Russia in 2022/2023 for their invasion of Ukraine and the
subsequent weaponisation of Russian gas have clearly shown how our overdependence
on fossil fuels for everyday life is not sustainable for worldwide geopolitical stability in
addition to the climate crisis. Hence, we as a global society must move away from fossil
fuel-driven energy technologies to renewable-based driven energy technologies which

include energy storage.

To allow electric vehicles to travel further, or for intermittent renewable energy sources
such as solar or wind energy to be stored, improvements must be made to the
electrochemical energy storage technology and in particular the electrode materials which
are the key factor in the capacity of these devices. On this matter, both small and large-
scale energy storage devices must move at the same pace; it is redundant to perfect a car
that runs off only electricity if the source of the electricity is not renewable. Another factor
that greatly influences the implementation of renewable storage technologies is cost. This
is a global energy crisis we are facing and as such the costs must be manageable for both
the poor and rich to truly help tackle our ever-growing carbon footprint. To do this energy
storage technologies based on abundant and globally available resources must move to

the forefront of research.

The research carried out during this PhD fellowship aims to find solutions to the problems
stated above. Lithium-ion battery, sodium-ion battery and supercapacitor materials based
on Tin(ll) Oxide are developed with an emphasis placed on scalable production methods
and inexpensive materials. Through tailoring the synthesis parameters, optimised
morphologies for energy storage are explored and utilised in conjunction with carbon

nanotubes to form composite materials that can be fabricated into electrodes in a number
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of ways; through slurry casting, vacuum filtration and extrusion printing. These different
methodologies of forming the electrode have different advantages, such as scalability for
slurry casting and filtration whilst printing allows for quick prototyping and easy tailoring
of electrode designs. Advanced techniques such as XRD, SEM and TEM will be used to
characterise and analyse the materials and composites formed while a range of
electrochemical methods will be used to fully assess the storage performance of fabricated
devices. The overall aim of this PhD fellowship is to develop a composite material that
fits all technologies based on Tin(ll) Oxide with the incorporation of carbon nanotubes,

which can be cost effective, high in energy capacity and rate performance.

The energy and climate crisis faced by the global population is the crucial problem that
our generation will face and it must be tackled by scientific research today. This has been
made ever more relevant by the awarding of the Nobel Prize in 2019 for the development
of the lithium-ion battery. It is hoped that this project will aid in this task and provide
insights that will aid in a comprehensive solution.
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2.1 Lithium-Ion Battery: Historical Development

The lithium-ion battery (LIB) became a household name in 1991 when Sony Corporation
Japan' developed upon previous work done by Asahi Kasei Corporation? to produce the
first commercially available rechargeable LIBs. From the periodic table, it becomes
apparent why battery technology has been driven towards lithium (Li). It is the most
electropositive (-3.04 V versus standard hydrogen electrode) and lightest metal known (o
=0.53 g cm™®) and thus facilitates high energy density storage systems.>* Furthermore,
the small atomic radius of Li-ions offers a high diffusion coefficient when used as a charge
carrier (~ 107 — 10° cm? s in graphite)® allowing for higher power demands.® In the
1970s the first primary cells based upon Li had been assembled, whilst in the same period
it had been shown that inorganic compounds could reversibly react with alkali metals. In
1972, Exxon commercially developed M. Stanley-Whittingham’s work on rechargeable
lithium metal batteries using TiS, as the cathode, Li-metal as the anode and a Li-
perchlorate electrolyte.® Dendritic growth of the Li-metal led to explosion hazards, and a

Li-Al alloy was utilised instead with poorer cyclability.

To combat the safety issues with Li in its metallic form, the focus was turned to so called
“rocking-chair” batteries which had been demonstrated by Lazarri et al.” In 1980 John B.
Goodenough made a seminal discovery, developing a cathode material that is still used
today of LiCoO,.8 Akira Yoshino paired this cathode with a hard carbon anode in 1987.
This paved the way for Sony Corporation in 1991 to release the C/LiCoO; rechargeable
LIB, which is still the basis for the commercial technology which is used today with
graphite having replaced hard carbon thanks to electrolyte adjustments. Goodenough,
Stanley-Whittingham and Yoshino were jointly awarded the Nobel Prize in Chemistry in
2019 for the development of LIBs.

2.2 Electrochemistry of lithium-ion batteries

A basic battery contains one or many identical cells with each cell storing electrical power
as chemical energy in two electrodes which are separated by an electrolyte.’ The LIB
rechargeable batteries of today consist of two electrodes, an anode and a cathode which

are immersed in an electrolyte and separated by a polymer membrane as shown in Figure
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2.1. The anode and the cathode must be capable of Li* ion insertion/de-insertion or
alloying/de-alloying, whilst the electrolyte is a Li-salt containing a mixture of liquid
organic solvents to ensure the rapid transfer of Li* ions within the cell.° The separator
acts as an electronic insulator but as an ionic conductor and prevents direct electronic

contact between the two electrodes which would result in a shorted cell.

In reference to electrochemical cells, the anode is taken as the negative electrode whilst
the cathode is taken as the positive electrode during the charging process regardless that
the roles of each reverse depending on whether the cell is charging/discharging. During
charging of the LB, reduction takes place at the anode as it accommodates electrons from
the cathode which flow through the external circuit of the battery. The Li* ions migrate
through the electrolyte from the cathode to the anode to balance the charge and this is a
process known as intercalation/alloying. During the discharge process, the anode is
oxidised and the Li* ions diffuse out of the active anode material to the cathode to again
restore charge balance (see Figure 2.1). For testing purposes, a half-cell may also be
assembled in which the anode is replaced by lithium metal as reference, and the working
electrode is placed in the position of the cathode allowing electrochemical tests to be

carried out in which an excess of lithium is available.

e O (1’{ e
—_ =
} Electrolyte \
/
ClevoWite | Gk L o
o *~fud c383isd
e .‘/‘;./Qx‘é'?. . 'ii }
| ot e o ° ‘f:,. ke
,'x;f:;’. Ty ;L e
| '; :‘.:”:;: ""ILI+ . slt ;lt l‘ .
> ) o '/..,'! .o i L

B
Anode 1 Cathode
(Graphite) Separator  (LiCoO,)

Figure 2.1: Schematic of the configuration of common rechargeable LIB with the intercalation/de-
intercalation mechanism. This mechanism is the same when replacing the Li-ion with the Na-ion in sodium
ion batteries. Reproduced and adapted with permission from Ref[11].
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The choice of electrodes depends upon their electrochemical potential values as well as
their positions relative to the HOMO(highest occupied molecular orbital)-LUMO(lowest
unoccupied molecular orbital) energy gap of the electrolyte.’? The electrochemical
potential of the anode must be lower in energy than the LUMO of the electrolyte to
prevent the reduction of the electrolyte. On the other hand, the electrochemical potential
of the cathode should be greater than the energy of the HOMO to inhibit the oxidation of
the electrolyte. During the first charge-discharge process an irreversible loss in capacity
occurs due to the formation of the SEI (solid electrolyte interphase) layer which occurs
due to the reaction between the electrolyte and electrode material which is necessary to
prevent solvent intercalation and guarantees freedom of movement for the Li* ions, 1213
and this is expanded upon in Section 2.4. The electrochemical mechanism present in
today’s batteries is known as a “rocking—chair” cell as both the anode and cathode are
hosts for the reversible insertion/removal of the working ion into/from the electrolyte.* In
the conventional first-generation LI1B depicted in Figure 2.1, graphite is used as the anode

whilst layered LiCoO; is the cathode material, producing the following reactions: 12>

Cathode: LiCoO, <> Li;,.CoO; + xLi" + xe” (2.1)

Anode: 6C(graphite) + xLi" + xe” <> xLiCj (2.2

2.3 Lithium-Ion Battery Anode Materials

Currently, the most commonly used anode materials'® are those based on carbon (as
referred to previously with graphite). For an active material to be considered a suitable
candidate for LIBs, it should display reversible capacity, good ionic and electrical
conductivity, long cycle life, high rate of lithium diffusion into the active material and
low-cost/eco-compatibility.l” The battery behaviour is not only dependent on the inherent
properties of the material (physical/chemical) but also is highly dependent on the
crystallinity/amorphous structure of the anode material as well as the shape, size and
component state.™® It follows thus that the architectural arrangement/structural design of
the material is of equal if not greater importance than the material composition itself. As

discussed, LB technology was initially developed with a lithium-metal anode.
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Lithium metal anodes

Li-metal is the ideal candidate for the anode material of a LIB, with a theoretical capacity
of 3860 mA h g (the method to calculate the theoretical capacity of a material is
demonstrated in Section 3.1), a low density of 0.543 g cm™ and the lowest negative
electrochemical potential (-3.040 V vs standard hydrogen electrode).!® With a theoretical
capacity roughly 10 times greater than graphite, one may ask why Li-metal anodes have
not yet been commercialised. There are two main barriers to the use of Li-metal; 1) the
growth of Li dendrites during repeated charge/discharge processes and 2) the low
coulombic efficiency (CE) (ratio of charge put in to charge released) associated with these
processes. Dendrite formation presents a safety hazard within the LIB due to internal short
circuiting, whilst the low CE leads to short cycle life.'® With the same motivations that are
the foundation of this PhD fellowship, a renewed interest has been expressed in Li-metal
as an anode material due to the limitations of the carbon anode. Extensive studies have
taken place on the Li-dendrite formation, with the focus being improving the stability of
the SEI layer on the Li surface by adjustments to the electrolyte. Qian et al.!® reported
electrolytes composed of ether solvents and lithium bis(flurosulfonyl)imide salt enabling
a CE of 99.1% without dendrite formation. However, the high concentration of
electrolyte needed in this study (4 M) and the ever-rising cost of lithium question the
feasibility of this method to be commercialised, whilst 99.1% efficiency is still
problematic when cells are meant to function for many cycles. This study also doesn’t
answer the infinite volume issue associated with Li-metal where through subsequent
cycles all the Li is stripped from the anode and intercalated into the cathode.’ Recent
work by the group of Ying Shirley Meng from the University of Chicago has highlighted
how the porosity of the Li surface plays an important role in minimising this corrosion of

the Li anode. &

Carbon-based anodes

Graphite anodes were the breakthrough in realising the lithium-ion “rocking chair” battery
and gave rise to the commercial development of the LIB in 1991.1 Graphite displays
many favourable features for LIB, such as excellent electronic conductivity, a layered
structure for Li-ion intercalation, good cyclability, low working potential and low cost. In
the graphite structure, the carbon atoms arrange themselves into 6-membered sp?

hybridized rings forming 2-dimensional sheets known as graphene. These sheets stack on
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top of each other in an ABAB (i.e. hexagonal close packed (hcp)) stacking arrangement,
bonded by Van der Waals forces to form the bulk material known as graphite. This
layered structural arrangement allows the Li-ions to diffuse into the graphite, according
to Equation 2.2. However, graphite allows the intercalation of only one Li-ion with six
carbon-atoms resulting in the formation of LiCewith a maximum reversible capacity of
372 mAh g*. 1224 Also the low potential at which lithium intercalation occurs in graphite
increases the risk of lithium plating and dendrite formation which is detrimental to
performance and safety.”>%" Thus, there is a focus to develop anode materials which

exceed the capacity of graphite.

Metal Oxides
To overcome the relatively low theoretical capacity of graphite and other intercalation
anodes, alloy anodes have been proposed due to their high specific capacity and safety

characteristics.?#%° The general alloying mechanism is shown below:

xLi™+ M +xe > Li.M 2.3)

The most promising alloy materials have so far proven to be tin (Sn), silicon (Si),
germanium (Ge), arsenic (As) and lead (Pb). When one considers natural abundance and

toxicity, Sn and Si prove to be the most attractive options for future development.

The main challenge however for the implementation of alloy anodes is their large
volumetric change during lithium insertion/extraction which often leads to poor cycling
performance and the destruction of the active material. Metallic Sn was considered as a
candidate for LIBs anodes due to its theoretical capacity of 994 mAh g.*° However, it
was not a feasible material, due to the huge volume expansion of 360% caused by the Li-
Sn alloying process.® Metal oxides (MOs) were proposed in an attempt to reduce the
detrimental effects of the large volume change associated with alloy anodes. During the
initial lithiation of the active material, an inactive-matrix composite of lithium oxide
(Li2O) is formed which plays a role of accommodating the volumetric expansion of the
active component during subsequent charge/discharge cycles.® Li,O is deemed inactive
as it is electrically insulating, whilst also presenting an ionic conductivity of 102 S/cm

allowing Li-ion movement at room temperature.® In addition to buffering the large
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volumetric expansion, it also provides an ion conducting matrix ensuring the full potential
of the active material is realised.* This conversion reaction is reversible in some (Co, Ni,
Fe, Cu) transition metal oxides (TMOs) in which the transition metal does not alloy with
lithium, instead creating a metallic network which enables good electrical conductivity
allowing for the reversible reformation of Li-O.%* Thus, it was elected to investigate
tin(11) oxide (SnO) as a potential anode material for LIBs as it isa MO material that is not

widely studied as a LIB anode.

SnO properties

SnO is a p-type semiconductor (band gap 2.5— 3 €V) which exists in the stable blue-black
form (“e-tin (1) oxide”).*” This stable blue-black form of SnO assumes a layered
tetragonal structure (litharge) with a P4/nmm space group (Figure 2.2) containing
asymmetric four coordinate Sn sites and is the only example of a regular square-pyramidal
tin(l1) coordination.® It is found in nature as the mineral romarchite. Computational
studies carried out by Aron Walsh and Graeme W. Watson of the School of Chemistry,
Trinity College Dublin strengthened the understanding of the asymmetric structure using
density functional theory. Their research® revealed that the asymmetric structure was not
due to a lone pair of electrons ascribed to the 5s2 of Sn as had long been accepted,®4° but
rather the coupling of the unfilled Sn (5p) with the antibonding combination arising from
interaction the of Sn (5s) and O (2p). The resulting layered structure has a sizeable
interlayer spacing (c = 4.85 A) which is attractive for the alloying mechanism available
in ion-batteries as it provides faster diffusion channels as well as moderating the volume
changes associated with charge storage.”* SnO is much less studied and utilised as a

material due to its quick oxidation to tin(I\VV) oxide which is an n-type semiconductor.
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Figure 2.2: Layered structure of SnO with Sn atoms in dark grey colour and O atoms in light grey. Used with
permission from Ref.[39].

SnO as an anode material

SnO is an outstandingly attractive LIB anode candidate due to its abundance,
environmental benignity and high theoretical capacity.” As discussed, the adopted
approach used is to prepare a composite structure of an active component in an inactive
matrix, where the inactive matrix accommodates the volume expansion due to the
lithiation process of the active component. Lithiation of SnO results in an inactive Li,O

phase with an active Sn phase (Equation 2.4).

SnO + 2Li"+ 2 —Sn + Li, O (24)

Sn + 4.4Li"+ 4.4¢—Li, ,Sn (2.5

This conversion reaction is considered irreversible and is attributed to the initial capacity
loss after the initial formation cycles. The Li>O accommodates the volume expansion of
the alloying Li and Sn reaction, thus improving cyclability whilst still maintaining a
relatively high theoretical capacity for the composite of 875 mAh g with the full lithiation
of Sn to form Li»Sns (Equation 2.5).%* A drawback of this approach however is that the
inactive host may operate as a diffusion barrier and limit electron transfer resulting in a
lower than expected capacity.® Recent reports however have indicated through the

reduction of the dimensions of the active material, the reversibility of the Li>O reaction
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may be enhanced.?#% If this capacity is considered, the total gravimetric capacity of the

anode would rise to 1,273 mAh g,

In relation to tin oxide compounds, tin(I\V) oxide (SnOx) is much more prevalent in the
ion-battery research field®*° due to its thermodynamic stability.*® However, the
theoretical capacity of SnO; is 783 mAh g? leading to an increased interest to focus
studies on the tin(ll) state. SnO structures such as nanoflowers,® platelets,>
nanobranches,> dendrites® and discs® have been synthesised to date with nanostructured
morphologies being favoured with respect to usage in LIBs in order to obtain high-
performance electrodes as discussed in Section 2.6. Compared with their fully crystalline
counterparts, SnO nanocrystals offer shortened path lengths for electronic transport and
higher electrode active specific areas, which can result in higher capacities and better

charge/discharge rate capabilities.”®

2.4 Solid Electrolyte Interphase

As was briefly touched upon in Section 2.2, the SEI is an integral part of the stability of a
rechargeable ion-battery. The SEI layer is formed by precipitates from the reduced
decomposition of solvents, salts, ions, and impurities all present in the electrolyte.® It
mostly forms during the first charge due to the instability of the electrolyte at the operating
potential of the anode, but formation will continuously occur until a complete SEI film is
formed which in turn increases the electronic resistance on the anode which shifts the
surface potential to within the stability window of the electrolyte. An optimized and stable
SEI layer is expected to have negligible electrical conductivity to prevent continuous
reduction of the electrolyte whilst having high ionic conductivity/permeability to allow
for the operation of ion storage in the anode. Figure 2.3a shows the energetics of formation
of the SEI. pa and pc are the electrochemical potentials of the anode and cathode
respectively, while the stability window of the electrolyte (Eg) is the difference between
the energy of the HOMO and LUMO. If pa is above the LUMO, then it will reduce the
electrolyte and similarly if pc is below the HOMO it will oxidise the electrolyte (SEI
effects on the cathode are not as severe as with the anode). The electrolytes widely used
are composed of carbonates which have a reduction potential of roughly 1 \V vs Li/Li*
and are decomposed by an anode that operates below this threshold.%5” The alloying

reactions of Sn with Li occur under 0.6 V vs Li/Li*, thus SEI formation is inevitable with
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a SnO anode.?2%% SE| stability and formation are of key importance when dealing with
alloy anodes such as SnO in which the huge volumetric change causes an unstable SEI to
form which can become fractured upon repeated cycling and lead to further lithium
consumption from the electrolyte which leads to capacity fade. Thus a dense and flexible
SEI in which the molecular forces between it and the anode are strong®™ is a prerequisite
for long battery lifetime and capacity retention. The SEI is mainly composed of inorganic
reduction products such as LiF, Li,O and Li>COs on the anode side for 2 - 10 nm,%* and
loosely packed organic/inorganic species such as lithium alkyl carbonate (ROCO,Li) on
the electrolyte side with a thickness in the range of 10 - 100 nm as shown in Figure 2.3b.
It is of key importance that ion-batteries are produced under anhydrous conditions as even
trace amounts of water in the cell can lead to the production of HF which readily dissolves
the SEI.

a
( ) Energy (b) Transport

mechanism
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highly porous, poly=ether  \

organic, inorg. /
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Figure 2.3: () Energetics of the formation of SEI layers on anode and cathode of ion-battery.>” @, and &c
are the anode and cathode work functions. Eg is the window of the electrolyte for thermodynamic stability. A
ua > LUMO and/for a uic < HOMO requires kinetic stability by the formation of an SEI layer. Reprinted
(adapted) with permission from {Goodenough, J. B.; Kim, Y. Chemistry of Materials 2010, 22, 587)}.
Copyright {2010} American Chemical Society." (b) Schematic depiction of the composition of the SEI.
Reprinted (adapted) with permission from Ref [60].

2.5 Electrolyte

The ability to conduct Li* ions is the main function of the electrolyte in the LIB.X° The
electrolyte is considered an inactive material, however, its effect on the chemical nature
and the morphology of the SEI has a major influence on cyclability, power capability and
safety performance of the battery. There are many choices for electrolyte such as ceramic
solid electrolytes (e.g. sulfides),%! polymeric electrolytes (e.g. poly(ethylene oxide)® 6162
and liquid aqueous electrolytes (lithium nitrate/sulphate)®, however, the majority of

electrolytes used in commercial LIBs, as well as scientific research, are liquid organic
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solvent-based electrolytes.>"%%* This is composed of a Li salt such as LiPFe dissolved in
an aprotic solvent such as ethylene carbonate (EC). This combination of LiPFs and EC
was used in the initial graphite anode LIB as it formed a stable SEI and prevented the
exfoliation of graphite that was caused by the previous electrolyte of propylene carbonate
(PC).% It remains the electrolyte of choice today, with the only variation being the addition
of alternative linear alkyl carbonates such as dimethyl carbonate (DMC), diethyl
carbonate (DEC) or ethyl methyl carbonate (EMC).

2.6 Nanomaterials

As discussed, the commercial LI1Bs of today are limited with respect to their power output
due to the diffusion rate of the lithium-ion into the intercalation host (graphite). An
increase in the charge/discharge rate of more than one order of magnitude is required to
meet the needs for future energy storage in EVs and renewable energy. The U.S
Department of Energy has recognised this as a crucial target for battery development
offering funding through its extreme fast charge (XFC) project with a goal to obtain a
battery with a charge time of less than 10 minutes capable of storing at least 180 Wh kg
! with a capacity retention exceeding 80% over 500 cycles.®®

Nanomaterials, often overhyped by exaggerated claims of ground-breaking properties
have genuine potential in this case to meet and exceed expectations and have a significant
impact on the LIBs of the future.®” Their reduced dimensions significantly increase the
rate of lithium-ion insertion/removal which overcomes the intrinsic diffusivity (D) of the
Li-ion. This results in a decreased charge/discharge time as the characteristic time (t) of

diffusion given as:

12 (2.6)
t: JR—

The time for intercalation decreases with the square of the particle size (L), highlighting
the need to transition to the nanoscale for electrode materials. Other advantages obtainable
at the nanoscale are higher surface areas permitting greater contact between the electrode
and electrolyte resulting in increased lithium-ion flux across the interface. Nanomaterials
also exhibit better accommodation of the strain caused by the volume expansion of

intercalation/alloying, which in turn would increase the cyclability/battery life. It has been
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reported that reducing the particle size to the nanometre range (<100 nm) can significantly
improve the cycling performance of alloy anodes in numerous cases?? with Yang et al.
finding that reduction of SnSb powder from 3 um to 300 nm increased the number of

stable cycles from 3-70 cycles.?2%

Concerns remain however regarding the cost-effectiveness on a large industrial scale.’
An additional drawback one must be aware of whilst transitioning to smaller dimensions
and in turn, larger surface areas is the additional area which now must be covered in SEI,
reducing the lithium inventory in the cell. Finally, due to the decreased density from their
bulk counterpart, nanomaterials offer lower volumetric energy densities.® Thus, a happy
medium should be found to obtain adequate power and energy densities by tailoring the

morphology and dimensions of the selected material.

2.7 Cathode Materials

Due to the “rocking-chair” nature of the LIB where ions are shuttled between anode and
cathode for each charge-discharge cycle, an intercalation cathode host is needed to
support this mechanism. Cathodes may be manufactured from transition metal
chalcogenides (TMCs), TMOs and polyanion compounds. Cathode materials are
commonly TMOs which have layered, spinel or olivine crystal structures in which the
metal cations display four- and/or sixfold coordination with oxygen anions in which Li
ions may intercalate.%® Currently, most intercalation cathode research is focused on TMOs
and polyanion compounds due to their high operating voltage and the resulting higher
energy storage capability.” LiCoO, remains the most popular cathode in LIB technology

today.

Transition Metal Oxides

LiCoO2 (LCO) was developed by John Goodenough and was the first and most
successful commercialised cathode which was used in the initial SONY LIB. The Co and
Li are located in octahedral sites in alternating layers of the material and form a hexagonal
symmetry (Figure 2.4). LCO exhibited a high theoretical capacity of 274 mAh g%, a high
volumetric capacity of 1363 mAh cm® whilst also maintaining good cycling
performance.” Research however is focused on reducing the LIB markets reliance on the

LCO cathode due to the high costs of Co and the unsafe/unethical mining practices which
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accompany it. The Lithium Nickel Manganese Cobalt Oxide (NMC) cathode is another
commercially available cathode which is widely used in the market. Its popularity has
grown due to its similar theoretical specific capacity of 280 mAh g with LCO and similar
operating voltage while cheaper to produce as the Co content is reduced
(LiNio33C0033Mnoz302).”r NMC performance is attributed to the combination of Nickel
(known for high specific capacity but poor stability) and Manganese (which forms a
spinel structure achieving low internal resistance but offers low specific capacity), with
each individual elements weaknesses with respect to battery performance masked by the

other.

Figure 2.4: Layered crystalline structure of LiCoO, along with stacking arrangement of layers (ABCABC).
Adapted with permission from Ref.[72].

2.8 Carbon Nanotubes for batteries

Carbon Nanotubes (CNTSs) are polymeric cylindrical structures consisting of layers of
graphene with open/closed ends.” They are a relatively new polymer, discovered by
Sumio lijima in 1991 in the soot produced in the arc-discharge of fullerenes.”" Single-
walled CNTs (SWCNTS) consist of a single graphene sheet wrapped into a cylindrical
tube whilst multi-walled CNTs (MWCNTS) comprise an array of SWCNTSs that are
concentrically nested like rings of a tree trunk.” SWCNTs may be either metallic or
semiconducting depending upon the orientation about which the graphene sheet is
rolled.”™ This orientation is denoted by two integers (n,m) that combine with two basis
vectors (az, a2) to form the chiral vector, C as shown in Figure 2.5a. The nanotube is said
to have an armchair configuration if n = m (Figure 2.5d), a zig-zag configuration if n=0
or m =0 (Figure 2.5b), and a chiral configuration for any other n/ m combination (Figure
2.5c).” All armchair SWCNTSs are metallic, zig-zag SWCNTSs are only metallic when n

14
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or m is a multiple of 3, whilst all other SWCNTSs are semiconductors with the band gap

dependent upon the difference between nand m.”

C=na;+ma,

a
D=%\/n2+mz+mn
-1 Zn+m
8 =cos™( )

2JnZ2 +m?2 +mn

Figure 2.5: (a) Chirality of SWCNTSs with basis vectors a; and a,, along with the chiral angle 6 and tube
diameter D as functions of the chiral indexes (n, m). (b) Zig-zag configuration SWCNT. (c) Chiral SWCNT.
(d) Armchair SWCNT. Reprinted (adapted) with permission from Ref.[76]. Copyright {2021} American
Chemical Society.

Although not suited for battery applications, the incorporation of CNTSs as a conductive
additive at a lower weight loading than conventional carbon additives (carbon
black/graphite) presents a more effective strategy to establish an effective electrical
percolation network.” SWCNTs have excellent electrical properties, with a carrier
mobility of ~10,000 cm? V' s, a room temperature conductivity in excess of 5 x 10° S
m! and the capability to carry an electrical current density of ~ 4 x 10° A cm?.” The high
ratio of the SWCNTSs length to diameter allows for lower weight doping fractions to
achieve the same percolation threshold as other additives. SWCNTs also display
exceptional mechanical properties which in addition to the electrochemical benefits
provide improved stability during charge-discharge cycles in the active material and
prevent cracking. SWCNTs have a Young’s modulus® of 0.64 TPa and a tensile strength
of ~37 GPa which it is hypothesised will act as reinforcement in the SnO to prevent
cracking and disintegration of the electrode. The effectiveness of SWCNTS at maintaining
structure integrity has been demonstrated with V-Os cathodes, with a 5% mass loading
also resulting in an excellent rate capability.®* Due to the nature of the r-orbital overlap in

chiral SWCNTSs, electron conduction can occur via ballistic transport which in turn
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improves battery performance at higher C-rates.”"®8 SWCNTS further improve battery
performance by removing the need to incorporate a polymer binder in the slurry/film
composite material which reduces capacity whilst also failing at higher temperatures, and
the removal of the need for the inactive copper foil which decreases the usable capacity.

CNTs may be produced by 3 methods; 1) electric arc-discharge of graphite rods; 2) laser
ablation of carbon and 3) chemical vapour deposition. Commercially produced SWCNTSs
will be utilised within this project, sourced from two manufacturers: Carbon Solutions
Incorporated (CSI) and OCSIAll

P3-SWCNTs

P3-SWCNTs from CSl are synthesised by the electric arc discharge method and purified
with nitric acid. This method produces a ratio of semiconducting to metallic SWCNTSs of
210 1, with a bundle length of ~1 um and a bundle diameter of ~5 nm. P3-SWCNTS have
been functionalised with carboxylic groups, making the material dispersible in solvents
and more compatible with further chemical processing such as composite applications.®®

Tuball

Tuball SWCNTSs are produced by OCSIiAl, the largest manufacturer of SWCNTSs on the
market. In addition, these are also the cheapest SWCNTs on the market (€70/kg at the
time of writing). Their synthesis is protected by patents and thus not available to
disseminate here. With this best price-to-performance ratio, Tuball SWCNTS provide a
feasible cost-effective product for the implementation of CNTs in commercial
applications. Due to their cheaper cost and upscaled production, Tuball SWCNTs have
metal impurities of <15%, witha CNT content of >80%. The SWCNTS have a diameter
of 1.6(4) nm and a length greater than 5 um.8

2.9 Sodium-Ion Batteries

As one might expect sodium behaves very similarly to lithium, both being alkali metals
with Na directly below Li in Group 1 of the Periodic table. As a consequence,
understanding and development of Na-ion batteries (NIBs) were directly available from
the decades of work gone into the development of LIBs. NIBs undergo intercalation

charge storing mechanisms with all the detailed features outlined in Section 2.2 applicable
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to NIBs. Furthermore, alloy-based electrodes may also be employed in NIBs, with the
same advantages and disadvantages as experienced for LIBs: large gravimetric capacity
accompanied by the trade-off of a large volumetric change which leads to the
pulverization of the active material along with the severing of the electrical network within
the material. The standard reduction potential of Na*/Na is -2.71 V versus a standard
hydrogen electrode which is 330 mV greater than that of the Li*/Li couple.%> Animportant
difference one must note is the greater ionic radius of the Na* ion (1.02 A) in comparison
to that of Li*(0.73 A).2 This larger radius thus exerts a greater strain on the volume and
internal structure of the host during the intercalation process in comparison to a lithium

counterpart, while also impeding the rate of Na* storage due to sluggish kinetics.’

The urge to move from LIB technology to NIB technology is driven by the abundance of
sodium and its equal distribution throughout the globe. The vast difference in the
abundance of lithium and sodium can be seen in Figure 2.6a. In addition, lithium
resources are distributed unequally around the planet (mainly concentrated in South
America as shown in Figure 2.6b). As the demand for these resources rises as LIB
technology becomes more widespread in energy storage and vehicle applications the
price of this valuable commodity will continue to increase as it has been consistently
during the 21% century. A comprehensive lithium supply forecast by Greim et al.2 shows
that society will face lithium shortages within the next century unless major
improvements are made in the recycling of material and developing alternative batteries
i.e. NIBs. Lithium prices are at all-time highs in excess of $40,000 per ton at the time of
writing.® In contrast to this outlook, sodium resources are distributed equally, are
abundant (Na is the 5" most abundant element in the crust), are low cost and when one
considers the levels of Na in the oceans it can be deemed infinite. Na metal was produced
first via the ‘Castner process’ which involves the electrolysis of molten sodium hydroxide
and then refined via the ‘Downs process’ which utilises sodium chloride instead.* These
processes of course may derive their power consumption from renewable energy sources
ensuring green sodium production.®* A further benefit of sodium metal production is
that it may react with water to produce hydrogen gas needed for fuel cell electric vehicles,
eliminating the need to store dangerous hydrogen gas.** Furthermore the production of
hydrogen from sodium leaves a waste product of sodium hydroxide which may be fed
back into the initial reaction to recover sodium or bubbled through with air to trap CO»

thus ensuring a closed clean energy cycle in all cases.”
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Figure 2.6: (a) Abundance of elements in the earth’s crust. Reprinted and adapted with permission from
Ref.[86]. Copyright 2014 American Chemical Society. (b) Countries with the largest lithium resources.
Reprinted and adapted with permission from Ref.[95].

Development of NIBs is not aimed at replacing LIBs, but more so at reducing the reliance
on Li. A particular area of interest for NIBs is large scale energy storage where cost and
cycle-life are more critical factors than energy density and this is where NIB technology
can thrive. %9 With plans from the EU to prohibit the sales of petrol/diesel vehicles by
2035 and the UK by 2030, this will unavoidably lead to an increased demand for LIB
technology which is the most widespread in electric vehicles. This demand has been
forecasted to lead to shortages as mentioned unless NIBs have been optimised to reduce
the need for LIBs in large scale renewable energy storage, so LIBs may be focused on
more energy density requiring technology. In battery technology, the emphasis must be
placed on simultaneously developing and optimising multiple battery types, be it
LIB/NIB or even calcium/potassium ion batteries so that there are different technologies

to meet different demands.

2.10 Sodium-Ion Battery Anode Materials

Sodium metal provides the highest theoretical capacity of (1166 mAh g™) of potential
anodes for NIBs, however, safety concerns prevent this setup from being commercialised.
The low melting point of sodium metal (98° C), the dendrite formation on discharge
cycles leading to internal shorting and the reactivity of metallic sodium with organic
solvents used in electrolytes all pose unreasonable safety hazards.® Unfortunately, a rare
dissimilarity between NIBs and LIBs is the use of graphite as an anode material. As
discussed, the use of graphite as a negative electrode in LIBs was a seminal discovery

allowing the technology to be rapidly commercialised. Graphite, however, is less
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electrochemically active with Na, with the electrochemical insertion resulting in the
formation of NaCss With a low capacity of 35 mAh g, %1% This large drop-off between
the intercalation of lithium and sodium was initially thought to be due to the larger size of
the sodium atom, however quantum mechanical methods by Herold et al.*, Wang et
al.’% and Yoon et al.’® have revealed that the low uptake of sodium in graphite is due to
the thermodynamics of the competition between the first ionization energy of sodium and
the enthalpy of ion-substrate bonding. The anode material of choice for NIBs is hard
carbons. Hard carbons are prepared by high temperature carbonization of solid phase
organic and polymer precursors,® resulting in a complex microstructure of graphene-like
parallel layers embedded in a microporous amorphous phase. The Na-ions first insert
between parallel graphene sheets (interplane distance must be greater than 3.7 A)* whilst
later occupying the pores of the amorphous structure. Hard carbon offers a capacity of
300 mAh g%, however much of the capacity occurs at low potentials which again leads to

a safety risk due to metallic sodium plating.®>%

SnO as an anode material for NIBs

SnO is attractive for NIBs for the same reason it is attractive for LIBs; high theoretical
capacity, layered structure, environmentally safe and abundant. The nature of the alloying
reaction results in a huge volumetric change (in excess of 420%),1%"1%® however through
nanostructuring of the active component, the formation of a sodium oxide buffer matrix
and the implementation of carbon nanotubes for structural and electrical enhancements it
is hoped this change may be mitigated. Sn has a theoretical capacity of 847 mAh g™ when
alloying with sodium as in Equation 2.7 to form NazzSn (the complete alloy formed is
NausSns).°” When one accounts for the further capacity available through the conversion
reaction to form sodium oxide (Equation 2.8) the total theoretical capacity rises to a figure
of 1,144 mAh g* for the initial cycle, although the sodium oxide formation is considered
irreversible after.*-1%11° The theoretical reversible capacity thus is 746 mAh g* when one

considers that the sodium oxide formation is not fully reversible.

Sn + 3.75Na"+ 3.75¢" — Najs 755n .7)

SnO + 2Na" + 2¢ — Na,O + Sn (2.8)
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Electrolyte for NIBs

Considerations regarding electrolytes are the same as discussed previously in Section 2.5
with the majority of NIBs using sodium salts such as NaClO4 or NaPFg dissolved in
carbonated organic solvents like EC, DMC or DEC.*! However, due to the higher redox
potential of Na, the reduction of carbonate-based electrolytes result in an SEI of different
compositions and thus different performances.!*>''3 Electrolytes using ‘glymes’ ( [R-
(OCH2CH2)r-OR] ) as solvents have been recently explored in NIBs to improve SEI
engineering. Seh et al. studied the plating and stripping of Na and showed that combining
1M NaPFs with diglyme resulted in high reversibility which was related to the formation
of a stable SEI.14

2.11 Supercapacitors

In terms of specific energy/power, supercapacitors (also known as electrochemical
capacitors) bridge the gap between fuel-cells/batteries (which have large energy densities
but low power densities) to conventional capacitors as shown in the Ragone plot in Figure
2.7a% It is this combination of relatively high energy and power densities that has
sparked so much interest in these devices. With the ever increasing implementation of
intermittent, renewable energy conversion systems like wind turbines and solar panels,
energy storage devices now must accommodate temporal fluctuations that range from
seconds to hours.*® This demand for both high power and high energy storage is one of
the most prominent priorities of energy research today with improvements still needed in
current supercapacitor technology to meet this ever-growing demand.

10*
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Figure 2.7: (a) Ragone Plot of different types of electrochemical energy storage devices and (b) Scheme of

an electric double layer capacitor with the voltage drop at the electrode/electrolyte interface. Adapted from
Ref.[115].
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Supercapacitors (SC) store energy through the formation of an electrical double-layer
(EDL) also known as a Helmholtz layer (Figure 2.7b) formed at the solid:electrolyte
interface and through pseudocapacitance. A Helmholtz layer occurs after a voltage is
applied to a SC and subsequently, the positive/negative ions accumulate at the electrodes
of opposite polarity. One layer of charge remains in the surface structure of the electrode
whilst the other consisting of ions of the opposite charge remains in the solution separated
by a monolayer of solvent molecules. These solvent molecules separate the oppositely
charged ions, and the charge/discharge process is equivalent to the dielectric behaviour of
conventional capacitors as there is no faradaic reaction occurring during the energy
storage process.!t” The capacitance (Cq) is thus equivalent to that for conventional
capacitors, and thus benefits from materials with large surface areas (A), whilst one must
remember that the distance (d) is the average thickness of the double layer (d =1 —2 nm,
depending on concentration, temperature and nature of electrolyte).!® This is known as
the Helmholtz-Perrin (HP) model as shown in Equation 2.9 where & is the local relative
permittivity of the double-layer and & is the electric vacuum permittivity. Further
advancements have been made to the theoretical understanding of the electrical double
layer with the Guoy-Chapman (GC) model which accounts for a diffuse layer that is
affected by thermal energy according to the Maxwell-Boltzmann distribution, the Stern
model which combines the HP and GC models in series (Appendix A, Equation A4,
A.5), and the Bockris/Devantham/Mullen (BDM) model which accounts for the dipolar
properties of water. It must be noted however that in the case of supercapacitors, in which
concentrated electrolytes are used (e.g., 0.1 M >) the capacitance is dictated by the HP

| ayer 115,118

€604 (2.9)

dl— d

The total energy (E) stored in a capacitor may be calculated using Equation 2.10 where
V refers to the voltage window of the capacitor.

oo cv? (2.10)
-2
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Pseudocapacitance

Pseudocapacitance occurs when energy is stored through fast and reversible faradic
reactions at the electrode surface. Some ions may pervade the double layer and come in
direct contact with the electrode material. When this occurs three types of

pseudocapacitance may occur:

1. Underpotential Deposition: This occurs when hydrogen/metal ions in solution form
an adsorbed monolayer on the electrode at a potential that is above their standard

reduction potential.*** Examples are:

Au+ xPb”" + 2xe — Au.xPb 4, (211)

Pt + xH' + xe” — Pt.xH (212)

2. Redox Pseudocapacitance: The ion is adsorbed on the surface and a reversible redox
reaction takes place, with no chemical reaction taking place. This is present in TMO-
based SCs, a classic example of this being the oxidation-reduction of the Ru(ll)/Ru(1V)
redox couple present in hydrated RuO-..
3. Intercalation Pseudocapacitance: Similar to the case described for LIBs, the ion

intercalates in the layers of the redox-active electrode material without any changes to the

structure of the electrode. This occurs when Li* intercalates in Nb,Os SCs.
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a) Underpotential b)  Redox ¢) Intercalation
Deposition Pseudocapacitance Pseudocapacitance
&
& &
> 3 | Q\ .\OQNQ. & “X & ¢©
2 ¥ ~\& N %Caé \é\ v ‘60\
b ® @‘b \ \Oc’

Current Collector
Current Collector
Current Collector

2 =
AutxPb? T4 2xe —Au.xPbyds Rqu(OH)_\+¢5H++¢)'e‘4—»RuO_\—_,j(OH)y-;-,; Nb305+.\'Li++.\'e'<—>Li_.Nb105

Figure 2.8: The three fundamental processes of pseudocapacitive behaviour: (&) Underpotential Deposition,
(b) Redox Pseudocapacitance and (c) Intercalation Pseudocapacitance. Reprinted and adapted with
permission from Ref.[115].

Although these three processes are inherently different, they all display similar
electrochemical signals due to the relationship between potential and the extent of charge
that occurs as a result of adsorption processes at the electrode/electrolyte interface,'?° that
is a logarithmic relationship between the electrode potential and the extent of
charge/discharge.’! This is described mathematically with a modified version of the
Nernst Equation (Equation 2.13 and Table 2.1) where E is the potential, E° is the standard
potential of the redox couple, R is the gas constant, T is the temperature, n is the number
of electrons, F is the Faraday constant and X is the extent of the surface coverage of the

electrode surface by the potential determining ionic species. 1912

RT X
E=E-mtin (1) e
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Pseudocapacitive ) _ X meaning in Equation
] Nernst-like Equation
Mechanism 213
_ X =0 (fractional surface
Underpotential E= E”- — Zn / /
1-0 coverage)
0 [ Ox]
Redox E=E"- l [ Red X =[Red][Ox] =1 - [Red]
] X = Occupancy of lattice
Intercalation E= E”- — Zn / / .
1-X. sites of the layered structure

Table 2.1: Charge storage mechanisms that give rise to Nernst -like equation.

From Equation 2.13, an equation for pseudocapacitance (C»; F g™) may be defined in
terms of X as which was developed by Conway (derivation in Appendix A,
Equation.A.1-A.3).116120121

qF (2.14)
=—— X(I-X,
Co=—or X(1-X)

As the plot of E vs. X is not entirely linear as in a capacitor, the capacitance is not always

constant and so it is termed pseudocapacitance.'®

SnO as a supercapacitor material

TMOs/MOs are ideal candidates for SC materials, and the discovery of
pseudocapacitance occurred during investigations of RuO2 which remains the premier
supercapacitor material of choice today, although its astronomical cost (€17,050 per kg at
the time of writing,’2 up from €9,600 in 2021'%) and environmental toxicity make
finding alternative TMOs a pressing matter. SnO and SnO. are heralded as potential
supercapacitor materials due to their low cost, non-toxicity,*?**?> high thermal stability in
air, and high power delivery ability'?® with the drawback being the poor electrical
conductivity within the SnOx matrix and the sluggish mass transport of electrolyte ions.?’
However, it may be questioned if SnOx is an appropriate material for SC devices, or if the
results published are reporting battery-type features/results for SC devices. To date,
limited work has been carried out on SnO'212 with the majority of work focusing on
SnO; and it is hoped the work carried out in this project through tuning morphologies and
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optimising conductive additives such as CNTs will bring about a definite answer as to

whether it is appropriate to use SnO in SC devices and the processes at play.

Carbon Nanotubes for Supercapacitors

Although not suited alone for battery applications as discussed in Section 2.6, CNTSs are
regarded as an extremely promising SC material. In addition to their high conductivity
and mechanical stability, the large specific and highly accessible surface area obtainable
with CNTs and in particular SWCNTs make them especially well-suited to charge
storage via EDL capacitance (EDLC). Pseudocapacitance is also present in SWCNTs
owing to the -O and -OH functional groups attached to the terminals of the tubes, ™ whilst
further functionalisation of the SWCNTSs although leading to an increase in their specific

capacitance is detrimental to their conductivity and cycling stability.**
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3. Experimental Techniques

3.1 Electrochemical Testing

Electrochemical testing was performed using a Bio-Logic VMP 300 and a Bio-Logic
BCS-800 battery cycler.

Cyclic Voltammetry

Cyclic Voltammetry (CV) is a powerful potentiostatic electrochemical technique! used to
probe the oxidation and reduction processes of molecular species and solid electrodes or
the charging/discharging mechanisms of electrodes for LIBS/NIBs/SCs. A CV is
performed by cycling the potential of a working electrode and measuring the resulting
current. The potential of this working electrode is measured against a reference electrode
which remains constant throughout, or in the case of two electrode measurements such as
in LIBs the reference is with respect to the counter electrode. A graph of current as a
function of potential is obtained, with the peaks providing information on the
oxidation/reduction  processes within the cell whilst also displaying the
reversibility/irreversibility of the cell. The peaks occurring during these measurements
represent phase transformations and/or redox reactions within the electrodes. Through the
variation of the potential scan rate, insights are gained into the diffusion processes and
electron kinetics within the material.»? Specifics of CV parameters are stated in Chapters
56and7.

Galvanostatic Charge-Discharge

Galvanostatic charge-discharge (GCD) cycling provides insights into the capacity of a
battery/supercapacitor material, whilst also testing the materials lifetime through
repetitive cycling. A constant current is applied to the material and the corresponding
voltage is recorded. A predetermined max voltage is set, at which point the charging
process will cease and the discharge will commence. This predetermined voltage may be
obtained from the CV of the material and would coincide with the flat plateaus at either
end of the CV in which the redox reactions have fully completed in a battery, or the
stability window of the electrolyte for a SC. The current may be set according to a certain
C-rate or in mA g™. A C-rate is a common parameter used in battery testing, with the

time taken for a charge or a discharge to occur being equivalent to 1/C-rate in hours. So
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for instance a 0.5 C-rate means a charge will take 2 hours, whilst a 20 C-rate means a
charge will take 3 minutes. The current needed to obtain a specific C-rate is determined
by the theoretical capacity of the material. The theoretical capacity (Qteoreticat) Of @ material
may be worked out once the number of electrons (n) involved in the charging/discharging
of the material is known. Using Faraday’s constant (F), we may calculate the electrical
capacity of the material in terms of moles and this may be converted to Ah g via division
with the molecular weight of the material (MW) and a time conversion as shown in
Equation 3.1.

_F (31)
cheoretical 3600 x MW

For instance, the full lithiation of tin oxide results in the alloy Li»Snhs and the formation
of Li-O. Thus using Equation 3.1, the theoretical capacity of SnO may be reported as 875
mAh g (which is the most common way as the lithium oxide formation is deemed
irreversible), or 1,313 mAh g if the lithium oxide is considered. Specifics of GCD

parameters are stated in Chapters 5, 6 and 7.

Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a powerful technique to understand the
electron transfer properties of electrochemical systems. An ideal resistor follows Ohm’s
Law (Equation 3.2), defining the resistance (R) as the ratio between voltage (V) and

current (1).

3.2)

=
I
~ <

An ideal resistor has several properties which make it an unsuitable choice for modelling
real-world circuit elements such as it should follow Ohm’s Law at all voltages/currents,
the resistance value is independent of frequency and the alternating current and voltage
signals through the resistor are always in phase with each other.® Real-world circuit
elements display much more complex behaviours and thus a more general circuit
parameter of impedance (Z) is used. As before with resistance, impedance is a measure

of the ability of a circuit to resist the flow of current, the only difference being it is not
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limited by the properties described previously. It may provide information on factors such
as electrolyte resistance, interfacial charge transfer resistance and diffusion processes to

name but a few.*

EIS is measured by applying a sinusoidal AC potential to the cell under study and
measuring the resulting current through the cell. The response current is an AC current
signal and may be analysed as a sum of sinusoidal functions (Fourier series). The
excitation signal (Equation 3.3) has the following form when expressed as a function of
time, where E: is the potential at time t, Eo is the amplitude of the signal and w is the

angular frequency.
E, = E,sin(wt) (33

In a linear system, the response current, k, is shifted in phase (¢) and has a different

amplitude of I,

I, = 1ysin(wt + @) (34)

A similar expression to Ohm’s law allows one to calculate the impedance, expressed in

terms of a magnitude, Zo and ¢.

E, _, sin(wt) (3.5
0 sin(wt + @)

By utilising Euler’s relationship, the impedance may be expressed as a complex number

(note j is used to represent the complex number i as not to cause confusion with the symbol

for current).
exp(jp) = cos(p) + jsin(p) (3.6)
Thus the potential and current may be written as:
E, =Ejexp(jot) , I, = Iyexp(jot - ¢) (3.7
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The impedance is given as the following complex number:

(3.9)

~|

Z= 5 =Zyexp(jp) =Zy (cosp + jsing)

The frequency of the AC signal is varied and the overall impedance is recorded as a
function of frequency, allowing processes occurring on different timescales to be
separated, identified and analysed. The impedance is represented as a complex number Z,
which can be broken down into a real (Zrei = R, where R is resistance) and an imaginary
part also called reactance, which has capacitive and/or inductive contributions ( Zcap=
VwC, Zina = wL; where C is capacitance, L is inductance and w is angular frequency).
EIS spectra are usually presented in either Bode or Nyquist plots (Figure 3.1 A and B).
For the Bode plot, the log of impedance and log of phase-shift is plotted as a function of
the log of frequency. The advantage of this plot is that the frequency dependence is clearly
visible. When Zr« (Re (2)) is plotted on the x-axis, and Zim (Im (2)) is plotted on the y-
axis, a Nyquist plot is formed which may be fitted with equivalent circuits to probe the
properties of the system under question. The Nyquist plot is more popular in
electrochemistry as impedance models have been well established to fit the Nyquist

representation. Specifics of EIS parameters are stated in Chapters 5, 6 and 7.
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Figure 3.1: (A) Example of a Nyquist plot. (B) Example of a Bode plot, impedance shown in red whilst phase
is plotted in blue.

3.2 Electron Microscopy
The resolution of an optical microscope (0) is given by the Rayleigh criterion (Equation
3.9);°> where / is the wavelength of the radiation, z the refractive index of the viewing

medium, and /5 the semi-angle of collection of the magnifying lens.
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0.614 (39
6=—
usin f

Thus for visible light, with a wavelength of 550 nm (that of green light in the middle of
the visible spectrum), the resolution is 330 nm. Thus for analysis on the nanoscale, an
alternate system to visible-light microscopes is needed. From de Broglie’s equation
(Equation 3.10), and ignoring relativistic effects, it is shown that the wavelength of
electron (1) is inversely proportional to the voltage (V) accelerating it; where h is Planck’s

constant, m is the rest mass of the electron and e is the electron charge.

ho 1.22x107 (3.10)

v (CmyeV VvV

For a 100 kV beam therefore, the wavelength will be ~ 4 pm which is smaller than the
diameter of an atom. In reality, due to imperfections in the lens, TEM technology can
resolve details approximately 100 times larger than this (~0.5 — 1 A), and SEM
technology does not approach these beam energies.

Scanning Electron Microscopy

Scanning electron microscopy (SEM) operates by generating a high-energy electron
beam using a field emission gun, which is focused on the sample using electromagnetic
lenses through an ultra-high vacuum (Figure 3.2a). From the interaction between the
electron beam and the sample, a number of different responses may be measured and used
to provide topographic information. Secondary electrons are generated, occurring from
the inelastic scattering (>50 eV) of electrons from the sample due to the excitation from
the incoming beam and are accelerated back through the column to the detector. These
low-energy electrons originate within nanometres of the sample’s surface and are
important for the examination of surface morphology (Figure 3.3a). Back-scattered
electrons are also generated and caused by the elastic scattering of the electron beam
(Figure 3.3a). These interactions occur deeper within the sample and provide information

regarding the materials’ composition.®
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SEM was carried out using the Zeiss ULTRA plus Gemini SEM microscope in high
vacuum mode with an acceleration voltage of 5 kV, a working distance of 6 mm and a 30
pm aperture located in the Advanced Microscopy Laboratory (AML) of TCD. Images
were recorded using the SE2 and InLens detector. For the following work the morphology
and surface analysis of the sample of the material is important and thus a beam voltage of
5KV is used to generate electrons from the surface of the sample whilst not damaging the

material.

(a) Electron (b) Electron
source |  }  source

Back-scattered — — __ Projector
lectron detectol lens
X-ray Secondar Fluorescen t
detect é— 5 electron detect: E cccccc

Figure 3.2: Schematic of (8) SEM and (b) TEM. Adapted and reproduced with permission from Technology
Networks, Ref[7].

Transmission Electron Microscopy

Transmission electron microscopy (TEM) is another form of electron microscopy in
which a high-voltage electron beam passes through a sufficiently thin sample (< 200 nm,
transparent to electrons) creating a magnified image on a fluorescent screen below (Figure
3.2b). The beam interacts with the atomic nucleus and surrounding electron clouds of the
sample, with the electrons scattered to form the corresponding TEM image and a
diffraction pattern. The electrons may be scattered elastically or inelastically and a number
of other signals such as secondary electrons and x-rays may be generated which can be
detected by additional detectors. The TEM image may be formed either from the direct
beam (known as Bright Field imaging) or from the diffracted beam (known as Dark Field
imaging). Diffraction patterns are formed by the interaction of the electron beam with the

sample and satisfy Bragg’s law (Equation 3.11)2 which allows one to work out
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crystallographic information such as lattice parameters, crystal orientation and defects;>®

where n is the diffraction order, d is the atomic plane spacing and s is the Bragg angle.

nA = 2dsinfp (3.11)

The resolution available from a TEM is much greater than that of an SEM due to the
higher beam voltage which is not feasible in samples used for SEM as it would destroy
the thicker material. TEM was performed using a FEI Titan 80-300 Thermo Fisher
Scientific, fitted with a Schottky field emission gun. The operating voltage was set to 300

kV and images were recorded using a Gatan UltraScan CCD camera.

Energy Dispersive X-ray Spectroscopy

Energy dispersive x-ray spectroscopy (EDX) works in conjunction with both TEM and
SEM to produce chemical information about the sample complementing the
morphological and structural data. When the electron beam hits the inner shell (K-shell)
of an atom, core electrons are ejected leaving behind a positively charged hole. This hole
attracts the negatively charged electrons from the outer shells (L- and M-shell) of the
atom, which release a characteristic x-ray of the transition as they relax in energy which
can be used to identify the elements present (Figure 3.3b). The size of the transition is
described by a and B, with a relaxation from M to L or L to K described as La or Ko
whilst a transition from M to K is described as KB. The emitted x-rays are then collected
using a silicon drift detector, which measures the signal and a spectrum is plotted in which
the chemical species present may be identified. In addition to the characteristic x-ray,
another form of x-ray is produced when the incoming electron is slowed down via
interaction with the nucleus of the atoms of the sample. This is known as Bremsstrahlung
or ‘breaking radiation’ and gives rise to an exponentially decaying background signal in

the EDX spectrum on which the characteristic x-ray peaks are superimposed.®
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Figure 3.3: (a) Diagram showing various types of electron scattering and X-ray emission from a sample in
SEM/TEM. (b) Diagram showing a core electron ejection and the subsequent relaxation of an outer electron
along with the production of a characteristic x-ray. (Image adapted and reproduced with permission from
Ref[5]).

For SEM, EDX was carried out using a 20 mm? Oxford Inca EDX detector and analysed
using the Oxford Inca software. For TEM, EDX was carried out using a Bruker XFlash
6-30 EDS detector. Elemental mapping regions were imaged in Scanning Transmission
Electron Microscopy (STEM) mode with an angle annular dark-field (HAADF) detector.

EDX spectrum analysis was done using Bruker Esprit 2.0.

3.3 X-Ray Diffraction

X-Ray powder diffraction (XRD) is used for the phase identification of a crystalline
material and can provide information on unit cell dimensions. The apparatus operates by
generating x-rays in a cathode tube by heating a filament to produce electrons which are
then focused on a metal target which in turn produce x-rays characteristic of the material.
These x-rays are filtered and focused on the sample, and the resulting intensity of the
reflected x-rays is measured as the source and detector are rotated. Peak intensity occurs
when the geometry of the x-rays satisfies Bragg’s Law (Equation 3.11), allowing
constructive interference to occur.’® From the resulting XRD spectrum, the Miller indices
(hkl) of the material may be defined if the material is crystalline and the d-spacing may be
calculated allowing for the identification of a compound. Additionally, the XRD pattern
gives information on the crystallinity of the material, and one may use peak broadening
to estimate the crystallite size via the Scherrer Equation.! In the present work powder
XRD is used, which utilises the random orientation of crystal grains within the sample
which ensures all crystallographic planes will be captured with no sample rotation

necessary.
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XRD was measured using a Bruker Advance Powder X-ray and a Panalytical X Pert Pro
diffractometer equipped with a Cu-Ka emission source (A=1.5406A) in the Bragg-
Brentano configuration.

3.4 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive analytical technique in
which x-rays are focused upon a sample under study and the kinetic energy of the
resulting emitted electrons is measured. XPS is based on the photoelectric effect which
Albert Einstein formally described and was awarded the Nobel prize for in 1921.12 Kai
Siegbahn developed XPS (initially referred to as electron spectroscopy for chemical
analysis) in the 1950s and 1960s and received the Nobel prize for this work in 1981.13
When soft x-rays (~6 keV) irradiate a sample, a core electron is ejected and emitted as a
photoelectron which is analysed by a detector.! The energy of this emitted electron (KE)
may be used to calculate the binding energy (BE) of the electron once the energy of the
x-ray (hv) and the work function of the spectrometer (Pgec) is known, as shown in
Equation 3.12.

BE =hv — KE — @y, (3.12)

This concept may be seen graphically in Figure 3.4. XPS has the ability to determine the
chemical environment (nearest neighbours, oxidation state) of the atoms present in a
sample. For example, if an atom is bound to a highly electronegative atom, the binding
energy of the emitted electron will be greater than if it was in a pure covalent bond.
Similarly, if an atom is in a higher oxidation state, it will exhibit a positive charge and thus
exerta greater hold on the core electrons leading to an increased binding energy. The XPS
spectrum plots the counts per second against the binding energy and this can be compared
to standard tables to allow for the elemental characterisation of the surface. XPS is a
surface-sensitive technique (~10 nm) and must be performed under ultra-high vacuum
environments (~10° mbar) to ensure a clean surface for analysis.}* X-rays are generated
using an Al source with a monochromator to ensure only Ko x-rays are passed through

and remove Bremsstrahlung radiation.
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XPS spectra were recorded using an Omicron MultiProbe XPS instrument. High-
resolution spectra were obtained at a 50 eV pass energy with a monochromatic Al Ka
(XM 1000, 1486.6 eV) source. Samples were attached to stainless steel sample holder by
copper tape and degassed in the load lock and preparation chamber prior to the
measurement. Obtained spectra were analysed in the CasaXPS software with Gaussian-

Lorentzian shape fitting and Shirley background.
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Figure 3.4: Energy level diagram illustrating schematically the basic XPS equation, with x-ray source energy
(/v), the binding energy of the electron (BE), the measured kinetic energy of the electron (KE), and the work
function of the spectrometer (@spec). (Image reproduced with permission from Ref.[14])

3.5 Infrared and Raman Spectroscopy

Infrared spectroscopy (IR) utilises infrared light to probe the vibrations/rotations of the
bonds within a compound and thus allow for the identification of the chemical structure
present. The energy at which a peak occurs in the absorption/transmittance spectrum
corresponds to the frequency of the vibration/rotation of a part of the molecule as the
electric field of the radiation interacts with it.*> For a molecule to be IR active it must have
a net change in the dipole moment as it vibrates/rotates. A molecule containing N atoms
has 3N degrees of freedom of which 3 are rotational, 3 are translational and the remainder
are fundamental vibrations. Therefore there are 3N — 6 fundamental vibrations (this is 3N
— 5 for linear molecules as there are only 2 rotational degrees of freedom). The frequency
of the fundamental modes of vibration (v) of the molecule is given by comparing the bond
to a harmonic oscillator with a force constant k and reduced mass y, as shown below in

Equation 3.13. This quantity is more commonly expressed in terms of wavenumber (v).
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Fourier transform infrared spectroscopy (FTIR) differs from conventional IR
spectroscopy by how the sample is probed with light. In conventional IR monochromatic
light sequentially irradiates the sample in the IR spectrum range whereas in FTIR the
sample is irradiated with many frequencies of IR light all at once. FTIR utilises a
Michelson Interferometer to create an interferogram of the IR source which is transmitted
through the sample. By performing a Fourier transform on the output, the time domain
signal may then be transformed to the frequency domain for analysis. Attenuated Total
Reflectance (ATR) is used in parallel to FTIR due to the ease of sample preparation. In
ATR, acrystal with a high refractive index is used to cause the incoming light to undergo
total internal reflection.” During this reflection a small amount of light leaks into and is
absorbed by the sample, which is sandwiched in contact with the crystal and allows for a
spectrum to be recorded. FTIR spectra were recorded on a PerkinElmer Spectrum 100
equipped with a universal total reflectance (Diamond/KRS-5 sandwich assembly)

sampling accessory. The spectra were recorded from 4000 to 350 cm'™.
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Figure 3.5: Raman Scattering. (2) Diagram of the interaction of light with a molecule and the scattering events
possible. (b) Energy level diagram of Rayleigh, Stokes Raman and Anti-Stokes Raman Scattering and
Infrared absorption. Adapted and reproduced with permission from Ref.[17].

Raman Spectroscopy is based on the Raman effect which was first identified by
Chandrasekhara Venkata Raman in 1928 and which he also received the Nobel Prize in
Physics for in 1930.1 When light interacts with a molecule, the majority of the photons
are elastically scattered at the same frequency which is known as Rayleigh scattering,
however, about 1 in 10 million photons are scattered at a different frequency and this

inelastic process is known as Raman scattering. The inelastically scattered photon can be
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shifted to a higher energy (shorter wavelength) which is known as Anti-Stokes scattering
or to a lower energy (longer wavelength) known as Stokes scattering (Figure 3.5).” For
Raman measurements we focus on the Stokes scattering for analysis as for Anti-Stokes
scattering the molecules have to be vibrationally active prior to measurement.’® Although
similar to FTIR in that it is a form of vibrational spectroscopy, Raman scattering relies on
the change in the polarizability of a molecule. A temporary induced dipole moment (p)
across the molecule is caused due to the molecular polarizability (o), where the
polarizability is the deformability of the electron cloud about the molecule by an external

electric field (E) from the source radiation,’® as shown in Equation 3.14.

p=oE (3.14)

Raman and FTIR are normally used complimentary to one another as FTIR is normally
more sensitive to specific polar functional groups such as -OH groups whilst Raman is
sensitive to the molecular framework of a molecule such as the carbon framework in
SWCNTs. Raman measurements were performed using a Horiba Raman system
(LabRAM ARAMIS HORIBA Jobin Yvon) with integrated LabSpec 5 software. The
objective lens was 100x (0.90 NA) and the laser wavelength was 524 nm. Spectra were
recorded by defining a 10 um x 10 um area with a step size of 5 um with an integration

time of 2 s used for each scan.

3.6 Nitrogen adsorption and BET analysis

Physical gas adsorption (physisorption) on a solid/porous surface may be used to calculate
the specific surface area using Brunauer-Emmett-Teller (BET) theory. The adsorption of
gases onto a surface may happen either through chemisorption; whereby chemical bonds
are formed between the surface and the adsorbate with an activation energy required or
by physisorption; whereby the adhesion of the adsorbate molecules to the surface is the
result of the same intermolecular forces for the imperfection of real gases and
condensation vapours (attractive dispersion forces).®® Physical adsorption may be
recognised by its reversibility and the fact that the quantity of gas adsorbed at a given
pressure increases with decreasing temperature.?! Nitrogen (at boiling point of 77K) is
typically used for adsorption measurements, in which the volume of gas adsorbed is

measured as a function of the partial pressure. The BET equation is a generalization of

44



3. Experimental Techniques

Langmuir’s theory for monolayer adsorption,? and is presented in Equation 3.15; where
V is the specific volume of gas adsorbed at relative pressure P/Po, Vi is the specific
monolayer capacity and c is termed the BET constant and is exponentially related to the
energy of the monolayer adsorption. %

P/P() _ ] n C-] P/P() (315)
V[I-P/Py] V,c ¢ V,

Through linearisation of the adsorption isotherm obtained, which is in the form of 1/V vs

P/Po using Equation 3.15, one may obtain the values of Vimand ¢ from the graph as:

1 N Slope (3.16)
= R c —
Slope + Intercept Intercept

m

Once Vi is known, the specific surface area (Sger) of the adsorbent (sample) of mass m
may be calculated using Equation 3.17, where Na is Avogadro’s number, o is the
molecular cross-sectional area of the adsorbate molecule (for N2 it is 0.162 nm?) and M\,
is the molar volume of the adsorbent:

o V,.N,c (3.17)
BET M

v

The BET plot is limited to ranges for P/Po of ~ 0.05 — 0.30 depending on the shape of

the isotherm. 24

Nitrogen adsorption at 77K was measured using a Quantachrome Autosorb-1Q. Prior to
the measurements, each sample (+/- 200 mg) has been activated overnight at 150 °C under
secondary vacuum. In a typical experiment, adsorption curves have been measured in the
range of 0.0001 — 0.99 P/Po, and desorption curves in the range of 0.99 — 0.3 P/Po. To
determine the pore volume, the Gurvich rule was used at 0.95 P/Po.% This method
assumes that the pressure is high enough so the nitrogen in the pores is actually in a bulk
liquid state. Limiting the value at 0.95 is also used to avoid considering macropores and
inter-particle voids.
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4. Synthesis and Characterisation of Tin(II) Oxide

This Chapter will deal with the synthesis of SnO and the subsequent characterisation of

the material. The synthesised SnO was used in Chapters 5,6 and 7.

4.1 Wet Chemistry Synthesis of Tin(II) Oxide

Synthesis of micro and nanomaterials can be subdivided into two categories; the top-
down approach in which a larger piece of material is broken down into nano/micro-sized
entities or the bottom-up approach in which atomic or molecular species are integrated to
form nano/micro structures.! The top-down approach requires complex and energy-
intensive setups to proceed, and even with these setups particles with surface defects and
non-uniform shapes may be produced which limit their potential use.! The bottom-up
approach however, is largely based on wet chemical synthesis which is relatively simple,
cost-effective, scalable and able to achieve superior control over the nanostructure.? For
these reasons the wet chemical synthesis of SnO was undertaken for this study.

To date, the majority of SnO syntheses require highly basic pH and/or hydrothermal
conditions which can limit the scalability of the synthesis.>® For example Uchiyama et
al.% produced SnO nanoflowers in highly basic conditions (pH 13.0 — 13.3) using a
concentrated SnF» precursor (0.5 M) in an autoclave. This complicated approach is not
suited for industrial-scale production owing to the precise conditions, especially the pH-
range and the size limitations of the autoclave. Sun et al.® similarly utilised a hydrothermal
synthesis, which was limited by the size of the autoclave. From the literature, the oxide
particle’s nucleation and crystal growth produced by the hydroxide decomposition
reaction seems to be highly dependent on solvent polarity and the coordinated ligands.®-
1 This is likely a result of the control over the hydrolysis of the intermediate reaction.? It
was decided to utilise a simple hydroxide decomposition reaction for the production of
SnO and investigate the role of the solvent used on the morphology of the end product.
The synthesis also avoided the use of hydrothermal conditions in the interest of cost and
scalability.>!* Instead a simple reflux reaction at ambient pressure/atmosphere was
undertaken. Through tailoring the morphology of the end product through the synthesis,
it was envisioned that the SnO could be optimised toward energy storage applications

whilst also avoiding the costly top down approach to produce nanoscale materials.
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Solvent Engineered Tin(I1) Oxide Synthesis

Layered SnO particles were produced in a two-step reaction process as detailed in the
experimental section. In the first step, a white precipitate of tin oxide-hydroxide
(SneO4(OH)4) was obtained as confirmed by XRD analysis (JCPDS no. 46-1486) (Figure
4.1B), which appeared as small nanoparticles with no defined structure from the SEM
analysis (Figure 4.1A) consistent with previous work using similar precursors carried out

by Kitabayashi et al.”®

6S7’ZC12+]2NH40H—> Sn604(OH)4+ ]2NH4CI + 4H20
4.2

EtOH
Sns(OH) ;nH,0 — 6Sn0 + (n+1)H,0

B —— Sng0,(OH),
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Figure 4.1: (A) SEM image of SngO4(OH)s and (B) corresponding XRD pattern. (C) SEM image of SnO
produced in ethanol and (D) corresponding XRD pattern. The asterisk indicates an equipment peak.

In the second step, the thermal decomposition of the tin-oxide hydroxide occurred in the
presence of an alcohol, water, or an alcohol:water mixture under reflux (shown with

ethanol in Equation 4.1, please note there is no risk of oxidation to SnO; as the
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temperatures used are well below those needed to induce this transformation which
occurs at 500° C). Refer to Section 4.4 for the exact parameters used. The presence of pure
SnO was confirmed by XRD (Romarchite phase SnO, JCPDS 06-0395) (Figure 4.1D)
and an example of the crystalline structure available through this synthesis is shown in
Figure 4.1C.

Solvent Effect on Morphology

The hydroxide-to-oxide transformation was observed only when the solvent was boiling.
For ethanol (boiling point 78 °C), SnO nanoflowers were produced (Figure 4.2A).
Nanoflower morphologies of SnO have been reported previously using highly basic
conditions (current work was neutral) and/or hydrothermal conditions at temperatures
exceeding solvent boiling points (current work was at atmospheric pressure).*>’ To
demonstrate the scalability for potential industrial applications, we expanded the synthesis
to a 1-L flask (10-fold increase in reactants) with the SEM images confirming no changes
in the SnO product (Appendix B, Figure B.1A). Additional alcohols of methanol, 1-
propanol, 1-butanol, 1-hexanol and water were investigated to see the effect on the SnO
morphology by changing the properties of the solvent used for reflux (boiling point, chain

length, polarity).

SnO particles produced in 1-hexanol have perforated thick-squares (Figure 4.2C) and
were significantly thicker in comparison to ethanol and other shorter chained alcohols
tested (1-propanol, 1-butanol) (Appendix B, Figure B.1B and C). Similarly thick squares
with a high degree of crystallinity were produced when water was used as the solvent
(Figure 4.2D), with no perforation visible from the SEM images. The formation of these
thick structures in water is most likely a result of the higher surface tension, density and
dipole moment of water in comparison to shorter alcohols. SnO was also produced using
an optimum 70:30 ratio of methanol:water, which produced thin-square platelet structures
(Figure 4.2B). The hydroxide-to-oxide formation was not observed for pure methanol,
most likely owing to its low boiling point (65 °C), so water addition was incorporated.
However, just a 10% water addition was sufficient to induce the hydroxide-to-oxide
formation with increments of 20% tested (Appendix B, Figure B.2). As the water content
was increased, SnO particles became larger and thicker as the polarity of the system was

increased.
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A comprehensive report on this work regarding solvent effects on the morphology of SnO
was co-authored by myself along with Jagkaniec et al.X> Within this work, it was found
that the solvent-morphology relationship is very complex with polarity and reaction
temperature key factors. Particular solvents (70:30 methanol:water, ethanol) adsorb
selectively on specific crystal planes directing the crystal growth in certain directions,
which results in the thin platelet-like morphologies observed. Samples produced in longer
carbon-chain alcohols are much bulkier, as a result of the higher surface tension for these
solvents in comparison to shorter chained-alcohols. Computational work using density
functional theory (DFT) was carried out by Sean Kavanagh relating the surface shapes
obtained to the Gibbs-Wulff theorem which states that the shape of a crystalline material
is given by the polyhedron that minimizes the overall surface shape. The predicted
structures agreed well with the SnO produced in water, 1-butanol and 1-hexanol; whilst
the in vacuo equilibrium shape predicted deviates from those produced in shorter chained
alcohols demonstrating the complex relationship solvent properties have on nanoparticle
morphology.

For the scope of this PhD fellowship into energy storage applications, four suitable
morphologies were selected from this study; SnO produced in ethanol (nanoflowers), 1-
hexanol (perforated thick squares), 70:30 methanol:water (platelets) and water (thick
squares) as shown in Figure 4.2. These morphologies were selected as they encompass
the unique dimensions/features of SnO obtainable through the solvent-engineered
synthesis utilised. Thus, these morphologies would allow an insight into the effect of SnO
morphology on energy storage applications in LIBs, NIBs and SCs.

51



4. Synthesis and Characterisation of Tin(Il) Oxide

E ——8n0 H20
——8n0O MeOH
~——8nO Hex
—— 8n0 EtOH

Intensity (a.u.)

20 (deg)

Figure 4.2: SEM images of SnO produced in (A) ethanol, (B) 70:30 methanol:water, (C) 1-hexanol, (D)
water and the corresponding XRD patterns (E).

4.2 SnO Characterisation

The XRD data presented in Figures 4.1D and 4.2E confirm that the synthesised material
was indeed SnO with a tetragonal crystal structure with space group P4/nmm (No. 129).%
This is known as the romarchite structure of SnO with lattice parameters a = b = 3.802
A c=4836Aand a=p=y=290°* No other diffraction peaks inconsistent with the
proposed structure were observed suggesting that all the samples produced were of high
purity. SEM and XRD were also carried out on commercially produced SnO from Sigma
Aldrich (SA) which displayed an identical crystal structure, although a much larger
crystallite size when compared to the synthesised product (Appendix B, Figure B.3). The
XRD spectra of the SnO produced in 70:30 methanol:water displays greater peak
intensities for the peaks at 18° ({001}) and 37° ({002}). This indicates a preferential
orientation of the crystallites within the platelets along these crystal directions, which often

occurs when these crystal planes align with the Miller index of the particle surface.57 19

TEM Characterization of SnO produced in methanol:water

TEM characterization was carried out on the sample produced in 70:30 methanol:water
due to its thin 2D nature, consequently being more suitable than the other samples towards
TEM. TEM analysis (Figure 4.3A) confirmed that the material consists of single square
platelets with a side length of ~3 um (particle size distribution histogram — Appendix B,
Figure B.4A). The size distribution of the perforated squares (side length ~1.8 um) , and
thick-squares (side length ~8.7 um) are also included in Appendix B, Figure B.4B/C

(nanoflower not included as it is composed of irregular platelets forming irregular shapes).
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The selected area diffraction pattern (SAED) in Figure 4.3B demonstrated high
crystallinity, also confirming the presence of tetragonal crystal symmetry, with the
indexed pattern’s spacing in agreement with that obtained from XRD (Appendix B,
Figure B.5 and Table B.1). High-resolution TEM (HRTEM) of the sample perpendicular
to the (001) plane provides additional evidence of the high quality of the sample produced.
The TEM micrograph (Figure 4.3A) revealed that primarily formed platelets serve as
nucleation centres for further crystal growth, with this statement being additionally
supported by the electron energy thickness map in Figure 4.3C, where regions of higher
intensity clearly indicate crystal formation on top of existing formed structures. This is
interesting when one considers the similarities between the platelets and the nanoflower

structures produced in ethanol.

A B

Figure 4.3: (A) TEM micrograph of SnO platelet produced in 70:30 methanol:water, (B) corresponding
selected area diffraction pattern, (C) energy electron loss thickness map of SnO platelet and (D) HRTMEM
micrograph of SnO platelet. TEM was performed by Dr Christopher Hobbs and Dr Oskar Ronan.

The exact growth mechanism of the nanoflowers is not known as of yet, with M.Z Igbal

et al*? hypothesising that square sheets initially form, transforming into square-based
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pyramids as a result of increasing the reaction time which subsequently divides into
stepped pyramids and skeletal structures which forms the basis for the nanoflowers
(Appendix B, Figure B.6). The results obtained in this current study provides additional
evidence for this supposed mechanism.

Nitrogen Adsorption and BET analysis of synthesised SnO

Nitrogen adsorption at 77 K of the synthesised SnO and commercially produced SnO by
SA was carried out to determine the specific surface area of the materials. The adsorption
isotherms and corresponding specific BET surface areas and specific pore volumes are
presented in Figure 4.4 and Table 4.1 (Appendix B, Figure B.7). The isotherms confirm
the porosity of all samples present. The BET surface areas for all synthesised samples
were larger than that of the commercially produced SnO by SA, with all samples being at
least 400% larger in specific area except for the sample produced in 1-hexanol which was
only 25% larger, with the pore volumes following a similar trend. The nanoflower
morphology produced in ethanol had the largest specific area of 31.66 m? g and pore

volume of 0.06116 cm® g™,
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Figure 4.4: N, adsorption isotherms of SnO synthesised in various solvents; measurements were carried out
by Dr Sebastien Vaesen.

Table 4.1: Corresponding specific pore volume and specific BET area.

All materials display isotherm behaviours consistent with macroporous materials (pore
size >50 nm) made of plate-like particles (Type Il + H3 hysteresis) except SnO produced
in water which displays a Type 1Va isotherm revealing the presence of mesopores (>2

nm; <50 nm), the hysteresis indicating a pore size wider than 4 nm. This sample also
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presents a small steep increase around P/Po = 1, which could be attributed to nitrogen
condensation in the interparticle voids.?2 Interestingly, the thick-squares produced in
H,0O are slightly larger in surface area than the thin platelets produced with 70% methanol,
which is contrary to what one would expect from examining the SEM images (Figure
4.2). This would indicate that the space in between the individual layers composing the
thick-squares is accessible to the N> molecule (Figure 4.5). The nanoflower SnO
combines the thin platelet morphology with interlayer separation which is the reason for
it possessing the greatest BET surface area, whilst the perforated thick squares produced
in hexanol has the lowest BET surface area of the synthesised materials due to its bulky

structure with no layer separation apparent from SEM (Figure 4.2).

Figure 4.5: (A) and (B) SnO produced in H,O showing individual layers composing thicker squares.

4.3 Conclusions

The wet chemical synthesis of SnO was investigated, with the influence of the solvent
used during reflux having a major influence on the morphology obtained. The
methodology used allows for a facile two-step synthesis of tuneable morphologies of SnO
at ambient pressure and atmosphere, which was also demonstrated to be scalable. Various
high quality morphologies of SnO were synthesised, without requiring the use of
hydrothermal conditions or a highly basic pH. Through our investigation, we established
that more polar solvents produced bulkier morphologies, as a result of the higher surface
tension, density and dipole moment in comparison to shorter chain alcohols. Samples
produced in longer carbon-chain alcohols are much bulkier, as a result of the higher
surface tension for these solvents in comparison to shorter chain alcohols. Most probably,
particular solvents (70:30 methanol:water, ethanol) adsorb selectively on specific crystal
planes directing the crystal growth in certain directions, which results in the thin platelet-

like morphology, whilst the longer chained solvents such as 1-hexanol with additional
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London dispersion forces present would attract more solvent molecules inhibiting
preferential growth. In addition, DFT calculations linked the shapes obtained for certain
solvents (1-butanol, 1-hexanol, water) with those predicted with the thermodynamically
favoured crystal shape in vacuo (Gibbs-Wulff construction). The in-vacuo equilibrium
shape predicted deviates from those produced in shorter chain alcohols demonstrating the

complex relationship between solvent properties and nanoparticle morphology.

Four unique morphologies were selected for further investigations into energy storage;
nanoflowers, platelets, perforated thick squares and thick squares. These morphologies
were selected as they encompassed all the unique structural features that could be obtained
through the solvent-engineered synthesis, and thus we could investigate the effects of
these unique morphologies on energy storage applications. The TEM carried out on the
platelets demonstrated the high crystallinity and quality of the synthesised material. N2
adsorption coupled with BET analysis demonstrated the higher surface areas obtainable
through the synthesis used compared to purchasing via a commercial producer, whilst
also demonstrating the difference in surface areas obtainable through the synthetic
approach developed. The SnO structures developed in this Chapter are investigated as
LIB anodes (Chapter 5), NIB anodes (Chapter 6) and SC electrodes (Chapter 7).
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4.4 Experimental

Synthesis of SnO

SnCl; (7.584 g, 0.04 mol, anhydrous, 98%, Alfa Aesar) was dissolved in ice-cold distilled
water (400 ml) and placed on a magnetic stirring plate. NH4OH (12.8 ml, 0.08 mol, 25%,
Merck) was added dropwise and left to stir for 1 hour. The solution was transferred to
centrifuge tubes and separated in the centrifuge (Heraeus Multifuge x1 Centrifuge) at
5000 rpm for 5 minutes. The Sn(OH). precipitates were washed with distilled water
(twice) and ethanol (once) before being re-dispersed in ethanol in a 100 ml round-bottom
flask and heated at 120 °C for 24 hours under reflux. The product was again separated via
centrifuge, repeating the wash procedure as above. The final product was kept in ethanol
solution and dried as needed, to minimise the risk of oxidation to SnO». This method was
the template for all morphologies of SnO produced, only substituting the ethanol for other

solvents.
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5. Tin(IT) Oxide as a Lithium-Ion Battery Anode

This Chapter will discuss the investigation into the use of solvent-engineered SnO as an
anode in LIBs. As discussed in Chapter 2, the motivation for this investigation is due to
the enhanced gravimetric capacity available through the use of SnO, whilst also the
enhanced stability due to the presence of an oxide matrix for the reversible alloying

reaction.

To date, the majority of the research carried out on SnOx compounds in LIBs have
focused upon SnO; due to its thermodynamic stability, however, it presents a lower
gravimetric capacity and a much larger contribution to the amount of inactive lithium
present in the battery due to the doubling of the oxygen content present. Recent work of
note carried out on SnO, has been done by Hu et al.! in which a reversible capacity of
~800 mAh g was achieved for over 200 cycles, however, in this particular study, thin
films prepared via high-vacuum magnetron sputtering were used which suggest issues
with scalability and processing for commercial applications. Li et al.? developed porous
SnO;, hollow microspheres with a capacity fade over the first 100 cycles to 504 mAh g,
similar to the previous quoted work however the scalability remains a question as the
synthesis required the use of hydrothermal reactors, which are volume limited.
Investigations have also been carried out into the suitability of SnsO4 as a LIB anode
material with work carried out by Chen et al.2 revealing a high initial charge in excess of
1,000 mAh g, however the cycling stability of this work is of concern with a gradual
decrease over the first 50 cycles from 1,200 to 500 mAh g*. As stated, to date the work
carried out on SnO has been limited; Igbal et al.* synthesised SnO nanoflowers with a
capacity fade to 200 mAh g after 25 cycles whilst Shin et al.> synthesised Sn-decorated
SnO nanobranches, with a capacity retention of 502 mAh g* after 50 cycles, with no
conductive carbon source or binder needed. Thus, due to the high theoretical capacity,
potential for stable cycling and the limited previous work on the material, SnO was chosen

to be investigated as a potential anode for LIBs.

5.1 Comparison Between Synthesised and Purchased SnO

Initial studies focused on the justification of synthesising the SnO using the solvent-

engineered wet chemical synthesis developed in Chapter 4. Prior to investigating the
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various morphologies obtainable through this synthesis developed, it was thought that it
be prudent to first verify that tailoring the morphology and transitioning the dimensions
of the material to the nanoscale would be beneficial for battery performance. To do this,
synthesised material was compared to commercially purchased SnO from SA.
Traditional slurry casting electrodes were formed by combining both the SnO synthesised
in ethanol (SNO(EtOH)) and the SA product respectively with a binder and a conductive
carbon source as is traditionally done in the field of batteries and is outlined in the
experimental section of this Chapter.
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Figure 5.1: (A) GCD curves for the SnO(EtOH) electrode at various C-rates. (B) CV profile for the
SnO(EtOH) at 0.1 mV s scan rate. (C) GCD curves for the SA SnO electrode at various C-rates. (D) CV
profile for the SA SnOat 0.1 mV s™.

The synthesised nanoflower morphology (SnO(EtOH)) displayed a superior energy
storage performance with a capacity of 780 mAh g compared to 750 mAh g* for that of
the SA product at 0.1 C from 0.001 — 2.5 V vs Li*/Li (Figure 5.1). Note that the listed
capacities for this dissertation are for the total mass of the electrode unless otherwise stated
(as opposed to active mass as it is felt this metric is a truer reflection of the obtainable
capacity for the potential real-world device based on the composite and this PhD

fellowship is driven towards manufacturing real-world devices). The most striking
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difference however occurs when one looks at the anode performance upon increasing the
charge/discharge rate. The synthesised SnO retains a capacity of 180 mAh g™ at 1 C,
whilst the SA SnO has essentially failed by 0.5 C (retaining less than 100 mAh g%). Upon
investigation of the CV profiles of each anode (Figure 5.1B and D), differences again
become apparent which may be explained with reference to the size and morphology of
the materials. Both CVs display highly reversible behaviour excluding the initial cycle (a
more detailed discussion on the characteristics of the CV will be provided in subsequent
sections). Both the anodic and cathodic peaks are much sharper and more defined in the
synthesised product than the SA SnO. The smooth and broad reaction peaks of the SA
SnO suggest that the bulkier commercial material acted as a barrier to the LixSn
alloying/dealloying reaction, consistent with previous work by Shin et al.®> The
synthesised nanoflower morphology with free volume provides the Li* ions with a shorter
diffusion path and facilitates the alloying/de-alloying reactions, while in contrast, the
dense SA structure acts as a diffusion barrier. Therefore, for higher rate capabilities, the

synthesis must be driven towards highly porous nanocrystalline structures.®

5.2 Incorporation of Single-Walled Carbon Nanotubes in Anode

SnO(EtOH)/P3-SWCNT composite electrodes with varying mass fractions of P3-
SWCNT were prepared and tested in LIB coin cells to identify at what P3-SWCNT mass
fraction battery performance would be optimised. The SnO/P3-SWCNT composite
electrodes were prepared using vacuum filtration whereby the composite was collected
on a polyolefin separator film (same as used in the LIB coin-cell). All electrodes formed
were of areal loading 1 mg cm?. SEM analysis confirmed that the P3-SWCNTs were
mixed well within the SnO and dispersed evenly throughout. From Figure 5.2, one may
see the P3-SWCNTSs appearing as a thin ‘web-like’ structure encompassing the SnO
particles. With increasing mass fractions of CNTs the coverage increases to fully
encompass the nanoflowers as in Figure 5.2G. The P3-SWCNTSs can be seen to cover the
sample and in doing so provide a conductive carbon network which binds the sample
together, which in turn removes the need for carbon black/polyvinylidene fluoride
(PVDF) binder to be required to make the electrode as done previously with the slurry

casting method.
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Figure 5.2: (A-G) SEM images of SnO/SWCNT composites. (H) FIB cross-section of SnO/SWNT
composite.

Using focused ion-beam milling (FIB) to form a cross-section, the distribution of the
SWCNTSs within the electrode was further investigated for the 15% composite. From the
SEM image of the cross-section formed (Figure 5.2H) it is seen that the SWCNTSs form
segregated networks within the electrode. These networks occur for particulate matrices
with particle sizes which are larger than the nanotube length (microscale).” The excluded
volume associated with the microparticles drives the formation of these segregated
networks, where the SWCNTs form networked 2-D membranes which wrap and
interconnect the active material.”® If the active material present is nanoscale in all
dimensions, the nanotubes will not form these networks and instead a homogeneous
distribution will form throughout. The advantage of segregated networks is improved
conductivity and the potential to fabricate thicker electrodes with higher robustness.”®

By removing the need for the inactive copper foil, the energy density of the device is
increased in addition to an increase in the depth of discharge and the ability to maintain a
near-zero volt state of charge.'® For example, in aslurry cast electrode of 12 mm diameter,
roughly 10 mg of the mass is due to the copper base. For the same size electrode on a
polyolefin separator, the weight drops to 1.5 mg or for free-standing electrodes which is

obtainable with SWCNTs it drops to nil. Thus the effective gravimetric capacity is
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maximised by transitioning away from the copper current collector, in addition to the costs

saved by its removal.

Optimisation of SWCNT Mass Loading

The electrochemical performance of the SnO/P3-SWCNT composites with different P3-
SWCNTSs mass fractions (1 —50%) was analysed using GCD measurements. As the P3-
SWCNT% increases initially, more conductive networks are established resulting in a
better rate capability and higher capacities as seen in Figure 5.3. The maximum specific
capacity for the material was reached at a mass fraction of 15% P3-SWCNTSs with a
specific capacity of 897 mAh g at 1 C (Figure 5.3). The far superior performance
obtainable using SWCNTSs is clearly indicated by this result, as using the same material
in an electrode formed using the traditional slurry method as done in Section 5.1, the
obtainable capacity at 1 C was less than 200 mAh g*. At this stage, a wider conductive
network can connect more particles in the system, enabling more efficient transport of the
stored charge to and from the current collector and therefore the capacity is maximised.™t
Additionally the impedance of the electrode gets reduced, and the overpotentials
experienced with increased rates reduce in magnitude, allowing for more charge storage.
At this point, higher concentrations of P3-SWCNTSs no longer improve the composite
capacity™2 but rather act to reduce capacity as the mass of active material is replaced with
the P3-SWCNT network which is not suitable as an anode material(see the capacity of
pure SWCNT electrode in Appendix Figure C.1).
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Figure 5.3: SnO/SWCNTSs composite discharge capacities (5 cycle) as a function of carbon nanotubes mass

fraction at different C-rates; C-rates on the x-axis, SWCNT% on the y-axis and specific capacity on the z-
axis.

Using the GCD data obtained, a further investigation was carried out into the role of the
SWCNT% on the battery performance using the semi-empirical model developed by
Tian etal. (Equation 5.1) which links the capacity obtained by GCD curves to the physical

parameters of the electrodes.’® The semi-empirical model was developed from work
carried out on rate-limited supercapacitors.’**°

<O

= QM []—(RT)"( 1- e—(Rr)"’)] 5.1

Here Q/M is the measured rate-dependent specific capacity, Qw is the low-rate specific
capacity whilst 7 is the characteristic time associated with the charge/discharge. 7 is a
measure of the minimum amount of time required to fully charge the device and the point
at which the capacity starts to exponentially decay with rate, and is thus the critical factor
in determining the rate performance.*® The exponent n describes the decay behaviour in

capacity at a high rate and indicates the rate-limiting mechanism of the cell. Its values are
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generally comprised between 0.5 and 1, which corresponds to diffusive and resistive
limitations respectively. R is the rate and is defined in Equation 5.2, where I/M is the
specific current density and (Q/M)e represents the experimental measured specific
capacity (at a given current). Note how this rate differs from the C-rate, which is defined
interms of theoretical capacity whereas R in this case has the advantage of relating directly

to the experimental charge/discharge time of the cell by 1/R.

P (5.2)
(OM),

A simulation of Equation 5.1 is shown in Figure 5.4A displaying the effect of the
parameters discussed. It is worth mentioning that the GCD data for each sample is not
always present in the same location as the experiment was initially launched in C-rate and
then transformed using Equation 5.2. Using this model, the rate-dependent capacities can
be fitted and the values of Qwm, z and n can be extracted (note the log of Equation 5.2 was

used for fitting/plotting the experimental data).

From the fitting of the GCD data, it is seen that the results obtained from the rate equation
agree with those that were concluded from the initial observation of the data (Table 5.1).
A mass fraction of 15% SWCNT gives the lowest value for 7 (meaning it has the highest
R-value before it begins decaying to the high-rate regime), and the largest Qw. The value
of n indicates it has a combination of both electrical and diffusion limitations in the high-
rate regime. The drop in z and subsequent saturation/increase after 15% mass fraction of
SWCNTs is consistent with the literature study carried out using Equation 5.1 by Tian et
al.® As the mass fraction of conductive additive is increased, so too does the conductivity
of the electrode, thus allowing for more of the active mass to be utilised for charge storage
whilst enabling faster charge/discharge rates. Above a saturation point (15% SWCNT in
this case) more conductive additive is no longer advantageous as it is in excess and thus
the gravimetric capacity will suffer, with the gravimetric capacity of SWCNTSs alone
being negligible (Appendix C, Figure C.1). From the results obtained, it was concluded
that a mass fraction of 15% P3-SWCNT optimised the performance of the SnO(EtOH)
electrode and it was elected to perform a study into the effects of the morphology using
this mass loading. (Note that the 1% mass fraction SNO/P3-SWCNT electrode is omitted

from the analysis as it failed to produce a working anode).
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Figure 5.4: (A) Specific capacity plotted versus Rate Equation using the parameters indicated in the graph
and displaying the effect of these parameters. (B) Selection of GCD experimental data fitted using Equation
5.1, see full dataset in Appendix Figure C.2.

Table 5.1: Parameters Qu,  and n for each mass fraction of SWCNT after fitting GCD data using Equation
5.1

5.3 Investigation into the Effect of Morphology

As the SWCNT % had now been optimised, the focus of the study turned to investigating
the effects of the various morphologies synthesised on the energy storage capabilities of
a LIB anode. As discussed in the previous chapter, four unique morphologies were
synthesised using 4 different solvents. Ethanol which produced SnO nanoflowers (Figure
55A), 70:30 methanol:water (70% methanol) which produced thin-square shaped
platelets (Figure 5.5D), 1-hexanol which produced perforated thick-squares (Figure 5.5C)
and water which produced squares (Figure 5.5D). All active materials were combined
with a 15% mass fraction of SWCNTSs and electrodes were formed via vacuum filtration,
with SEM images displaying a homogenous distribution of SWCNTSs around active

material in the formed electrodes (Figure 5.5).
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Figure 5.5: LIB electrodes formed using P3-SWCNT and SnO produced in (A) ethanol, (B) water, (C) 1-
hexanol and (D) 70% methanol.

Rate Performance and Cyclability

These electrodes were used to manufacture half-cell LIBs with Li-foil as the counter
electrode, and the specific capacities of the various morphologies were analysed using
GCD testing at various C-rates as displayed in Figure 5.6A. The tested SnO of the various
morphologies produced high-capacity anodes in all cases, with initial capacities (note that
the initial formation cycle is not included in this plot as this would include the irreversible
capacity owing to the SEI/Li.O formation) in excess of 900 mAh g* for all SnO/P3
composites except that formed with SnO(H20) which still displayed a large initial
capacity of 835 mAh g. Capacities in excess of the expected theoretical capacity in this
case suggest that the morphologies produced allow for the conversion reaction to be
partially reversible at least for the initial cycles (this is further elaborated on in Section
5.4). One may observe the impact of particle morphology from the rate performance plot
at various C-rates in Figure 5.6A. The thinner, platelet-like morphologies of SnO formed
in ethanol and 70% methanol produced the highest initial capacities at low C-rates, with
initial discharges of 960 mAh g? and 985 mAh g*. The reduced thicknesses and
significantly increased surface area of the platelet-like structures permit greater contact
between electrode and electrolyte resulting in higher Li* flux across the interface and thus

a greater charge capacity.>***’ The bulkier morphology of the perforated thick-square

68



5. Tin(1l) Oxide as a Lithium-lon Battery Anode

produced in 1-hexanol produces an anode which performs significantly lower in terms of
initial capacity to its thin counterparts, with a capacity of 900 mAh g™ and this result again
may be rationalised by the morphology and reduced surface area (see Chapter 4, Figure
4.4 and Table 4.1 for BET surface areas).
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Figure 5.6: (A) Rate capability of tested morphologies of synthesised SnO with 15% mass fraction SWCNTSs
at various C-rates. (B) Cycling performance of the SnO morphologies at 0.5 C. (C) Experimental GCD data
fitted using Equation 5.1 for SnO morphologies.

Table 5.2: Parameters for Equation 5.1 obtained via the fitting of experimental GCD data in Figure 5.6C.

The outlier in the data at first glance is the sample produced in water as it does not follow
the trend displayed between the BET surface area and charge storage capacity (it has the
second largest BET surface area of 16.62 m? g). It is thought this discrepancy may occur
for two reasons: (1) The area accessible to the N2 molecule is not the same as that of the
solvated Li* ion in the electrolyte, the effective size of the N2 molecule is roughly 3 As
whilst the size of the solvated Li* ion is in excess of 3 A for the EC/DMC electrolyte
employed.’®% In Chapter 4, the average side length of the standard shapes were measured
(SnO(70% MeOH) ~ 3 um, SnO(Hex) ~ 1.8 um, SNO(H20) ~ 8.7 um). As the SnO is
not conducting the larger size of the SnO(H-0) particles would make them more resistive,

limiting energy storage performance. (2) The highly structured and crystalline
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morphology present in this sample is limiting the materials” performance. It is known that
highly crystalline materials perform poorer in comparison to more structurally disordered
counterparts with defects present, as is the case with studies done on Si and Sn.?% These
reasons would account for the enhanced performance available through the ‘perforated’
thick-squares produced in 1-heaxnol, with the perforation leading to enhance Li-diffusion
consistent with previous reports,®® whilst the less accessible active sites of the thick-

squares produced in water lead to poorer electrochemical performance in comparison.

Upon re-cycling the material at 0.1 C (Figure 5.6A), the enhanced stability of the
nanoflower morphology is displayed by its capacity retention of 79% of its initial value
whilst the platelet morphology only retains 60%. Herein, capacity retention is defined as
the ratio of the charge storage capacity at a given cycle to the value measured during the
initial cycle. The contacted points between the individual platelets in the nanoflowers may
provide additional paths for the electron flow perpendicular to the plane, and this may

account for the enhanced stability over multiple cycles.?

The cycling stability of all four morphologies was tested using GCD at a rate of 0.5 C
with initial formation cycles at 0.1 C to aid stable SEI formation (Figure 5.6B). The
cycling stability of all composites is unstable, with a sharp decline in performance
between the 25" and 50" cycle for all composites which coincides with worrying CEs
below 90%. For a functioning battery, a CE in excess of 99% is required, otherwise the
fall in capacity upon each subsequent cycle is detrimental to long term use. However,
there are some features from this data that are promising. In the region where cycling is
stable, capacities higher than 600 mAh g are obtainable for all composites and this figure
is certainly impressive at such a quick rate. Compared to other work on SnO, Shin et al.>
achieved similar cycling capacities but at a rate of 0.1 C whilst utilising a much more
complicated process whereby Sn nanoparticles were grown on SnO nanobranches via
vapour transport method. The initial coulombic efficiency (ICE) of the SnO samples
produced was 87% (EtOH), 84% (70% MeOH), 80% (1-hexanol) and 78% (H20). A
major issue for SnO, and all TMOs/MO:s is that they suffer from low ICE limiting their
use in real-world full-cells as the lithium consumption caused during the initial cycle
limits/negates the excellent gravimetric capacity for additional cycles. This occurs since
the supply of Li" in a full-cell comes from the cathode, and any Li* loss will greatly

decrease the energy density of the full-cell. Commercial anodes such as lithium titanate
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and graphite have ICEs > 90%.2? The ICEs of all produced samples are thus very
promising and their performance is better than most of their SO, counterparts with
reviews carried out on the subject by Li et al.® and Lan et al.?® revealing the vast majority
of tested materials fail to exceed an ICE of 65%. Cycling data was also obtained from
cycling to only 1V vs Li/Li*, as this has been reported to enhance the stability>* whilst
the trade-off is a loss of gravimetric capacity. A more gradual loss in capacity was
observed, however, the initial capacities of all composites were under 600 mAh g* and
as the capacity was still continually dropping on each subsequent cycle the issue of

cycling remains unsolved (Appendix C, Figure C.3).

Furthermore, the composites were fitted (Figure 5.6C) using Equation 5.1 as done
previously, with the tabulated constants shown in Table 5.2. Excluding the sample
produced in H2O, all z and n values calculated were quite consistent, with the sample
produced in ethanol having the lowest z value of 0.251, meaning it will be able to obtain
a marginally higher rate before being subject to the high-rate regime. Interestingly the
sample produced in H2O has an even lower 7 value of 0.198, owing to the fact its initial

capacities were lower and it had the highest capacity obtainable at 2 C.

Impedance and Diffusion

EIS was carried out on each of the morphologies in the un-lithiated state after the initial
formation cycles to probe the electrochemical behaviours of the respective composites,
with the EIS spectra (Figure 5.7A) being fit using the equivalent circuit model shown in
Figure 5.7B, using the Z-fit software package from BioLogic. In this model Rs is the series
or ohmic resistance, Rs.t and CPEsy refer to the surface resistance and constant phase
element (CPE) related to the SEI layer. A CPE is used in the place of a capacitor in these
models as the inhomogeneities in the surface of metal oxides result in nonideal
capacitances in the double-layer formed at the SE1.3! Rer and CPEcr are attributed to the
charge-transfer resistance and related double-layer capacitance. Zw is known as the
Warburg impedance and describes the solid state Li-ion diffusion within the electrode and
the associated resistance,}’*? whilst CPE. is the associated capacitance arising from this
process. The resistance results of the fitting of the equivalent circuit to the Nyquist plot of
the experimental data are tabulated in Table 5.2. Focusing on Rsut and Rcr, it is seen that

the SNO(EtOH) has both the lowest SEI resistance and lowest charge transfer resistance
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when compared to the other samples (excluding SnO(H-0)), with values of 68.3 Q and
10.9 Q, respectively. The SnO(H20) displays a unique spectrum when compared to the
other morphologies which is dominated by the charge-transfer semi-circle, with a value
of 52.9 Q obtained from the fitting, whilst it does however display the lowest value
obtained for the Ry parameter. This leads one to conclude that owing to the highly
crystalline structure, a thin SEI is formed on the accessible surface area whilst the limiting
factor for the material is the charge transfer within this structure as it is unable to intercalate
Li-ions within to allow alloying to occur relative to the other morphologies. From the
impedance measurements, it can be concluded that the SnO(EtOH) is the optimal

morphology.

CV measurements at different scan rates (Figure 5.7C) were used to probe the apparent
Li* ion diffusion coefficients for the various morphologies using the Randles-Sevchik
Equation at 298 K as shown below (Equation 5.3),%*% where i, is the peak current, ne is
the number of electrons (4.4 in this case as used the peaks corresponding to Lis4Sn) at the
chosen peak, A is the active surface area of the electrode (1.13 cm?) , C is the concentration
of Li ions in the electrolyte (1 x 102 mol cm®) , Dy is the apparent Li diffusion
coefficients, and v is the scan rate. It is referred to as an apparent diffusion coefficient as
the contact area we use is smaller than the real contact area experienced by the electrolyte
in the cell.»

i,=%(2.69 x 10°)n,>?4CD"* 12 (6.3)
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Figure 5.7: (A) EIS spectra for the synthesised SnO morphologies and the Z-fit approximation using the
equivalent circuit (Note Rs is subtracted to allow for easier visual comparison). (B) The equivalent circuit used
to fit the EIS spectra. (C) CV profile of SnO(Hex) at various scan rates. (D) Anodic peak current as a function
of the square root of scan rate.

Table 5.3: Equivalent circuit parameters calculated using Z-fit of the EIS spectra and the anodic diffusion
coefficients calculated using the Randles-Sevchik equation.

By plotting i, as a function of v*2 (Figure 5.7D), one may use the slope of the linear fit to
obtain the Dy of the material, as was done and tabulated in Table 5.3. Due to the
overpotential experienced with increasing scan rate, the progression of the final cathodic
peak (final alloying peak) was unable to be tracked so only the anodic diffusion coefficient
was evaluated. From Table 5.3, it is seen that the SnO(EtOH) has the greatest Dy; for the
anodic processes, with a value of 1.19 x 10° cm? s, This value is larger than the reported
SnO, apparent diffusion coefficients which vary between 1072 and 10%° ¢m? 13-

whilst Lv et al.* recorded an anodic value of 1.90 x 10° cm? s using Tin(ll) Oxide
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Carbodiimide (Sn2O(CNy)) which was synthesised using a hydrothermal reaction with
expensive precursors. The increase of an order of magnitude in the value of Dy for Tin(lI)
Oxide over Tin(1V) Oxide demonstrates the diffusion barrier caused by the Li2O.% This
again highlights the cost advantages one may obtain through the use of the developed
wet-chemical synthesis reported here. The sample produced in water was the most
diffusion limited for the anodic process, again displaying the limitations of this highly
crystalline morphology for use as a LIB anode.®® It is well known that through
nanostructuring of the material, the diffusion kinetics of the Li ion into the active material

may be enhanced and this is certainly the case for the SnO(EtOH) morphology
herel2,3,28,414|3

As the SnO(EtOH) anode has displayed the optimal performance in reference to all the
morphologies tested using GCD, EIS and CV measurements, it was chosen to just focus

on this morphology for further optimisation.

5.4 Electrochemistry of Optimised Morphology

From the voltammogram presented in Figure 5.8A, the characteristic conversion and
alloying reactions of SnO(EtOH) may be investigated. During the initial cathodic sweep,
the large cathodic peak at 0.85 V, corresponds to the initial SEI formation and the initial
conversion reaction of SnO to metallic Sn,2>33444 imbedding the metallic Sn particles in
the LiO matrix according to Equation 2.4. This metallic Sn is further lithiated at the
reductive peaks at 0.6, 0.3 and 0.15 V corresponding to the formation of various LixSn
alloys until full lithiation occurs with Lix»Sns. 24244 The peaks at 0.55, 0.68, 0.78 and
0.8 V in the anodic sweep correspond to the delithiation of LixSn alloys. 2326304546 pon
further oxidation, a broad peak is reported at 1.25 V which corresponds to the start of the
conversion reaction with the formation of Sn and Li>SnOs, which is completed at 1.82 V
with the partial reformation of Sn0.>%%47% On subsequent cathodic sweeps the
reformation of Sn and Li-SnOscan be seen at 1.25 V, with the formation of Sn and LiO;
occurring at 0.95 V in these cathodic sweeps. The formation of Li>SnOz has only recently
been elucidated by Ferraresi et al.*” with the use of XPS to monitor the exact species at
this point, with a general ambiguity in the field prior; just acknowledgment of the
conversion and not the exact steps.2*® The CV curves display exceptional reversible

characteristics for all cycles excluding the initial, highlighting the different charge storage
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mechanism present in the initial and subsequent cycles. (CVs of all composites displayed
similar characteristics, see Appendix C, Figure C.4). Thus, the morphologies present
display some reversible conversion reaction allowing for the reformation of SnO, contrary
to general consensus throughout the field that this reaction is irreversible,”* however
recently it has been acknowledged that this reaction is partially reversible depending on

the structure of the electrode.522%41
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Figure 5.8: (A) CV of SnO(EtOH) electrode at 0.1 mV sand (B) GCD profile of SnO(EtOH) electrode at
various rates, with low rate alloying and conversion cut-offs marked. (C) dQ/dV analysis of GCD data at 0.1,
1 and 2 C displaying the overpotential present with increased rates. (D) dQ/dV analysis of initial 0.1 C and re-
cycled 0.1 C, with arrows indicating a decrease in the intensity of the conversion reaction.

Upon examination of the GCD curve, the contributions from the alloying and conversion
reaction may be separated by utilising the information gathered from the analysis of the
CV profile and differential capacity analysis (dQ/dV) of the GCD profile. The appearance
of the dQ/dV plot appears similar to that of a CV plot, with the peaks representing plateaus
in the voltage profile of the GCD curves which correspond to phase transitions in the
active material > thus allowing one to track the onset of the alloying/conversion reactions
with respect to rate. It may also be used to elucidate failure mechanisms in batteries as
will be discussed in Section 5.6. The conversion reaction happens above 1 V upto 0.5 C,

with the alloying reaction occurring below (at faster rates an overpotential is observed
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shifting the onset of the conversion to higher potentials as shown in Figure 5.8C and
Appendix C, Table C.1). Two distinct slopes can be seen from the GCD curves at low
rates during the charging of the electrode, beginning at ~1.25 V (corresponding to the
beginning of the conversion reaction) and ~0.6 V (corresponding to the alloying reaction),
consistent with similar peaks observed in the dQ/dV profile (Figure 5.8D). The GCD
curves display constant slopes in place of constant voltage plateaus due to the

nanostructuring of the material (compared to SA GCD curve in Figure 5.1C).%

Interestingly, from the analysis of the GCD curves it is calculated that 60% of the
discharge capacity is obtained from the alloying reaction whilst the remaining 40% is
obtained from the conversion, which is consistent for rates up to 1 C. Upon re-cycling at
0.1 C, the alloying reaction accounts for 70% of the capacity, indicating that the
conversion reaction is not completely reversible for the material at this point. This point
is reinforced when examining Figure 5.8D, where there is a drop in the intensity of the
conversion reaction (marked by arrows) whilst the alloying peaks remain constant. Upon
analysis of the GCD curves of the other morphologies (see Appendix C, Figure C.4 and
Table C.1), similar trends are observed, with the thin platelet-like morphology of
SnO(70% MeOH) displaying a capacity of 60% from alloying which increases to 76%
upon re-cycling at 0.1 C, whilst the bulkier morphologies of SnO(Hex) and SnO(H-0)
have alloying charge capacities of 63% (increasing to 68%) and 68% (increasing to 72%).
Fascinatingly, these ratios allow one to see the rates at which both the alloying and
conversion reactions may take place together and the rate at which this synergy falls apart.
For all composites the alloying charge percentage increases at 1 C, except for the
SnO(70% MeOH) which may be a consequence of the reduced dimensions of the thin
platelet allowing the conversion reaction to proceed at faster rates. The conversion
reaction between Sn and Li>O is difficult and diffusion-limited, thus rate plays a key factor
as shown.> Reports indicate on SnO, through nanostructuring, the Sn/LiOz interface may
be maximised, allowing the maximisation of the conversion reaction,®°%% whilst the use
of CNTs provides short pathways for the Li* transfer leading to a high reaction
reversibility which is the case here. %% |n the present work we have achieved the
conversion reaction with the largest sized particles to date,2>254%% which is advantageous
for further use in the full-cell configuration as it minimises the amount of Li loss to SEI

formation.
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5.5 Alternative SWCNTS for Improved Cycling

The focus of the study now turned to optimising the one parameter which was limiting
and, in some respects, the most important parameter when one considers LB technology,
cycle life. OCSIAl are the most cost-effective and largest supplier of SWCNTSs on the
market, thanks to their CVD flow synthesis which they have patented and named the
resulting product Tuball (Tu) SWCNTs.® They have the advantage of being water
dispersible (with a polymer surfactant), allowing them to form compatible inks with
active materials for more complicated fabrication processes such as 3D printing whilst
also enabling post-processing of the electrode with techniques such as freeze-drying (FD).
For a more complete discussion on the impact of electrode preparation and the effects of
additive manufacturing on electrode performance, see the paper by Pinilla et al. which
| co-authored in parallel with the study into SnO. The difference between the
morphologies of the P3 and Tu-SWCNTSs is apparent upon examination of the SEM
image in Figure 5.9B, where at a 15% mass fraction the Tu product encapsulate the active
material in a ‘carpet-like’ structure of SWCNTs as opposed to the finely distributed ‘web-
like’ structures observed for the P3 product. It was hypothesised that this encapsulation of
the SnO by the tensile strong Tu-SWCNTs would assist in improving the cyclability by
containing the volume expansion the active material is subjected to upon repeated
charging/discharging. Through this apparent enhanced coverage, even with the

fracturing/breaking of active material, the SWCNT ‘carpet’ should ensure electrical
connection remains in the electrode.
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Figure5.9: (A) SnO/Tu-SWCNT composite discharge capacities at various C-rates asa function of SWCNT
%. (B) SEM image of the composite of SnO with 15% mass fraction Tu-SWCNTS.

Table 5.4: Comparison of SnO with 15% mass fraction of Tu-SWCNTS vs SnO with 15% mass fraction of
P3-SWCNTSs in terms of capacity.
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As was done previously, a SWCNT mass loading study was initially carried out to ensure
the optimum mass fraction was chosen in regard to capacity and rate performance (Figure
5.9A). Note all samples were heated under vacuum (400 °C) with a small Ar air flow to
remove the polymeric binder of carboxymethyl cellulose (CMC) used to disperse the
SWCNTSs in HO. The removal of the CMC was confirmed via thermogravimetric
analysis at approximately 300 °C (Appendix C, Figure C.5), which was consistent with
previous reports.>” (Note the SnO was not oxidised to SnO as this occurs at temperatures
in excess of 500 °C,%* and this data is shown in Chapter 7, Figure 7.3B). This was done
to maximise the gravimetric capacity by removing the inactive polymer, whilst also

maximising the rate capability as battery binders are known to act as diffusion barriers.®

Although not possessing the greatest initial capacity at 0.1 C, a mass fraction of 15% Tu-
SWCNTSs optimised the performance of the composite. Both the 5% and 10% composite
have marginally higher initial capacities at 0.1 C (889 and 903 mAh g respectively) than
the 15% composite (864 mAh g1), however as the rate is increased the decrease in
capacity is much less severe with the 15% composite, with impressive capacities recorded
of 813, 770, 716 and 543 mAh g at 0.2, 0.5, 1 and 2 C respectively. Furthermore, it also
displayed a useable capacity at 5 C (roughly 5 A g%) of 284 mAh g%, which was the first
tested composite to work at this rate. This result is quite remarkable when one considers
this corresponds to a charge/discharge time of 12 minutes. This is greater than the capacity
obtainable for graphite at this quick rate.5*> The improved rate performance relative to
the P3-SWCNTSs can be seen in Table 5.4.
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Figure 5.10: Selection of GCD experimental data for ShnO/Tu-SWCNT composites fitted using Equation
5.1, see full dataset in Appendix C, Figure C.6.

Table 55: Parameters Qum, 7 and n for each mass fraction of Tu-SWCNT after fitting GCD data using
Equation 5.1.
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Using Equation 5.1, the parameters Qw, z and n for each mass fraction of Tu-SWCNT
could be extracted after fitting the experimental GCD data to allow for comparison
(Figure 5.10 and Table 5.5). From the extracted parameters, we can see that the 15% mass
fraction has the lowest value of 7 (0.1 h), consistent with that observed from the GCD data
and displaying the excellent rate capability of this composite. The value of Qu (883 mAh
g™) agrees closely with the experimental value and the n value of 0.68 suggests both
electrical and diffusion limitations in the high-rate region. The values obtained for the 5%
mass fraction however displays the limitations of the equation. The value of Qw exceeds
that of the theoretical total capacity of the composite (1313 mAh g if one considers the
SnO conversion reaction fully reversible). Thus, one should be vigilant of understanding
the underlying chemical limitations of the system, and aware that for low mass fractions
of conductive additive where the decay capacity starts with small rates, the fitting will
overestimate the low rate limit as there are not enough data points to provide for an
accurate assessment. This limitation for the equation is again seen with the n values below
0.5, which as reported occurs due to fitting errors associated with datasets showing small
capacity falloffs at higher rates.'® Due to the excellent rate capability and stability, a 15%

mass fraction of Tu-SWCNTSs was deemed to optimise the performance of the anode.

Effect on Cycling

As previously stated, as the Tu-SWCNTSs are water dispersible with the addition of CMC,
it allows for additional post-processing treatments. Recalling the main factor in
investigating the use of Tu-SWCNTs was to increase the cycling stability of the
composite, 3 alterations of the SnO/Tu composite were investigated (heat treated,
untreated, freeze-dried) and compared to the performance of the optimised SnO/P3
composite. It was elected to investigate the effect of CMC as previous reports have
demonstrated that it can have a positive effect on cycle life whilst being much more
environmentally friendly than the PVDF/N-methyl-2-pyrrolidone (NMP) standard
binder combination used in the battery field,%3%* with work carried out on Si, in particular,
demonstrating its effectiveness at prolonging cycle life.® FD works by quickly freezing
a material with trapped moisture and subsequently dropping the surrounding pressure
causing sublimation from the solid to the gas phase. FD is a simple and effective approach
to prevent agglomeration and improve the specific surface area of the anode.®® The

micropores created by this process would also provide adequate space for the Li-Sn
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alloying reactions to take place whilst maintaining an electrical connection throughout.®”
It was envisioned that this porous structure should provide increased rate capability by

fully maximising the active material present.
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Figure 5.11: (A) Rate capability of SnO composites with Tu-SWCNT (various treatments) and P3-SWCNT.
(B) Cycling performance of composites at 0.5 C from 0.005— 1 V. (C) EIS spectra (line) and Z-fit (symbol)
of SnO composite with Tu/P3-SWCNTSs after 25/50 cycles (zoomed in inset of Tuball EIS in the high-
frequency region).

Table 5.6:Values obtained for the Equivalent circuit used to model the EIS spectra.

From Figure 5.11A, it is apparent that the heat-treated (HT) SnO/Tu composite displays
the best rate capability of all the tested composites, surpassing the performance of the P3
at 0.5 C, whilst demonstrating impressive capacities at 2 C (550 mAh g*) and 5 C (318
mAh gl initially). Although not possessing the greatest capacity at 0.1 C (886 mAh g*),
upon re-cycling at this rate it maintains 94% of the initial obtained capacity, an impressive
figure and significant improvement on the P3 composite (78%). The FD sample displayed
improved rate capability to that of the untreated sample, however, its performance
throughout was less than that of the P3 and HT Tu.

As cycling stability was the hidden gem left to uncover for this investigation into solvent-

engineered SnO, all composites were tested in Figure 5.11B, electing to test under 1V vs
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Li/Li*, primarily to focus on achieving a stable capacity in the alloying region before
progressing to the conversion reaction (as the phrase goes, “you must learn to walk before
you can run”’). The HT Tu electrode performs the best again, retaining 96% of its initial
capacity at the 80" cycle before a gradual loss in capacity is recorded. The electrode where
the CMC was left unaltered displays the next best performance, whilst the P3 and FD
electrodes display a constant fall in capacity throughout. Though improvements have
been made through the use of HT Tu electrodes relative to the study carried out on the
P3-SWCNTSs, cyclability still remained a driving force in the investigation at this stage
(electric vehicle batteries end of life occurs at 70 — 80% initial capacity®). Furthermore,
EIS analysis carried out after the 25%/50" cycles clearly display the differences in the Ryt
and Rcr of the HT Tuball and P3 electrodes (Figure 5.11C and Table 5.6). One does not
need to utilise the Z-fit software as the magnitude of the size of the semi-circles shows
how upon cycling, the P3 composite is much more resistive. The HT Tu electrode
displays excellent stability in the Rsyrand Rer values while it is cycling stably, with only
minor changes in these values simulated using the Z-fit of the equivalent circuit. It is
believed that the HT-Tuball’s performance is superior due to the enhanced coverage
obtained relative to the P3-product, agreeing with the initial hypothesis. The FD treatment
did not enhance the performance however, most likely owing to a loss of contact of active
material in the much more porous network formed. This may be seen by the SEM images
and the FIB cross-section of the FD electrode, displaying pockets of isolated SnO within
the porous SWCNT distribution (Figure 5.12).
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Figure 5.12: (A) SEM image of FD-Tu electrode and (B) SEM image of FIB cross-section of the same
electrode.

5.6 Differential Capacity Analysis and Electrolyte Investigation
To ascertain the exact cause of the decrease in capacity recorded for all SnO electrodes to

date, differential capacity analysis (dQ/dV) was undertaken. dQ/dV analysis is reported to
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be an effective method to indicate the failure mechanism at play within a battery and it is
a powerful form of data analysis that can be applied to GCD data to allow the features to
be seen/interpreted more easily.5™ Through the analysis of how these features (peaks and
plateaus) behave with respect to cycle number the cause for capacity fade in the electrode
may be deduced. As stated previously, the appearance of the dQ/dV plot appears similar
to that of a CV plot, with the peaks representing plateaus in the voltage profile of the GCD

curves which correspond to phase transitions in the active material.>
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Figure 5.13: Differential capacity analysis of SnO with (A) 15% HT Tu-SWCNTS, (B) 15% P3-SWCNTS,
(C) 15% HT Tu-SWCNTs with 10% FEC added to the cell electrolyte and (D) 15% P3-SWCNTSs with 10%
FEC added . (E) Cycling stability of SnO with 15% HT Tu-SWCNTs with 10% FEC addition with data
obtained with voltage cut-off of 2.5 V in purple and 1 V inset in green. (F) Cycling stability of SnO with 15%
P3-SWCNTs with 10% FEC addition with data obtained with voltage cut-off of 2.5 V in blue and 1 V inset
in red.
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From Figure 5.13A and B, it is observed that as both the Tu and P3 composites are
subjected to an increasing number of cycles, there is a significant change observed in the
dQ/dV plots. The initial curves appear consistent with the CV curves for the material as
expected, with distinctive alloying/de-alloying peaks (under 1 V) and conversion peaks
(above ~1 V). Between the 5" and 25" cycles, the most striking change occurs when one
analyses the conversion peaks (indicated by black arrows). The decrease in height of these
peaks indicates that the irreversibility of the conversion reaction is the cause for the initial
fade in capacity, as the alloying peaks remain roughly equivalent at this stage (see
Appendix C, Figure C.9 for normalised dQ/dV plot), consistent with work carried out on
SnO2.4" Progressing through to the 50" cycle, it can be seen that in addition to a complete
loss of the peaks from the conversion reaction, the alloying peaks have now also
significantly decreased in size (indicated by yellow arrows). The degradation is far more
severe in the P3 composite as expected from the cycling data. As the peaks shift to slightly
different voltages, this represents a loss of lithium inventory in the cell and this is the cause
for the unstable cycling witnessed.> Due to the huge volumetric change associated with
the alloying, a cause for the loss of active material in the anode may be an unstable SEI.
During subsequent alloying/de-alloying cycles, fracturing and breaking of the SEI would
lead to a loss of Li-inventory (as the Sn contracts after delithiation, the SEI may peel
off).”>"2 In addition, with each additional cycle continuous SEI build-up would lead to
increased cell impedance, making the full-delithiation of the Sn problematic, again
causing loss of Li-inventory.” This is consistent with the voltage shifts observed.™
Similar failure mechanisms have been reported with Si and SiO.”"™ To create a more
stable SEI, fluoroethylene carbonate (FEC) was added to the electrolyte used to this point
of LP30 (1 M LiPFs in EC:DMC, 1:1).

FEC is known to aid in the cycling stability of alloy-type anodes, with extensive work
carried out on Si and Sn."%™777 In the presence of FEC which degrades at a higher
reduction potential than both EC and DMC, a denser, thinner and more uniform SEI is
formed in contrast to interphases formed in FEC-free electrolytes which are more porous
and permeable by electrolytes.”">" This SEI layer has been found to inhibit the
emergence of large cracks and suppress further the decomposition of EC/DMC, leading
to enhanced electrochemical performance and improved CE.”” The SEI layer also
remains stable upon discharging above 1.5 V in Sn anodes, with the particles held intact.”

In Si anodes, FEC additive leads to the formation of insoluble crosslinked poly(ethylene
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oxide)-based polymers which could better passivate the electrode and resist the volume
expansion whilst the increased formation of LiF in the SEI results in a lower overall

impedance, and it is assumed the same would occur for Sn."%7276.78

From Figure 5.13C and D, the vast improvement in the dQ/dV analysis can be seen at the
5% 50" and 100" cycle through the addition of 10% wt. FEC to the LP30 electrolyte with
respect to the pure LP30 data (Figure 5.13A and B). For the Tu electrode, the dQ/dV plots
remain unchanged over the first 100 cycles, demonstrating that the previous issues of the
non-reversible conversion reaction and loss of Li-inventory in the cell have been solved.
Furthermore, this improvement is reflected in the cycling stability of the material, with a
capacity of 820 mAh g recorded after over 300 cycles at a rate of 0.5 C (Figure 5.13E)
and a capacity of 430 mAh g at the same point at a 1 V cut-off. The CE remained in
excess of 99% and the ICE of 80% was also satisfactory when one considers use in a full-
cell. With regard to the P3 composite, the FEC again caused a dramatic improvement in
the cycling stability, reflected through the dQ/dV plot (Figure 5.13D), where the
conversion reaction is still stable after 50 cycles and the loss of Li-inventory is nowhere
near as dramatic as without FEC. The cycling stability however is not as impressive as
the Tu counterpart, with capacity fading to 480 mAh g* after 125 cycles, whilst with the
1V cut-off the composite also recorded roughly 480 mAh g at the same point, indicating
that again the conversion reaction is the cause for the capacity fade. These results however
are extremely promising, with the SnO HT Tu composite achieving stable cycling at a

high rate with remarkable capacity.

Optimised Half-Cell Performance and Comparison to Other Works

As the cycling stability issue has been solved through the addition of FEC to the
electrolyte, the final optimised composite electrode of HT SnO(EtOH) with 15% Tu-
SWCNTSs was investigated. The FEC has no detrimental effects on the rate performance
of the electrode (Figure 5.14A), with a specific capacity of 980 mAh g at 0.1 C, which
is greater than the 886 mAh g? recorded without FEC present, again displaying the
positive effect FEC has on the conversion reaction. The rate performance remains
exceptional, with a usable and stable capacity obtainable at 5 C of ~320 mAh g2,
Furthermore, a mass loading study was undertaken to demonstrate how the SnO/SWCNT

inks allow for greater areal capacities to be recorded (Figure 5.14B). The trend is obvious
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to see, with more mass, a larger areal capacity is obtained, with a second cycle specific
capacity ranging from 0.85 to 2.82 mAh cm™ for 1.6 to 6.9 mg cm™ mass loadings. Upon
re-cycling at 0.1 C, all loadings tested record capacities in excess of 95% of the last initial
0.1 C value. The commercial graphite anodes are expected to have areal capacities of 2.5
— 3.5 mAh cm? at a mass loading of 10 mg cm? and this simple study demonstrates the

SnO/SWCNT composite may achieve this value with approximately 40% less mass.™
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Figure 5.14: (A) Rate performance of optimised SnO/Tu electrode in half-cell configuration with LP30 and
10% FEC electrolyte. (B) Rate performance of several mass loadings of SnO/Tu electrode. (C) EIS spectra
and subsequent Z-fit were carried out during cycling of the SnO/Tu electrode at 0.5 C, with zoomed inset of
high-frequency region.

Table 5.7: Equivalent circuit parameters obtained through use of Z-fit of Figure 5.14C.

Furthermore, EIS was utilised to monitor the ongoing changes in resistance the electrode
would experience, using Z-fit and the equivalent circuit shown in Figure 5.7B. Over the
first 100 cycles, the FEC leads to a negligible change in the Rsufwhilst the Rct increase
by 20.4 Q, once again demonstrating the role of the FEC in forming a stable SEI. The EIS
at the 300" cycle shows the Rsurs has risen to 94.2 Q, which is still an acceptable increase
when one considers the fast rate and number of cycles and this is visibly seen in the inset

in Figure 5.14C, where no major change is seen in the size of the semi-circle. The largest
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increase occurs in the Ret to 247.4 Q, with this increase attributable to the stress and strain

the active material has been subject to over 300 cycles.

There of course are areas for improvement regarding this study. The drop between the
capacities on the first and second cycles as the mass loading increases is a cause for
concern, with drops ranging from 32% for the lowest mass loading to 45% for the greatest
mass loading. Furthermore, as the mass loading increases, the gravimetric capacity
decreases. This is a common problem in energy storage owing to diffusion limitations of
thicker electrodes. In both cases, it is hoped improvements may be made by utilising even
slower formation cycles to ensure the full lithiation of the electrode occurs whilst also
ensuring a stable SEI is formed throughout. It would also be interesting to explore FD
again to explore if opening additional free space would relieve some of the diffusion

limitations a thicker electrode will naturally experience.

The results of the optimised half-cell were compared to similar to work in the field in
Table 5.8 on the next page.

86



5. Tin(1l) Oxide as a Lithium-lon Battery Anode

Initial
. Preparation Discharge . .
Materials methods (MAhgY), ICE Capacity Retention  Ref
(%0)
i 523 118 mAh g* after 50
SnO; nanoparticles Hydrothermal 56 oyclesat0.1C 80
Sn-decorated SNO  Vapor transport 980 502 mAh gt after 50 5
nanobranches method 60 cyclesat0.1 Ag?
. Auto-combustion 2213 618 mAh g* after 40
SN0, nanoparticles and calcination 57 cyclesat 0.05C 81
. Wet chemical and 1800 460 mAh g after 30
SnO; nanoparticles hydrothermal 50 cyclesat0.1 Ag? 82
. 250 mAh g after
SnO; nanoparticles 1400
with graphene Hydrothermal 0 200 cyclge_s1 at05A 37
SnVOVi%[rr]l ar:opﬁgt r:celes Ultrasonic method 932 492mAhgtafer o
grap and calcination N/A 100 cyclesat0.2C
oxide
Porous SnO; 1600 504 mAh g* after
hollow Hydrothermal 50 100 cyclesat 0.2 A 2
microspheres gt
. 546 mAh g™ after
SnO; nanoparticles 1708
bound to CNTSs Hydrothermal 625 100 cyclegs_lat 005A 50
Snz04 with 1727 631 mAh g* after 50
graphene Hyarothermal 65 cyclesat 0.06 Ag* 3
. Solid state 1350 450 mAh g after
SNO,-C composite o i 67 400cyclesat05C O
Amorphous SnO,  Electrostatic spray 1491 560 mAh g after 85
porous cages deposition 69 100 cyclesat0.5C
CNT-SnO; 1290 698 mAh g* after 40
nanorods Hydrothermal 64 cyclesat0.72 Ag? 8
: 815 (958)* mAh g* .
*
g\?\?cvll’l'.ﬁ; Wet chemical 1310 5%540) after 307 cycles at V-:;er‘:'(
05C/044AQ*

Table 5.8: Electrochemical performances of previously reported SnOy LIB electrodes. * Denotes active

capacity of current work.
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From Table 5.8, a direct comparison may be made between the work carried out in this
study and similar work carried out previously in the field (note both total mass and active
mass have been reported for this study, the majority of reports fail to mention how they
calculate mass so it is assumed it was based off active mass as is more common
throughout). In terms of initial capacity, notable work was carried out by Rai et al.&
recording a value of 2213 mAh g, however, this capacity is owing to the large surface
area of the anode, which results in the less than satisfactory ICE of 57%. This
demonstrates once more, the disadvantage of large surface areas in anodes due to the
irreversible capacity loss. In terms of ICE, the work carried out by Yu et al.® achieves the
next best value of 69% with respect to the current work. The morphology of the SnO>
cages synthesised was on the microscale with average diameters of 5 um, and this is most
likely the reason for the high ICE. This work and the work by Chen et al.® achieved
reasonable cycling results, however, the current work far exceeds the performance in both
capacity and cycle life. The work presented in this fellowship provides the highest ICE,
the highest capacity and stable cycles at a quick rate, whilst also utilising a simple and
scalable synthesis.

5.7 Post-Mortem Analysis

To further understand the contribution of FEC to the anode, post-mortem SEM, EDX and
XRD were carried out on the anodes after cycling, in the fully discharged state. From the
SEM images, significant contrasts in the morphology of the used electrodes are observed.
The electrode with no FEC additive in the cell displayed severe cracks upon inspection
(Figure 5.15A), and none of the original nanoflower morphology is visible having been
consumed by the growing SEI. In contrast, the electrode cycled with FEC additive
displays a completely different morphology (Figure 5.15C), whereby the nanoflowers
may still be made out but covered by an amorphous layer presumably composed of SEI
and LiO,. Taking cross-sections of both electrodes, EDX was used to probe how the
composition of the electrode varied with FEC. With no FEC added (Figure 5.15B), we
can see from the EDX analysis that C, O (both constituents in the SEI) and Sn are all
present throughout the analysed section. As there is no stable SEI formed, the Sn, C and
O are all spread throughout. With successive alloying reactions, more Sn becomes
exposed to the electrolyte, forming additional SEI and consuming the Li inventory of the

cell. In comparison, with FEC added (Figure 5.15D), both the C and O contributions are
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limited to the topper section analysed whilst the Sn intensity is spread evenly throughout
the bulk of the electrode with a noticeable drop approaching the upper surface. When FEC
Is present, a stable SEI is formed whereby the active material of Sn and SnO for the anode
is shielded from successive reactions with the electrolyte, demonstrated by the drop in the
Sn intensity towards the surface exposed to the electrolyte. It is also shown that the SEI is
flexible, as the Sn which expands towards the surface is clearly covered by new SEl,
whilst the Sn which expands towards the current collector remains as Sn, hence the
segregation. This segregation was consistent over multiple electrodes (see Appendix C,
Figure C.7).

—— No FEC

—— FEC Added

Intensity (a.u)

20 30 40 50 60 70
20 (deg)

Figure 5.15: Post-mortem SEM image of (A) SnO/Tu-SWCNT electrode and (B) resulting EDX map of.
(C) Post-mortem SEM image of (C) SnO/Tu-SWCNT electrode with 10% FEC present in the cell and (D)
resulting EDX map. (E) Post-mortem XRD analysis of SnO/Tu-SWCNT electrodes with/without FEC.
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Furthermore, from the XRD analysis carried out (Figure 5.15E), it is shown that with
FEC, both SnO (PDF 01-072-1012, marked with a +) and Sn (PDF 03-065-0296, marked
with a *) are present in the discharged electrode (SEI and amorphous LiO. unable to be
seen on XRD). With no FEC, only Sn is present in the discharged electrode, showing that
the conversion reaction has failed (refer to the dQ/dV analysis in Figure 5.13B which
shows this reaction has failed). Combining this result with the EDX, we can conclude that
the O contribution for the electrode with no FEC is solely due to SEI and LiO, whilst in
the electrode with FEC where the Sn and O contributions overlap, there clearly remains
SnO.

5.8 Full-Cell Fabrication

As the optimised HT SnO Tu-SWCNT composite anode had now been established, as a
proof of concept a full-cell was assembled to further demonstrate its readiness for real-
world use. As a cathode, NMC 532 (Ni:Mn:Co = 5:3:2) was selected, combined with
0.5% mass fraction of Tu-SWCNTSs, as this was found previously to optimise the
performance of the cathode.” The SEM image of the cathode shows a uniform covering
of SWCNTSs over the active material of NMC (Figure 5.16A). The oxidation peak at 4.1
V in the CV of the NMC cathode and the reduction peak at 3.5 V (Figure 5.16B)
corresponds to the Co*/Co*" redox couple, whilst the lack of a redox peak at 3 V indicates
that there is no Mn** in the material, which is the reason for the incorporation of Mn as it
gets oxidised to Mn** during synthesis via the reduction of Ni®* to Ni?* which serves as a
structural stabiliser.®” The capacity of the NMC 532 cathode was ~160 mAh g* (see
Appendix C, Figure C.8 for GCD data).
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Figure 5.16: (A) SEM image of NMC cathode. (B) CV of NMC cathode at a scan rate of 0.1 mV s. (C)
Full cell GCD cycling data. (D) Full cell GCD charge/discharge curves at 0.5 C.

For full-cell fabrication, the N/P ratio (that is the ratio of the charge storage capacity of the
negative to the positive) was set to ~1.1 to minimize the risk of Li-plating (balancing this
with the first discharge capacity of the optimised cell, the cathode was ~8 times larger in
mass).288% The initial cycling data was promising, with the full-cell performance being
equivalent to the half-cell at the initial slow C-rate (0.1 C), with a capacity of 955 mAh g
1 after the initial formation cycle (Figure 5.16C). However, upon increasing the cycling
rate to 0.5 C, a steady drop in capacity and a CE of < 99% was recorded, with the capacity
fading from 750 to 562 to 208 mAh g between the 5%, 25" and 50" cycles. This fall in
capacity is expressed in the GCD profile as well (Figure 5.16D). Through examination of
the NMC cathode half-cell however, it is apparent that its cycling stability follows a
similar trend, (see Appendix C, Figure C.8) with a capacity fade of 48% over the first 50
cycles. Therefore, it is the cathode engineering where improvements must be made.
However this is still a very positive result, and where this study is left at the moment. The
cell exhibits its full capacity at low rates, and through optimising the cathode to cycle
stably, a stable full-cell can be developed with performance levels similar to that of the
half-cell.
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5.9 Conclusion

Using solvent-engineered SnO, high-performance LIB anodes were developed in terms
of capacity, rate performance and cycling stability. The advantage of the solvent-
engineered SnO was demonstrated as opposed to commercially purchased SnO from SA,
and through the implementation and optimisation of P3-SWCNTS, the rate performance
and specific capacity obtainable was greatly improved from the traditional slurry method,
whilst also reducing the overall mass of the electrode and reducing the need for a copper
current collector. The effect of morphology was investigated, with the nanoflower SnO
produced in ethanol optimising the electrochemical energy storage of the material.
Alternative SWCNTs manufactured by Tuball were utilised to improve the cyclability of
the composite, whilst through the incorporation of 10% FEC to the electrolyte, stable and
high-capacity cycling was observed. This improvement through the addition of FEC was
attributable to the formation of a flexible SEI which could withstand the volumetric
expansion during alloying, as was shown by post-mortem analysis of the electrodes with
SEM and EDX, whilst also enabling the conversion reaction to be reversible as shown
additionally by dQ/dV analysis. The optimised HT SnO(EtOH) with 15% Tu-SWCNTs
has a capacity of 980 mAh g at 0.1 C, an ICE of 80% and maintains a capacity of 815
mAh gt after 300 cycles at 0.5 C. Through analysis of similar work using the same
materials, it is shown that this work is on a level of its own as it combines a cheap and
scalable synthesis to form a high-performing anode with a high ICE, all factors which
should optimise its potential commercialisation in the future. As a proof of concept, a full-
cell L1B was developed with an NMC cathode. High initial capacity was recorded in the
full-cell showing that the full performance of the anode is still obtainable in this

configuration, whilst the cycling limitations of the cell were caused by the cathode.

Future work would look to further optimise the full-cell configuration by obtaining an
optimised green cathode, exploring even more electrolyte additives such as vinylene
carbonate and increasing the areal capacity of the anode. Furthermore, using the methods
and iterative approach adopted, additional materials have been (investigated SiO2)® and

will be studied in the hope of producing more cost-effective, high-performance anodes.
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5.10 Experimental

Preparation of SWCNTSs dispersions

20 mg P3-SWCNT (CSI) was dissolved in 200 ml of propan-2-ol and dispersed using a
tip-sonicator (Fisherbrand Ultrasonic Dismembrator) for 45 minutes with a 3.2 mm tip at
an amplitude of 40%. The P3-SWCNTSs solution was then placed in a sonic bath
(FisherBrand 11207) for an hour at a frequency of 37 Hz. Tuball SWCNTSs dispersions

were used as purchased.

Preparation of SnO/Carbon Black slurry electrodes

SnO (200 mg) was placed in a mortar along with carbon black (42.8 g) and PVDF (42.8
g) and crushed until forming a fine grey powder with a mortar and pestle. The mortar was
placed in a fume hood and NMP was added dropwise (1400 pl) whilst continually
mixing. The mixture was placed on previously flattened Cu foil onaglass plate and spread
using a doctor blade at 50 turns. The slurry was left to dry overnight and electrodes were

cut using a 12 mm electrode puncher (EI-Cell).

Preparation of SnO/P3-SWCNTs film electrodes

A 0.1% SnO dispersion was made using propan-2-ol as solvent. Various concentrations
of SnO/P3-SWCNTs dispersions were made, in which the accurate percentage of each
material was known. These dispersions were filtered using vacuum filtration (EMD
Millipore™ 47 mm Glass Vacuum Filter) using the electrochemical cell separator as
filter paper as shown in Figure 5.17A. Once fully dried, electrodes were cut using a

12mm electrode puncher as above.

Preparation of SnO/Tuball-SWCNTSs electrodes

Using a 0.2% SWCNT, 0.4% CMC Tuball solution in water, SnO slurries of various
mass fraction SWCNTs were prepared as done previously with the SnO/Carbon
Black/PVDF slurry (Figure 5.17B), however with no need for the addition of PVDF or
NMP as before. Alternatively they were prepared using the vacuum filtration method
detailed for the SnO/P3-SWCNT composites.
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Heat Treatment of Tuball Electrodes
Electrodes were placed in a tube furnace and heated under vacuum with an argon air
flow at a ramp of 10 °C/min with a 2 hr hold at 400 °C to carbonise the CMC binder.

Freeze-Drying Electrodes

Wet SnO/Tuball slurries were first frozen in a freezer at —20 °C, and then the frozen
samples were freeze-dried at 10 Pa and —50 °C (Labconco FreeZone 2.5 L Freeze Dry
System).

Electrochemical Cell Construction

All electrochemical cells were constructed in an Argon-filled glove box (MBRAUN,
Figure 5.17D). Within the cell casing, a wave spring and two spacers are placed initially
on the coin cell base (negative end). For a half-cell, lithium foil is placed on top of the
spacer, with the electrolyte LP30 [1 M LiFP6 in EC:DMC (50:50)] and a separator being
placed next. The working electrode (anode/cathode) is placed on the other side of the
separator (polyolefin membrane, Celgard 3501, 25 um) and the cell lid is placed on,
encasing the cell (as shown in Figure 5.17C). The cell is crimped using a hydraulic
crimping machine (MSK-110). For a full-cell, the anode is placed on top of the spacers,
followed by the electrolyte [LM LiPFs in EMC:FEC (95:5)] and a separator. The cathode

is placed on top of the separator and the cell is encased and sealed as with the half-cell.

Coin cell lid
Spring PN

Spacer

Lithium foil

Separator (with LP30 electrolyte)

Active material .

Coin cell base

Figure 5.17: (A) Vacuum filtration setup used to form SnO/P3-SWCNT electrodes. (B) Mortar and pestle
are used to mix active materials and carbon source for slurry cast electrodes and resulting punched electrodes.
(C) Schematic of how a coin cell was assembled. (D) Glovebox used for all coin cells assembled.
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Electrochemical Analysis

Al electrochemical measurements were performed using either a Bio Logic VIMP 300 or
a Biologic BCS-805 and analysed using the EC-Lab software. For battery testing, CVs
were run at various scan rates for 5 cycles in a voltage range of 0.001 — 2.5V vs Li/Li*
while GCD measurements were run at charge rates of 0.1, 0.2, 0.5, 1, 2, 5and 10 C
between 0.005— 2.5V vs Li/Li" for capacity testing/cycling and 0.005— 1V vs Li/Li* for
additional cycling testing. For EIS measurements, the cell was fully discharged so it was
in a fully de-lithiated state and left to rest for 1 hr before beginning the EIS testing. EIS
was then recorded at an open circuit potential from 1 MHz to 50 mHz, and the resulting

spectra obtained were analysed using the Z-fit software from EC-lab.
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6. Tin(I) Oxide as a Sodium Ion-Battery Anode
As the performance of SnO together with SWCNTSs had been optimised toward LIB

technology, the focus of the study pivoted to focusing on sodium-ion chemistry. As
discussed, SnO had the advantage of forming alloys with both lithium and sodium
respectively and thus the opportunity arises for one composite material to fill the need for
both technologies (kill two birds with one stone) whilst costs would be minimised through

economies of scale.

Similar to the previous work with LIBs, the majority of the research in the field is focused
on SnOx. At this moment in time, Sn-based materials in NIBs do not perform as well as
their LIB counterparts in any of the key indicators (capacity, rate, CE, cycling stability).
Recent work of note has been carried out by Zhang et al.? investigating ultrafine SnO;
nanoparticles on reduced graphene oxide, with a maximum charge capacity of 324 mAh
g and stable cycling achieved for 80 cycles at 50 mA g. Ding et al.> employed a SnO.-
carbon nanocomposite with a maximum capacity of 531 mAh g and a capacity retention
of 81% over 200 cycles. In terms of work with SnO, Lu et al.* utilised flower-like SnO to
from NIB anodes, with a maximum capacity of 500 mAh g. Zhang et al.> synthesised
ultrathin SnO nanosheets on carbon cloth, with the thinnest sheets composed of 2
monolayers of SnO optimising results with a maximum capacity of 848 mAh g and a
reversible capacity of 665 mAh g at 100 mA g*. However, the amount of inactive mass
present due to the carbon cloth has not been considered either in terms of the results (they
report in terms of the active mass of SnO) or in terms of practical sense; as having this
much inactive material present for atomically thin materials completely counteracts the
advantage one would gain from the small dimensions. Also, it must be stated again that
all works quoted here utilise hydrothermal syntheses with scalability and cost issues.

As there still remains many obstacles in terms of a high-performance SnO anode, this
motivated the work to investigate the material in a NIB cell and attempt to optimise the
performance to exceed the current state-of-the-art work. The same methods and iterative

process as used in the previous Chapter were implemented again for this study.
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6.1 Optimisation of SWCNT Mass Loading

Initially, SnO formed using ethanol as the reflux solvent was combined with varying mass
fractions of P3-SWCNT to establish at what mass loading Na-ion storage would be
optimised. The electrodes were formed identically as had been for the investigation
carried out into LIBs and so the SEM images in Figure 5.2 are still representative of the
electrodes. As is shown in Figure 6.1, once again a mass fraction of 15% P3-SWCNTs
optimises the energy storage capability for the composite. Striking differences however
are realised when comparing the data for NIB electrodes (Figure 6.1) with the LIB
electrodes (Figure 5.3). Firstly, the obtainable capacities are much lower for the electrode
when subjected to sodium chemistry. The maximum capacity for the SnO(EtOH) with
15% P3-SWCNT in a LIB was 960 mAh g? whilst switching to Na the maximum
capacity drops to 430 mAh g (maximum theoretical capacity of the Na-Sn alloying is
746 mAh g™). Furthermore, the NIB electrode was more rate-limited at this stage. The
GCD testing had to be halted at 1 C as rates above this were not able to sustain stable
energy storage, whilst we can see even by 1 C, the capacity for the optimised composite
has dropped to 48% (206 mAh g) that of its maximum value. Contrast this with the LIB
anode, where a capacity of 70% of the maximum was obtainable at 1 C (673 mAh g?).
This drop off in performance as one transitions from Li to Na chemistry is common
throughout the field, and is the main reason why NIBs which have been under
investigation since the 1980’s have to this point failed to be widely commercialised.8 8 As
stated, the reason for this drop-off is primarily a consequence of the larger ionic size of
Na*, and the sluggish kinetics associated with.2*° However these early results are not
without promise, the capacity of hard carbon (300 mAh g) has been exceeded in addition
to also surpassing the capacity of several of the quoted results reported in the previous
section (the capacity obtained is 506 mAh g* when converted to active mass for

comparison).
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Figure 6.1: SnO/SWCNTSs composite discharge capacities (5™ cycle) as a function of P3-SWCNT mass

fraction at different C-rates; C-rates on the x-axis, SWCNT% on the y-axis and specific capacity on the z-
axis.

The rate equation (Equation 5.1) developed by Tian et al.!* was again utilised to provide
additional analysis of the GCD data and extract the parameters Qm, zand n with the results
displayed in Table 6.1. In agreement with the GCD results in Figure 6.1, a mass fraction
of 15% is calculated to obtain the greatest low rate capacity for the composite of 645 mAh
gL. The r value is seen to drop with every increase in SWCNT %, up to a value of 30%
at which point saturation occurs and more conductive additive is no longer advantageous
to the rate capability. However, even though the 30% composite obtains the lowest value
for 7, and hence the greatest rate capability before it is subjected to the high-rate
exponential decay, the initial capacity is inferior (66%) to that obtained at 15% SWCNT.
The n values are all below 0.5 except for the 20% mass fraction, which as stated

previously is a consequence of fitting errors associated with a small capacity drop-off at
higher rates (all relative to initial capacities). Similar to the results for the composite as an

electrode for LIBs, 15% P3-SWCNT optimises the performance in NIBs too, albeit
without meeting the theoretical capacity of the material at this point. The study now turned

to examining the effect of the SnO morphology on the NIBs performance.
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Figure 6.2: GCD experimental data fitted using Equation 5.1.

Table 6.1: Parameters Qu,  and n for each mass fraction of SWCNT after fitting GCD data using Equation
5.1

6.2 Investigation into the Effect of Morphology

Four unique morphologies of SnO were investigated as a potential NIB anode combined
with 15% mass fraction P3-SWCNTs. As a reminder, the morphologies were
nanoflowers (SnO(EtOH)), thin-square platelets (SnO(70% MeQOH)), perforated thick-
squares (SnO(Hex)), and thick-squares (SnO(H-0)). All morphologies tested produced

functioning NIB anodes.

Rate Performance and Cyclability

The large drop off from the initial to subsequent cycle was due to the irreversible
formation of sodium oxide and the SEI, which one may recall occurred for the lithium
chemistry as well. Similar to the results obtained from the study on LIBs, the thin platelet-
like morphologies of SnO produced in EtOH and MeOH obtain the best performance in
terms of capacity at all rates tested. Again analogous to the results recorded for LIBs, the
thicker morphologies produced in hexanol and water recorded lower capacities at all rates,
with the thick square morphology produced in water producing the lowest capacities
throughout. The results once again may be rationalised by the surface area of the unique
SnO particles, with those with larger surface areas having larger energy storage
capabilities due to the increased Na* flux across the interface. As was rationalised with
the work on LIBs, the significantly poorer energy storage capabilities of the sample
produced in water with reference to the other morphologies is a consequence of the highly
structured and crystalline morphology. The limitations of the NIB compared to the LIB

technology is also apparent from when one compares the overall results (Figure 6.3A) to
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those for the LIB presented in Figure 5.6A, with in excess of a 50% drop in specific
capacity recorded through use of the Na* ion. As discussed, this isacommon theme across
the field where materials are tested for both NIBs and LIBs, and is attributable to the larger
atomic size of Na and its lower diffusion coefficient in Sn compared to Li (Gu et al.
measured the diffusivity of Na to be 3% of Li at room temperature into Sn and
corroborated this finding through in-situ TEM).22%2
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Figure 6.3: (A) Rate capability of tested morphologies of synthesised SnO with 15% mass fraction P3-
SWCNTSs at various C-rates. (B) Cycling performance of the SnO morphologies at 0.5 C after rate capability
test. (C) Experimental GCD data fitted using Equation 5.1 for SnO morphologies.

Table 6.2: Parameters for Equation 5.1 obtained via the fitting of experimental GCD data in Figure 6.3C.

Interestingly, upon recycling at 0.05 C in Figure 6.3A, the capacity of the composites
remained constant, with the nanoflower sample produced in ethanol increasing its
capacity by 20%. This suggests an ‘activation’ period of several cycles is needed in which
repeated sodiation/de-sodiation causes a rearrangement of the anode to allow more tin to
participate in the alloying reaction. This is consistent with work carried out on other
alloy/conversion materials and SnO2.24* It has well been established that a feature
associated with SnOx materials in NIBs is that the active Sn particles that form in the Na,O
matrix become electrically isolated due to the diffusion barrier of the matrix, shown by

the existent of un-alloyed Sn after complete charging of the cell 3152 Biswal et al.®®
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suggested this ‘activation’ process occurs due to an electrochemical milling effect during
charge/discharge cycles, leading to a decreasing size of Sn which allows the Na,O
conversion to become reversible owing to the increased surface area, similar to how the
decreased size of Sn leads to greater LiO> reversibility for L1Bs. Furthermore, in addition
to increasing its capacity upon recycling at 0.05 C, the nanoflower morphology also
obtains the greatest capacity at this stage, with the enhanced stability obtainable due to the
contacted points between the flowers, as was the case in the LIB study.? After conducting
the rate test, cycling stability testing was carried out on all 4 morphologies using GCD at
a rate of 0.5 C (Figure 6.3B). The cycling stability of all composites is not stable at this
stage, with a gradual loss in capacities being measured throughout and CEs below 99%
recorded. By the 100" cycle the capacity of all morphologies has dropped to below 200
mAh g™,

This initial study into solvent engineered SnO for NIBs although by no means perfect,
polished or finished, has presented some exciting features to encourage further work. The
maximum capacity obtained (excluding the initial) of 510 mAh g was for the nanoflower
morphology, and this compares favourably to other work carried out on SnOy composites.
When this value is converted to active mass to allow for an adequate comparison with
other works, a value of 600 mAh g is obtained. This result compares favourably to other
works carried out on SnO; by Lu et al.* (500 mAh g%), by Mao et al.® (227 mAh g1) and
by Su et al.’® (578 mAh g?). The ICE of the SnO samples were 47% (EtOH), 47% (70%
MeOH), 51% (H20) and 45% (Hex). This value is considerably lower that the values
recorded for their LIB counterparts ( >78%) and is a result of the irreversible formation of
the Na2O matrix.

The rate equation (Equation 5.1) was utilised once more to predict Qw and analyse the
constant z as shown in Figure 6.3C and Table 6.2. The SnO(EtOH) had the largest Qw of
645 mAh g2, whilst the SnO(70% MeOH) had the lowest 7 value of 0.43 h, once again
displaying the advantages of the thin platelet-like morphologies in terms of capacity and
rate capability. The values of n obtained from the high-rate regime are neglected and as
discussed previously, are fitting errors due to small capacity fall-offs at higher rates.™*
Overall however, at this point and similar to the work on LIBs the morphological

advantages of the thin platelet-like morphology is clearly evident.
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Impedance and Diffusion
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Figure 6.4: (A) EIS spectra (with zoomed inset on the high-frequency region) for the synthesised SnO
morphologies and the Z-fit approximation using the equivalent circuit shown inset (please note the legend that
applies to (B) also applies for (A)). (B) Anodic peak current as a function of the square root of scan rate. (C)
CV profile of SnO(EtOH) at various scan rates. (D) CV profile of SnO(EtOH) at various scan rates.

Table 6.3: Equivalent circuit parameters calculated using Z-fit of the EIS spectra and the anodic diffusion
coefficients calculated using the Randles-Sevchik equation.

EIS was used to probe the various resistances at play in the un-sodiated state of the anodes
after the initial formation cycles, with the same equivalent circuit that was used in Chapter
5 being employed again. The resistance results obtained from using the Z-fit software on
the Nyquist plots of the experimental data are tabulated below in Table 6.3. Focusing on
the surface resistance (Rsurf) and the charge transfer resistance (Rcr), it is seen that similar
to the work on the materials in the LIB configuration, the thin platelet-like structures have

the lowest associated resistances. For example, the thin platelets of ShO(70% MeOH)
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have a Ryt 0f 259.7 Q and a Rer of 87.8 Q, whilst the thick-squares of SnO(H-0) have
resistances of 358 Q and 984.9 Q respectively. The electrochemical limitations caused by
the larger Na* ion is also evident when one compares the EIS results to those obtained in
Chapter 5, Table 5.3 for the LIB counterpart. Taking the nanoflower sample of
SnO(EtOH), from switching the ion to Na*, the Re increases from 68.3 Q to 278.2 Q,
whilst the Rer increases from 10.9 Q10 86.1 Q.

As was done in Chapter 5, the Randles-Sevchik Equation (Equation 5.3) was utilised to
probe the apparent Na* diffusion coefficients (Dna) of the various morphologies. All
constants were the same as used in Chapter 5 except for the active surface (A in Equation
5.3) which was 0.12 cm?2 CV measurements were recorded at various scan rates on the 4
morphologies of SnO, as shown in Figure 6.4C and D, with the slope of the linear fit of
the anodic peak current versus the square root of scan rate being used to find Dna. Due to
the overpotential of the cathodic peak with increasing sweep rate, it was difficult to track
the progression of the final alloying peak current, thus only the anodic Dna is evaluated.
Furthermore, as the anodic peak that was chosen to be evaluated is at ~1 V, it is a
combination of the dealloying/conversion reaction. 3121618192224 Therefore the number
of electrons was omitted from Randles-Sevchik calculation due to the ambiguity in the
actual number of electrons associated with the peak, whilst also acknowledging that this
equation is being used as a comparison between the 4 morphologies and thus the number

of electrons remains a constant for all, without changing the result of the analysis.

From the results displayed in Table 6.3, it is shown that the thin-platelet morphology and
nanoflower morphology of SnO have the largest diffusion coefficients of 7.3/n® and 5.5/n
x 102 cm? s respectively. These values are similar in magnitude to that obtained by Han
et al.?* on encapsulated tin oxide nanoparticles in holey carbon nanotubes (5.78 x 103
cm? st). Once again, the diffusion limitations of the Na* ion in relation to the Li* ion is
shown when doing a direct comparison to the results tabulated in Table 5.3, with the Na*
ion diffusing in the order of 10 times slower. Again, the thicker samples of the perforated
thick square (Hex) and the thick square (H20) are the most diffusion limited
morphologies, with the trend observed mirroring that which was measured for the LIB
work. Once again, this emphasises the advantages obtained through nanostructuring
dimensions in one’s active material in terms of diffusion capabilities which in turn is

intrinsically linked to the materials rate capability. Furthermore, the cathodic peak at 0.5
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V vs Na/Na" in the CV of SnO(EtOH) (Figure 6.4C, marked by an arrow) is not visible
in the CV of SnO(H-0). This holds true when the SnO(70% MeOH) is compared with
the SnO(Hex) in Appendix D, Figure D.1. This is a consequence of the diffusion
limitations of the bulkier materials, with the peak being supressed/elongated due to an

overpotential as opposed to the well-defined peaks of the platelet like structures.?®

Both the nanoflower (EtOH) and thin-platelet (70% MeOH) had produced the best results
to date in terms of capacity, rate performance, impedance and diffusion. Due to its slightly
larger specific capacity and its better initial cycling performance, it was elected to continue
the optimisation of a NIB anode with the nanoflower SnO(EtOH). Although the
SnO(MeOH) platelet had a marginally greater diffusion coefficient, as well as marginally
smaller z from the rate equation, the differences were not significant enough to outweigh
the crucial factors of capacity and cycling. Furthermore, the aim of this PhD fellowship
was to develop a composite material that fits both LIB and NIB technology and choosing
SnO(EtOH) has the added advantage of being the superior morphology for LIB

technology also.

6.3 Electrochemistry of Optimised Morphology

Using the voltammogram presented in Figure 6.5A, the electrochemical processes at play
during the sodiation/de-sodiation of the SnO(EtOH)/P3 anode may be elucidated. One
may notice that compared to the CVs for the same material in the LIB configuration
(Figure 5.8A), the redox peaks associated with alloying/conversion are much broader and
washed out owing to the kinetic limitations of the Na* ion.2 During the initial cathodic
sweep, the subtle peak at 1 V corresponds to the formation of the SEI.1217%822 The peak
beginning at 0.6 V is associated with the conversion reaction, liberating the Sn particles
and the formation of the Na>O matrix. This peak overlaps with the initial sodiation of the
Sn which is centred at 0.2 V, to form the NaxSn alloys, to the final terminal alloy of
NasSns.315% In subsequent cycles, this large peak is separated into two peaks at 0.6 V
and 0.1 V.%° In the initial anodic sweep the peak at 0.25 V is associated with the initial de-
sodiation of NaisSna, whilst the broad peak centred at 1 V but continuing to 1.75 Vis a
combination of the peaks associated with the final de-alloying of the NaxSn and the

subsequent reconversion of Sn to SnO.5'21518 The CV curves display exceptional
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reversible characteristics for all cycles, except for the initial cycle, ensuring that the

electrochemical reactions present are fully reversible at the initial stages.
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Figure 6.5: (A) CV of SnO(EtOH) electrode at 0.1 mV sand (B) GCD profile of SnO(EtOH) electrode at
various rates and re-cycled at 0.05 C. (C) dQ/dV analysis of GCD profile in (B). (D) Variation in
anodic/cathodic peak voltage with C-rate.

Figure 6.5B shows the GCD profiles of the composite from 0.05 to 1 C, and the
subsequent re-cycling at 0.05 C. The sloping curves and plateaus of the GCD profiles are
consistent with the CV results. During sodiation (charging) of the anode at slow rates (<
0.2 C), we see two distinct slopping plateaus from roughly 0.9 to 0.5 V and from 0.5 to
0.05 V, coinciding with the two distinct peaks in the cathodic scan of the CV. For the de-
sodiation (discharging) of the anode, two sloping plateaus are observed again coinciding
with the two anodic peaks on the CV, from 0.15 to 0.3 V and from 0.75 to ~1.2 V.
Recalling that the maximum theoretical capacity of SnO in a NIB is 1,144 mAh g
considering the oxide conversion reaction, and 746 mAh g* when only considering the
alloying reaction, it is clear the SnO(EtOH)-P3 composite is short of these figures. During
the initial discharge, a capacity of 787 mAh g was recorded, which is 81% (when
converted to active mass) that of the maximum for this cycle (without considering the

irreversible capacity from SEI formation), demonstrating that the full potential capacity
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of the anode is not utilised. This inability to reach the theoretical capacity of SnOy in a
NIB configuration is a common feature throughout the previous work carried out on the
material, with the explanation deduced from numerous studies using XRD and XPS
attributable to unreacted Sn when the anode is finished charging.*1"#2 This unreacted
Sn is most likely present due to the lower diffusivity of Na™ in Sn and the denser Na,O
shell which blocks electronic and ionic transport into the inner region of Sn particles.>?’
The activation process mentioned previously is also apparent in the GCD profile, with
enhanced capacity obtained upon the re-cycling of the anode at 0.05 C. This may be
deduced as alluded to previously to an electrochemical milling effect which decreases the
Sn particle size, reducing the negative effects of the slow Na* diffusivity in the anode and
allowing for increased alloying conversion reactions. This is apparent when one compares
the 0.05 C to the re-cycled 0.05 C GCD profile at the discharge plateau from 0.15 to 0.3
V. This plateau is due to the first dealloying of the NaxSn, and upon re-cycling 56% more
capacity is obtainable owing to a greater amount of Sn being able to participate in the

alloying reaction due to the reduced size from activation.

Differential capacity analysis (dQ/dV) was performed on the GCD profiles to monitor the
onset of the initial cathodic reaction (peak 1) and final anodic reaction (peak 1) which
correspond to the beginning/completion of the alloying/conversion in Figure 6.5C. Due
to the overlapping of the alloying/conversion reactions, it is not possible to pinpoint an
exact start/end of the conversion/alloying reaction.>*¢% As shown in Figure 6.5D, onset
and completion of the charge/discharge process remain relatively stable up to 0.2 C,
however above this point we see larger overpotentials take hold, so at 1 C a potential of
0.8 and 1.15 V is needed to begin/complete the reaction compared to 0.86 V for both
anodic and cathodic processes at 0.05 C. The effect of the activation process is
demonstrated here also, with the onset of the cathodic reaction increasing to 1 \V whilst
the completion of the anodic reaction falls to 0.8 V. This is further evidence for the
electrochemical milling effect, with less of a driving force needed to initiate the reactions
due to the decreased size of the active particles counteracting the low ionic and electrical

conductivity of the NaO matrix.15
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6.4 Tuball SWCNTS for Improved Performance

Similar to the research carried out on LIBs, the focus of the study into the composite for
NIBs now shifted towards varying the source of SWCNTSs. A noticeable difference
however at this point in the NIB study compared to the LIB study was that the specific
capacity of the composite remained an issue. Therefore, the incorporation of Tuball
SWCNTs into the anode was not only hoped to stabilise the cycling life by creating a
network that limits the active mass loss through maintaining together the “milled”
material, but also enhance the electrical conductivity within the anode to reduce the
overpotential experienced during cycling. As discussed in Chapter 5, the advantages of
using Tuball SWCNTs are their superior price offering (€70/kg compared to the P3 cost
of $280/g, which is an astronomical difference), whilst also being sold in a water
dispersible form using a surfactant which allow for more complicated fabrication
processes to be investigated. As is shown in Figure 6.6B, there is a stark difference
observed via SEM in the coverage of the active material when comparing the SWCNTSs.
The P3 product presents finely distributed ‘web-like” arrangements of SWCNTs which
while still connecting the active material leave a lot of the surface area uncovered. This is
juxtaposed to the Tuball product in Figure 6.6B, which covers all active material
completely with a ‘carpet-like’ arrangement of SWCNTs, ensuring all active material is
fully immersed in conductive carbon. It was hypothesised that this apparent more
complete coverage of SWCNTs would enhance the conductivity of the electrode and
counteract the electrical limitations experienced to date from the Na* ion. In addition to
conductivity, it was envisaged that Tuball SWCNTS would have a similar effect as in the
study on LIBs where it significantly enhanced the cycling performance of the anode.

The same methodology carried out previously towards analysing the SWCNTSs was
employed once more, beginning with a mass loading study to optimise the specific
capacity and rate performance (Figure 6.6A). As has been done in Chapter 5, the
surfactant of CMC was removed using thermal carbonisation at 400 °C. This was carried
out to maximise the specific capacity of the composite and enhance the rate capability by
removing the inactive CMC which has been reported to act as a diffusion barrier.® As
shown in Figure 6.6A, and as is a common theme throughout both studies into LIBs and
NIBs, a 15% mass fraction of Tuball SWCNTS optimised the specific capacity. At 0.05
C, a capacity of 534 mAh g was recorded, whilst at 1 C a capacity of 270 mAh g™ was
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maintained. It must be restated that optimized hard carbons obtain a capacity of 300 mAh
g™ at slower rates, so these initial results are promising.”**! The 20% composite although
having a marginally larger capacity at 1 C (276 mAh g?) fails to exceed/match the
performance of the 15% composite at all other rates, with the largest difference between
capacities recorded at 0.05 C (473 mAh g™).
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Figure 6.6: (A) SnO/Tu-SWCNT composite discharge capacities at various C-rates as a function of SWCNT
%. (B) SEM image of ShO with 15% mass fraction Tuball and P3 SWCNTs to allow for comparison between
the coverage afforded by each product. (C) GCD experimental data for ShO/Tu-SWCNT composites fitted
using Equation 5.1.

Table 6.4: Parameters Qum, 7 and n for each mass fraction of Tu-SWCNT after fitting GCD data using
Equation 5.1.

Using Equation.5.1, the parameters Qw, = and n for each mass fraction of Tu-SWCNT
could be extracted after fitting the experimental GCD data to allow for further
comparison. Consistent with the visual analysis of the GCD data, the 15% mass fraction
presents the largest predicted Quw of 656 mAh g. It does however present the marginally
largest predicted value of 7 (0.24 h) when compared to the other mass fractions, but
practically speaking the differences are not large enough to cause concern. As
hypothesised, the 7 values are much lower compared to those calculated for the P3-
SWCNTs (Figure 6.2), suggesting that the Tuball-SWCNTs are more effective at
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sodiation of the anode at increased rates for all mass-fractions. The values of n obtained
from the high-rate regime are neglected and as discussed previously, are fitting errors due

to small capacity fall-offs at higher rates.!*

Effect on Cycling

Analogous to the investigation with the same material in LIBs, both heat-treated (HT) and
FD anodes were investigated in NIBs. As the CMC had caused poorer rate
capability/specific capacity with LIBs, it was not investigated in the NIB configuration
due to the diffusion limitations already present. Even though the FD anodes did not add
any benefit in LIBs, it was considered worthwhile to investigate this electrode processing

method once more to see if the porous structure would respond differently with the Na*
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Figure 6.7: (A) Rate capability of SnO composites with HT,FD Tuball SWCNT and P3-SWCNT. (B)
Cycling performance of composites at 0.1 C from 0.005 — 2.5 V after initial formation cycles at 0.05 C. (C)
EIS spectra of SnO composite with Tu/P3-SWCNTS after 25/50 cycles with zoomed inset of high-frequency
region.

Table 6.5: Values obtained for the Equivalent circuit used to model the EIS spectra.
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From Figure 6.7A, it is shown that the HT-Tuball composite has superior performance at
all rates in comparison to the FD and P3 composite. It demonstrates the highest capacities
up to this point in this investigation with specific capacities of 569, 476, 418, 355 and 311
mAh g from 0.05 — 1 C. The activation process that had been observed previously with
the P3 composites is also present here, with the capacity increasing marginally upon re-
cycling at 0.05 C to 574 mAh g. The FD sample had the lowest capacity at all rates, with
the capacity only exceeding 300 mAh g at 0.05 C and upon re-cycling/activation. Thus,
the porous network formed using the FD acts to isolate active material, meaning less mass

can take part in the sodiation process.

Cycling stability tests were carried out at 0.1 C in Figure 6.7B after initial formation cycles
at 0.05 C to ensure a stable SEI was formed. The HT-Tuball composite once again had
superior cycling performance compared to the FD and P3 counterparts. After the initial
formation cycles, the capacity was roughly 400 mAh g?, climbing to a maximum
capacity of 500 mAh g at the 60" cycle, and then proceeding to gradually fall off to a
capacity of 326 mAh g* after 100 cycles had been completed. The P3-SWCNT
composite displayed the next best performance, however, its maximum stable cycling
was at roughly 270 mAh g between the 30" and 60" cycles before falling to 136 mAh
gt by the 100" cycle. The FD samples’ cycling stability was the lowest measured, with
its maximum stable cycling at roughly 145 mAh g. It did however display the smallest
drop-off in capacity, falling to 130 mAh g?, however as the figure is so low it is unlikely

this small drop-off is of any practical use.

Using EIS, the different resistance forces at play in the anode as it was subjected to GCD
cycling testing were examined. From the Nyquist plot displayed in Figure 6.7C, and the
subsequent Z-fit of this data, these resistive forces were decomposed and displayed in
Table 6.5. For the HT-Tuball composite, we see the size of the semi-circle in the Nyquist
plot decreases after 50 cycles, and this is reflected in the Z-fit approximation with the Rcr
dropping from 64.7 to 4 Q. This again elucidates the activation the anode experiences
through subsequent cycles, with the active material getting electrochemically milled to
smaller sizes and reducing the charge transfer resistance in the electrode. In stark contrast,
the P3 composite with the fine ‘web-like’ SWCNTS, experiences an increase in the Ret
over 50 cycles, with the value climbing from 86.1 to 214.5 Q. There is also a larger

increase in the R from 278.2 to 507.7 ©, and this is visible through the increased size of
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the semi-circle in the Nyquist plot. The HT-Tuball SWCNT composite is the better-
performing material in terms of rate, cycling stability and in terms of conductivity when

analysed using EIS, and thus it was decided to proceed with this investigation using it.

6.5 Differential Capacity Analysis and Alternate Electrolyte

In an effort to explain the cause for the capacity fade in the HT-Tuball SnO composite,
dQ/dV analysis was applied once again to the GCD cycling data to monitor the changes
in the plot as the number of cycles increased. The progression in the features of the dQ/dV
analysis over the first 150 cycles is displayed in Figure 6.8A and B. It is shown that as the
cycling progresses from the 5% to the 25" to the 50" cycle, the anodic peak centred roughly
at 0.9 V associated with the final de-alloying and initial re-oxidation of the Sn is split into
two distinct peaks (marked by arrows) associated with each process individually. Similar
to the results obtained for the P3 composite in Figure 6.5C, the onset of the initial cathodic
reaction shifts from 0.75 to 0.95 V over the initial 50 cycles. The initial dealloying peak
(~0.2 V) increases in intensity over this range, as does the terminal alloying peak (< 0.1
V, Figure 6.8C); an indication of the activation process discussed previously which can
be directly correlated to the capacity increase over the first 50 cycles in Figure 6.8D. All
the above processes occur due to the activation process occurring in the anode due to the
electrochemical milling effect discussed previously, leading to an increase in capacity and
a reduction in the overpotentials needed for conversion/alloying.>* Examining the
progression in the dQ/dV profile over the remaining 100 cycles which coincide with a
decrease in capacity, it is apparent the activation process has ceased and new features
become apparent. The intensity of the final alloying and initial de-alloying peaks fall
progressively between cycles 50 and 150 indicating that there is a drop-off in the amount
of active Sn participating over this range. The final anodic reaction which had become
more pronounced over the initial 50 cycles and associated with the re-conversion of Sn to
SnO (indicated by the arrow in Figure 6.8A) becomes suppressed, whilst the final de-
alloying peak shifts to higher voltages with cycling (marked by arrow in Figure 6.8B).
This coincides with the suppression of the initial cathodic peak at 0.95 V, suggesting the

conversion reaction becomes more difficult over this range.

Linking this to the cycling and CE data displayed in Figure 6.8D, a failure mechanism
may be proposed. The CE fluctuates around 95%, even during the activation process, thus
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even when the discharge capacity of the anode is increasing, it is still consuming 5% of
the sodium inserted. This would most likely be attributable to the additional SEI produced
due to the electrochemical milling of the Sn to form smaller particles. As the battery’s
capacity decreases, the alloying/de-alloying peaks shift towards increased voltages
suggesting a conductivity loss, again a consequence of SEI and Na;O build-up. Thus as
activation proceeds, Sn is milled to smaller and smaller sizes, allowing for greater alloying
capacity whilst also maintaining the conversion reaction. After 50 cycles, the conversion
reaction becomes more and more difficult, due to the build-up of the SEI and leading to
more and more inactive Na2O. The alloying reactions still proceed but become electrically
limited due to the diffusion barriers of the SEI/Na>O and thus drop in capacity as the
previous active material becomes electrically isolated/insulated. All the time sodium is
being consumed by the anode in this charge/discharge process which proves problematic

for the implementation of the material into a full cell, with CEs in excess of 99% required.
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Figure 6.8: Differential capacity analysis of SnO with 15% HT Tuball SWCNTS; (A) over the initial 50
cycles, (B) over the final 100 cycles. (C) Zoomed dQ/dV plot of all cycles to display the final alloying peak
below 0.2 V vs Na/Na*.(D) Cycling stability of SnO with 15% HT Tuball SWCNTs for 150 cyclesat 0.1 C
with a voltage cut-off of 2.5 V vs Na/Na".
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Diglyme Electrolyte

In an effort to stabilise the cycling and try to improve the CE, an alternate electrolyte was
investigated (to date the electrolyte was 1M NaPFg in EC:DMC (1:1), 10% FEC). Recent
work carried out on diethylene glycol dimethyl ether (diglyme) electrolytes with Sn
anodes has proved promising. Zhang et al.* utilised 1M NaPFs diglyme electrolyte with
ametal Sn anode, achieving 99% CE after the 5" cycle and cycling capacity retention of
88% after 100 cycles. The improvement in the stability of the electrode was attributed to
the formation of a thin SEI which prevents the formation of insulating domains. Li et al.*
found that diglyme-based electrolytes promote faster charge transfer at the SEl/electrode
interface. Huang et al.® studied the properties of the SEI formed on the Sn anode in
diglyme using cryogenic TEM, and demonstrated that the SEI is a rather thin polymeric
film with superior elasticity and stability, which provides stability during the volume
changes associated with sodiation. For these reasons, 1 M NaPFe in diglyme was

investigated as a potential electrolyte.

r r ™ m ™ T B 1000 1—
100 | 0-05C | 0.1C | 0.2C | 0.5C | 1C | 0.05C | :

=
=3

@

400 - | "ggaiﬁoag'ﬁ !
| 29200 @

%

200 | :N%
' %Q&qﬁ
3"0;93‘ ' ! l
i [XXXX] 04+ T r 0
T T

! T T T
T T T T
0 5 10 15 20 25 30 0 25 50 75 100 125 150

youo“

—_ H . i | o Diglyme —
= 1 ‘ s EC/DMC 10% FEC T 800 g
‘ ‘ > <
g w0 | ‘ ‘ 1 s § o Diglyme 80 =
£ ° E so0 4 » EC/DMC 10% FEC £
. 1 e ©
.é 600 | o ! I I ! ! ] g :& 60 £
Q 3 | : ' p%00? ] e % i}
© 09,9 | ' ' ' Q - S v
3 a0 0 ; ® 150, G 2
o -3 ! ! @ O 400 17 g 40 'g
g 1 ‘ g % s
£ S 3
@ Q
2 o
& ®

n
=)

1 ‘
i) T
%9 |
' 9a

Cycle Number Cycle Number

Figure 6.9: (A) Rate performance comparison of SnO with 15% HT Tuball SWCNTSs with 1M NaPF6 in
EC:DMC (1:1), 10% FEC and 1 M NaPF6 in diglyme. (B) Cycling comparison of the two electrolytes.

The initial specific capacities obtainable using the diglyme electrolyte are higher at 0.05
C in Figure 6.9A, with the first cycle producing a capacity of 972 mAh g, dropping to
740 mAh g subsequently. However, by the 5% cycle at 0.05 C, and as the testing
progressed through the rates the original electrolyte proved to have the superior
performance. Furthermore, the activation process which is observed in the original
electrolyte is not observed using the diglyme-based electrolyte, with the capacities upon
re-cycling at 0.05 C dropping from 430 to 254 mAh g . Upon examination of the GCD
cycling data at 0.1 C displayed in Figure 6.9B, a similar trend is observed, whereby the
diglyme electrolyte starts off with greater initial capacity, but by the 14" cycle the
EC/DMC-based electrolyte has surpassed its performance. The degradation in the
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performance of the diglyme electrolyte is quite intense, with capacities below 100 mAh
g present just after the 50" cycle. Once again, no activation is present. Analysing the
dQ/dV plot of the diglyme GCD cycling data over the first 20 cycles (Appendix D, Figure
D.2), it appears that there is quite a rapid loss of active material participating in the anode,
whilst similar to the failure mechanism in the EC/DMC electrolyte the conversion
reaction ceases but at a much earlier cycle number (between 7-9 cycles). Although
diglyme electrolytes have worked well in Sn metal anodes to date,® it appears they do not
transition over to SnO anodes and work with the same effect.

Optimised Half-Cell Performance and Comparison to Other Works

Although improvements could still be made with regard to specific capacity and cycling
stability, the final optimised electrode settled upon from this PhD fellowship for the NIB
was SnO(EtOH) with 15% HT Tu-SWCNTSs. Summarising the results obtained briefly,
a maximum capacity of 574 mAh g* was measured after activation at 0.05 C, stable and
increasing cycling capacity was recorded for the initial 85 cycles at 0.1 C, with a
maximum capacity of 500 mAh g* on the 60" cycle dropping to 405 mAh g by the 85"
cycle. Furthermore, it must again be stressed that the results quoted are in terms of total
mass, reflecting the true performance of the anode and not just the active material within.
A gradual decline followed with the capacity falling to 203 mAh g at the 150" cycle.
Areas for concern remain primarily based on the low ICE and consistent CE below 99%,
which are both major obstacles to overcome to progress the material to the
commercialisation phase. As is displayed in Figure 6.10A, the initial charge-discharge
obtains a low ICE of 51%, and although this value is an improvement on that measured

with the P3-SWCNT (47%), it is still a major amount of irreversible sodium consumption.
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Figure 6.10: (A) GCD profiles at various rates of ShO(EtOH) with 15% HT Tu-SWCNTs. (B) Rate
performance at several mass loadings of the optimised electrode.
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Similar to the investigation into SnO with LIBs, a mass loading study was also carried out
on the anode in the NIB configuration. Conversely to the LIB, there is no obvious trend
in the NIB results displayed in Figure 6.10B. Initially, the larger mass loadings have
slightly higher areal capacities, but not as much as would be expected considering the
difference in the areal loadings. For example, a loading of 9.1 mg cm™ has an areal
capacity of 0.52 mAh cm on the 7% cycle at 0.05 C whilst an areal loading of 1.7 mg cm’
2 produces an areal capacity of 0.32 mAh cm. This again is further evidence of the
diffusion barriers faced when using the Na* ion, with the same problems not encountered
for the LIB counterparts. Upon re-cycling at 0.05 C, it is observed that only the lowest
mass loading electrode of 1.7 mg cm is able to maintain the original capacity at this rate,
evidence that the activation process previously observed is not present in thicker
electrodes. The drop between the first and second cycles is also quite striking when one
analyses the initial cycle discharges shown in Appendix D, Figure D.3; with all second
cycles being 37% or less than the initial cycle except for a mass loading of 9.1 mg cm™
(however | suspect the initial cycle does not achieve full sodiation for the 9.1 mg cm?
loading, thus the second cycle still has irreversible capacity in it as it sodiates fresh
electrode). This is much lower than the optimised electrode at 1 mg cm™ which has a
value of 59% (from Figure 6.7A).

The results of the optimised half-cell anode were compared to similar work carried out in
the field in Table 6.6.

119



6. Tin(l1) Oxide as a Sodium lon-Battery Anode

Initial
. Preparation Discharge Capacity
Materials methods (mAh g?), Retention Ref
ICE (%)
. . 907
SnO; nanoparticles Wet chemical 15 N/A 37
720 530 mAh g* after
SnO nanoflowers Hydrothermal 615 50 cycles at 0.05 4
' C
SnO monolavers on 1072 665 mAh g* after
4 Hydrothermal 79.1 100cyclesat0l  5*
carbon cloth C
. 728 92 mAh g after
SnO; nanoparticles Hydrothermal 9 30 cyclesat 0.1 C 27
372 mAh g after
SnOz-carbon 946
nanoparticles Hydrothermal 485 200 cyclesat 0.5 3
01C
) 234 mAh g* after
SnO; nanoparticles 768
within CNTS Hydrothermal 50 100 cyccléas a0l 24
SnO microspheres Hydrothermal 98 310 mAh g™ after 19
48 50 cyclesat0.1C
413 mAh g after
Carbon-coated SnO Hydrothermal 1014 200cyclesat05 23
nanoparticles 50.7 C
471 72 mAh g after
SnO with MWCNTSs Ball mill 48 120cyclesat0.l 16
Ag?
. 343 mAh g* after
SnO_z nanoparticles Hydrothermal 1079 100cyclesat0.1 18
with graphene 364 c
Hydrothermal/wet- 164 mAh g* after
SnOgraphene/CNT ¢ i ing/freeze 10 oocyclesatos 22
fibre 7 22 1
drying Ag
1298 251 mAh g* after
C-SnO; nanospheres Hydrothermal 7 100cyclesat0.1 12
Ag?
588 mAh g* at
60/ 307 mAh g .
SnO with SWCNTs Wet chemical 1(5)?4 after 120 cycles vTvgi
at0.1C/0.08 A
g-1

Table 6.6: Electrochemical performances of previously reported SnOx NIB electrodes.
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In Table 6.6, the results obtained in this study have been converted to active mass to allow
for accurate comparison to the other work (although it is personally felt to be more
appropriate to report total mass). Upon comparison to the other reported results of similar
work in the field, it can be seen that the work in this PhD fellowship certainly meets and
for the most part exceeds similar work. The ICE of the composite is superior to all
tabulated values except for the work carried out by Zhang et al.> (marked by an *) which
was discussed at the start of this chapter; with reservations regarding the amount of
inactive mass in this work that is not reported, whilst also considering that the benefits of
having atomically thin materials in one’s anode are outweighed by the inactive materials
present to enable this morphology. In terms of cycling stability, the present work again
exceeds for the most part the other reported results. Other works of note with excellent
cycling stability were carried out by Kalubarme et al.>® whereby an impressive stable
cycling capacity of 413 mAh g was recorded after 200 cycles at 0.5 C, whilst Ding et
al.2 utilised a nanostructured SnO,-carbon composite which obtained a capacity of 372
mAh g after 200 cycles at 0.1 C. Both these works however utilise carbon-coated
nanoparticles in addition to adding additional carbon black to the anode for conductivity,
which once again leads to a large amount of inactive material present in the anode. The
NIB anode of SnO(EtOH) with Tuball SWCNT developed in the Chapter is scalable,
cost-effective, requires very little post-processing and utilises the minimum amount of
inactive conductive source as possible; with the obtained results although not fully

optimised, an improvement on the majority of the work published in the field.

6.6 Post-mortem Analysis

Post-mortem analysis of the optimised half-cell configuration using 1M NaPFs in
EC:DMC (1:1) with 10% FEC was carried out on the anode in the un-sodiated state. From
the SEM image shown in Figure 6.11A and C, we can see that the morphology has
completely transformed during the cycling. Originally in Figure 6.11C the nanoflowers
were covered in SWCNTSs, however after cycling in Figure 6.11A the nanoflowers seem
to be submerged in what presumably is the Na2O, with cracks appearing within this
structure also. This is similar to the cracked post-mortem electrode present in the LIB
study without FEC present. In this case, however, FEC is present but the failing
mechanism is the same, overgrowth of the SEI and NaO which causes the battery to

degrade. Using EDX, a cross-section of the electrode was examined to probe the
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distribution of the elements (C, O, Na, Sn) within. What is visible from the EDX analysis
is that there are pockets of metallic Sn within the discharged electrode, not in contact with
any other elements. As is visible, the Sn is spread throughout whereas the C, O and Na
have regions with no signal at all. This suggests that some of the lower than expected
capacity may be due to isolated Sn which is unable to take part in the alloying/conversion
reaction, agreeing with previous reports.2 1823 These isolated pockets of Sn as is shown
are quite large, appearing on the microscale with the image displayed having a pocket
roughly 10 um in width. For the anode to be a completely reversible conversion/alloy
anode the only Na present in the discharge state would be from the SEI, which is clearly
not the case, again demonstrating that the Na2O conversion is not fully reversible. Thus,
from the SEM/EDX analysis, the lower capacity compared to the theoretical capacity and
unstable cycling can be attributed to isolated pockets of inactive Sn, irreversible
production of NazO and the diffusion barriers caused by the Na,O and continued growth
of the SELI.

XRD analysis was carried out on the cycled electrode in the discharged state, with the
spectrum displayed in Figure 6.11D. It is shown that both Sn (marked by a *) and SnO
(marked by a +) are present in the discharged electrode, agreeing with the EDX results.
This suggests that the conversion reaction may still be taking place even when the capacity
of the electrode is falling with cycling. This would mean that as the battery is failing, more
and more active Sn becomes inactive, however, the Sn that remains electrically active and
reversibly storing ions is still participating in the conversion reaction. NasSnzOs (marked
by a A) is also present in the XRD, and this is most likely an intermediate in the Sn to
SnO conversion which has not fully de-sodiated upon discharge.
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Figure 6.11: Post-mortem SEM image of (A) HT SnO/Tu-SWCNT electrode and (B) resulting EDX map.
(C) SEM image of fresh HT SnO/Tu-SWCNT. (D) Post-mortem XRD analysis of HT SnO/Tu-SWCNT
electrode.

6.7 Conclusion

Complimenting the research carried out in LIBs, solvent-engineered SnO along with
SWCNT have been manufactured into high-capacity NIB anode materials. Using the
same iterative approach adopted in Chapter 5, the nanoflower SnO produced in ethanol
was selected as the optimal morphology. To improve specific capacity, rate capability and
cyclability HT Tuball SWCNTSs were used as a conductive additive source, with a 15%
mass fraction optimising performance. It was observed that the SnO anode undergoes an
activation process with capacity improvement over the initial 50 cycles, and this was
attributed to the electrochemical milling effect whereby active material is progressively
broken down to enable a greater surface area for sodiation to occur. The optimised
composite had a maximum capacity of 574 mAh g at 0.05 C after activation, whilst in
terms of cycling it had a capacity of 500 mAh g after 60 cycles, which dropped to 405
and 261 mAh g* after 80 and 120 cycles respectively. The ICE of the anode still needs
improvement, with a value of 51% and the CE during cycling remains below 99% which

is a cause for concern for the potential commercialisation of the anode. The diffusion
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limitations of the Na" ion were also present throughout the work, with lower rates having
to be utilised to combat this. Furthermore, as the areal loading of the electrode was
increased, a similar areal capacity increase in charge storage was also not recorded, again
a consequence of the slow diffusion of the Na* ion. The work, however, surpassed most
previous work carried out on similar materials in the field and has plenty of promise for

future research and development.

Future work would look to investigate more electrolytes, in particular, to try to enhance
the ICE and CE and in doing so stabilise the cycling stability. It would also be informative
to carry out in-situ TEM and operando XRD/Raman to monitor the progression of the
sodiation/de-sodiation, to gain a more fundamental insight into the exact reactions taking
place within the anode. The optimised anode obtained for the LIB from this PhD
fellowship remarkably is the same as for the NIB, which is an exciting prospect for
developing a scalable and cost effective composite that can be interchanged into either

technology.
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6.8 Experimental

Preparation of Electrodes

All electrodes were prepared the same as is outlined in Chapter 5, Section 5.10.

Electrochemical Cell Construction

Al electrochemical cells were constructed in an Argon-filled glove box (MBRAUN).
Within the cell casing, a wave spring and two spacers are placed initially on the coin cell
base (negative end). For a half-cell sodium metal is placed on top of the spacer, with the
electrolyte 1 M NaFP6 in EC:DMC (50:50) with 10% FEC and a glass separator being
placed next. The working electrode (anode/cathode) is placed on the other side of the glass
separator (Whatman, GF 10) and the cell lid is placed on, encasing the cell. The cell is
crimped using a hydraulic crimping machine (MSK-110).

Electrochemical Analysis

All electrochemical measurements were performed using either a Bio Logic VIMP 300 or
a Biologic BCS-805 and analysed using the EC-Lab software. For battery testing, CVs
were run at various scan rates for 5 cycles in a voltage range of 0.005 - 2.5 V vs Na/Na*
while GCD measurements were run at charge rates of 0.05, 0.1, 0.2, 0.5 and 1 C between
0.005-2.5V vs Na/Na* for capacity testing/cycling. For EIS measurements, the cell was
fully discharged so it was in a fully de-sodiated state and left to rest for 1 hr before
beginning the EIS testing. EIS was then recorded at an open circuit potential from 1 MHz
to 50 mHz, and the resulting spectra obtained were analysed using the Z-fit software from
EC-lab.
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7.Single-Walled Carbon Nanotubes/Tin(I) Oxide as a

Supercapacitor Material

As discussed in Chapter 2, although not suited toward ion-battery technology, SWCNTs
are an incredibly well suited material for use in SC devices. The large capacitances
obtainable from SWCNTSs are due to their highly accessible surface areas in which most
of the charge is stored in the EDL. However, electrochemically active functionalities on
the terminals of the tubes also lead to a pseudocapacitive charge storage mechanism.t
Further additions of redox-active functional groups although leading to an increase in the

specific capacitance, leads to a decrease in conductivity and cycling stability.?

The capacity obtainable in SC devices is also reliant on the electrolyte used and the size
of the ion present. Sulphate-based electrolytes such as sulphuric acid (H.SOs) or
potassium sulphate (K2SOs) are amongst the most widely used electrolytes in SC devices
due to the large specific capacitances associated as a result of the small cationic radii.2 In
particular the H" ion (forms the hydronium ion in water) possesses the highest specific
capacitance due to the small hydration sphere radius, a large ionic mobility and the highest
molar ionic conductivity.® To maximise the energy storage capacity of the next generation
of SCs, an increase in the workable voltage window of the device is an attractive solution,
in addition to using an electrolyte which maximises capacity whilst maintaining the
stability of the active material. As shown in Equation 2.10 in Chapter 2, the energy stored

in an SC device is proportional to the voltage window squared.

The anodic functionalisation of SWCNTSs was reported at the turn of the century by
Sumanasekera et al.* with further studies expanding on the mechanisms at play carried
out subsequently.>® However, to my knowledge, no one to this point has presented an
effective strategy to offset the anodic functionalisation of SWCNTs which in doing so
expands the voltage window of a SWCNT-based supercapacitor device and maintains

the integrity of the structure for enhanced cycling stability.
As discussed previously, TMOs are widely used as SC materials with RuO> as the

premier material to date. The role of SnOx to date is not yet fully understood in terms of a

SC material, with previous work reliant on reduced graphene oxide”® or nickel foam?%+2
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supports which makes it difficult to ascertain to what extent the SnOx is contributing, and
the electrochemical data provided is more indicative of battery-like energy storage rather
than fast surface redox reactions. Due to its layered nature, one may assume that SnO
would be suitable for intercalation pseudocapacitance, and it was an aim of this Chapter
to investigate to what extent SnO could contribute to the capacitance of an SWCNT/SnO
composite SC electrode. The following work in this chapter has been published as a
journal article in Electrochimica Acta under the name ““Single walled carbon nanotube
functionalisation in printed supercapacitor devices and shielding effect of Tin(ll)

Oxide” 13

7.1 Materials Characterisation

SWCNT/SnO composite electrodes were produced using extrusion printing as shown in
Figure 7.1A/B and were tested as SC devices in a three-electrode wet electrochemical cell
setup using CV and GCD measurements. The effect of the presence of SnO on the
functionalisation of the SWCNTSs was subsequently characterised, through a comparative
study between pure SWCNT electrodes and electrodes formed with an addition of 10%
mass fraction SnO.

Silver Contact

Printer BED = 60 °C

Figure 7.1: (A) Picture of Nano3DPrint extrusion printer used to fabricate SC devices. (B) Picture of an as-
fabricated SC device with a silver contact and a protective resin layer.

Raman Spectroscopy
Raman spectroscopy is a powerful technique for probing the structure of graphitic

materials and in particular SWCNTSs. Five distinctive Raman bands from SWCNTSs are
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shown in Figure 7.2A/B: the radial breathing mode (RBM) at the low-frequency end (~
100 — 200 cm™), the D-band (1329 cm'?), the G-band (1577 cm™) which contains both
the G* and G band, the M-band (1730 cm™) and the G’ band (~2650 cm™®).%* When
SWCNTs are functionalised, the hybridization of the carbon is changed from sp? to sp®.°
The D-band (A Symmetry) represents forbidden out-of-plane vibrations in a perfect
graphite lattice and is a key indicator of deviations from the ideal structure,*® whilst the G-
band (Ezg symmetry) is due to in-plane vibrations and characteristic of sp? hybridized
carbon; thus the ratio of the D/G band intensities (Io/lc) allows one to quantify disorder in
the SWCNT structure and deviations from the perfect sp? network.*"*® The Ip/lg ratio
for both the pristine and annealed SWCNT electrodes remain constant at 0.04
respectively, whilst for the SWCNT electrode subject to use in HSO4 the ratio increases
to 0.07 (Figure 7.2A). In comparison, all the SWCNT/SnO composite electrode’s Ip/lc
ratios remain constant at 0.03 (Figure 7.2B), suggesting that electrochemical oxidation is

being inhibited by the presence of SnO.
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Figure 7.2: Raman spectroscopy for (A) pure SWCNT electrodes and (B) SWCNT/SnO electrodes.

FTIR and XRD

FTIR was carried out on 5 samples shown in Figure 7.3A (Pristine SWCNTSs, Annealed
SWCNTSs, Annealed SWCNT/SnO composite, Ho.SOs SWCNT/SnO composite, H>SO4
SWCNTSs). The H,SO4SWCNT sample displays a peak at 1720 cm™ which is due to the
stretching of the carbonyl group (C = O) and is unique to this spectrum.’®?! The band at
1250 cm? is partly due to C — O stretching vibration and is further confirmation of the
oxidative process.’*# In addition, the S = O symmetric (1150 cm™) and asymmetric
vibrations (1300 cm™) lie in this region leading to the broad absorption band.? The long
broad peak at 3350 cm? is due to the O — H stretch.?* The peak at 890 cm™ may be due to
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S — OR bond, but lies in the fingerprint region so may be hard to distinguish.®® C = C
stretching at 1620 cm™ is common to all samples, although more pronounced in the pure
SWCNT samples as expected.’®? The peak at 1080 cm? is due to C — O and this occurs
on the tails of the SWCNTSs and is common to all samples.??® Peaks at 2160 and 2000
cm? are seen in all samples and are consistent with overtones of the 6-ringed carbon of
the graphene/graphite structure of SWCNTs.2"? The peaks on the two spectra obtained
from the samples with SnO at 640, 600, 570 and 500 cm™ are due to the Sn — O

vibrations.122%-31

The structures of the SWCNT/SnO composites were analysed using XRD pre- and post-
mortem in SC devices in Figure 7.3B. The annealed SWCNT/SnO is consistent in
structure with that of pure SnO (JCPDS 06-0395).% This confirmed that the thermal
carbonisation of the CMC binder did not cause the SnO to oxidise to SnO», consistent
with previous reports on the thermal stability of SnO.% Post-cycling, additional XRD
peaks (*) are recorded consistent with SnsOs (JCPDS 16-0737).%%% Therefore, it is
suggested that a hybrid structure exists where both SnO and SnsO4 exist in tandem.
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Figure 7.3: (A) FTIR of pristihne SWCNT (grey), annealed SWCNT at 400 °C (cyan), annealed
SWCNT/SnO at 400 °C (mustard), SWCNT/SnO post-mortem use in HSO4 (green) and SWCNT post-
mortem use in H,SO4 (blue). (B) XRD pattern of SnO/SWCNT pre/post-mortem use after 30,000 GCD
cycles in HSO4 (a y-offset has been applied on the relative intensities for display purposes).

7.2 XPS

X-Ray Photoelectron Spectroscopy (XPS) was utilised in this study to determine the
changes (if any) to the SWCNTSs after H>SO4 treatment when the SWCNTS were mixed
with/without SnO. In order to compare the various samples, first the high-resolution C1s
region was analysed, Figure 7.4A-D.
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Figure 7.4: (A) XPS C1s core level for SWCNT annealed. (B) XPS C1s core level for SWCNT post use in
SC device with 0.5M H,SO.. (C) XPS C1s core level for SWCNT/SnO annealed. (D) XPS C1s core level
for SWCNT/SnQ post use in SC device with 0.5M HySOa. (E) XPS Sh 3ds;, region of SWCNT/SnO post use
in SC device with 0.5M H,SOsand SWCNT/SnO annealed.

The C1s region of the SWCNT annealed sample was fitted with typical contributions of
annealed SWCNTSs i.e. presence of C — C sp® due to C — O and carbonyl contributions in
the C — C sp? structure due to the annealing process, Figure 7.4A.3%7 After H,SO4
treatment, the sample appeared to have further oxidised due to the decrease inthe C—C
sp? peak and the disappearance of the 1—m* bonds which show a decrease in the graphitic
carbon in the sample, Figure 7.4B. This agrees with the reported Raman results.
Furthermore, the C — C sp® contribution increases, indicating the introduction of defects
to the carbon structure, Table 7.1. These defects can be easily explained by the appearance

of the carboxylic group contribution (O = C — OH) after H,SO4 treatment.
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Cls SWCNTSs SWCNTSs SWCNTs/Sn SWCNTs/Sn
Contribution Annealed post H2SO4s O Annealed O post H2SO4
sp? 43.8 % 284.1 385% 40.9 % 39.9%
eV 283.8eV 284.2eV 284 eV
503 26.3% 325% 27 % 29.5%
284.8eV 284.5eV 2849eV 284.7eV
C_0 12.3% 13.8% 121% 13.6 %
285.9eV 2854 eV 286.2 eV 285.9eV
C=0 112 % 6.3% 134 % 12 %
287.8eV 286.4 eV 288.3eV 287.6eV
C=0-0OH n/a 89% n/a n/a
288.4eV
- 6.4 % n/a 6.6 % 5%
293.1eV 291.3eV 290.9eV

Table 7.1: XPS Cl1s contributions and corresponding binding energies for SWCNT and SnO/SWCNT
electrodes.

Interestingly, for the SWCNT annealed sample with the SnO, the fitted contributions
before and after H.SO4 treatment were not altered, Figure 7.4C/D. This result indicates
that the SnO hinders the SWCNTs from oxidation during the H.SOs process.
Additionally, when comparing the pure SWCNT annealed sample, Figure 7.4A, to the
SWCNT/SnO annealed sample, Figure 7.4C, it is evident that the SnO doesn’t form
bonds with the SWCNTSs as the two samples exhibit near identical fits. However, from
the high-resolution Sn3ds region, Figure 7.4E, the shift in the peak to a higher binding
energy by 0.2 eV indicates that the original SnO is itself oxidised after the HxSO4
treatment in agreement with the XRD analysis. Hence, the SnO may block/shield the
SWCNT from being oxidised as it itself interacts with the anions present, resulting in

partial oxidation during cycling with HSO.a.

7.3 Electron Microscopy

SEM analysis was carried out to examine the morphology of the SWCNTSs and SnO in
both pre- and post-use in SC devices. There was no noticeable difference in morphology
between the pure SWCNT SC devices pre/post use due to the limitations of the resolution
of the SEM, Figure 7.5A and B. The morphology of the SnO however does exhibit
differences once it has undergone use in SC devices. Pristine SnO has a relatively clear
surface on the square platelet, Figure 7.5C and D. However, upon cycling this platelet
becomes covered in nanoparticles, Figure 7.5E and F. Using the XRD analysis it may be

assumed these nanoparticles consist of SnzO4, and due to their reversible production, the
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SWCNTs are shielded from undergoing any irreversible oxidation processes in the

electrolyte.

& x LN R

Figure 7.5: SEM images of (A) annealed SWCNTS, (B) SWCNTSs post-use in 0.5M H,SO4, (C— D) annealed
SWCNT/SnO, (E—F) SWCNTs/SnO post use in 0.5M H,SO..

TEM was utilised to characterise the morphology of the tubes of the SWCNTs having
undergone the various treatments (Figure 7.6). Both as received (Figure 7.6A) and
annealed SWCNTs (Figure 7.6B) have a very similar appearance overall with subtle
differences. The walls of the annealed SWCNT appear less clear and rough due to the
carbonisation of CMC, whilst in addition, the tubes have a greater tendency to clump
together. The tendency of annealed samples to clump together is due to the removal of
the CMC which acts as a repellent between adjacent tubes, leading to favourable

conditions for bundle formation.%

Pure SWCNTSs analysed post-use in devices displayed further deterioration in the wall
clarity (Figure 7.6C), agreeing with the suggestion of functionalisation and wall damage
to the graphitic structure of pure SWCNTSs. In addition, nanoparticles were distributed on
the walls of the SWCNT matrices (Figure 7.6D), which were identified as sulphates
originating from the electrolyte using EDX (Figure 7.6E and Appendix E, Figure E.1A)
and consistent with the presence of sulphur in the XPS survey scan (Appendix E, Figure
E.1C). SWCNTs from the composite with SnO similarly displayed clumped
morphologies with small particles distributed throughout (Figure 7.6F and G) identified
as SnO with trace amounts of sulphur using EDX and consistent with the XPS survey
scan (Figure 7.6H, Appendix E, Figure E.1B and D).
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Figure 7.6: TEM images of (A) as received SWCNT material, (B) annealed SWCNT sample, (C) annealed
SWCNT sample post use in supercapacitor device in H,SO. (D) and particles dispersed throughout after use,
(E) EDX map of particles dispersed on SWCNT post use in H.SO4, (F) annealed SWCNT/SnO sample post
use in 0.5M H;SOs (G) and associated particles throughout, (H) EDX map of particles dispersed on
SWCNT/SnO tubes post use in H;SOa.

7.4 Mechanism of Electrochemical Anodic Oxidation of SWCNTs

The mechanism for the anodic oxidation and subsequent functionalisation of SWCNTs
was first described by Sumanasekera et al.* Initial contact between H2SO4 and SWCNTSs
with no external potential applied leads to a spontaneous chemical reaction in which the
SWCNT walls are decorated with H.SOs molecules and HSO4 ions according to
Equation 7.1. This spontaneous reaction is unique to SWCNTs and does not take place in
graphite.**% This leads the cell potential to climb to roughly 0.2 V vs Ag/AgCl reference.

SWCNT +(1+ v)H,SO, — SWCNT" HSOy-vH,SO, + H + ¢ (anode) ~ (7.1)
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Upon the commencement of cyclic voltammetry/galvanostatic charging and increasing
the potential from ~0.2 V to 0.5 V vs Ag/AgCl, ‘overcharging’ is observed in which the
cell potential causes the neutral H2SO4 molecules in the interstitial channels of the tube
bundles to be converted to HSO4, and the hydrogen ion is formed at the anode and
evolved/lost as hydrogen at the cathode as shown in Equation 7.2 and 7.3 (note voltages
refer to those measured between working electrode (anode for functionalisation) and
reference, counter (cathode during functionalisation) experiences oppositely polarised
voltages).***4 This conversion of H,SO4 creates new holes in the SWCNT n-band
which is consistent with the XPS (Figure 7.4B) and Raman (Figure 7.2A) results

measured.

SWCNT' HSO,-vH,SO, — SWCNT!V* (HSOy) (114) (V- HS0, e (12)
+0H " (anode)

OH "+ de” — 0/2H, (cathode) (7:3)

As the potential exceeds 0.5 V vs Ag/AgCl, ‘overoxidation’ occurs in which the presence
of H20 allows for the irreversible electrochemical formation of C — O bonds, leading to
further functionalisation of the SWCNTSs with a disordered structure containing C, H and
O, aligning again with the observations from XPS and FTIR.*

Evidence shows that SnO inhibits the formation of holes in the sp? SWCNT structure and
the subsequent irreversible electrochemical formation of C — O bonds, through itself
pseudo-reversibly reacting with the available HSO4, forming SnzsO4 in the process.
Through this, the SWCNT is protected from ‘overoxidation’ and thus maintains the
integrity of the tube and the electrochemical performance associated.

7.5 Electrochemical Analysis

The functionalisation of pure SWCNTSs in the presence of H.SOsand K>SO4 was shown
by the initial CV response at 5mV s from -0.4 to 1 V vs Ag/AgCI. As shown in Figure
7.7B and D, between the initial and 10" cycle drastic changes have occurred to the
rectangular shape of the voltagramms of the pure SWCNTs with further changes

occurring with subsequent cycles. These changes are seen by the additional wide redox
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peaks on the cathodic sweep at roughly 0.25 V in HSO4 and 0.1 V in KxSO4 and on the
anodic sweep at 0.25 V, 0.5 V and 0.75 V for K2SO4 whilst in H.SO4 there is no
distinctive peak, just a broad region from 0— 1V in which the redox processes are taking

place.

Conversely, as shown in Figure 7.7C and E, a 10% mass fraction of SnO prevents this
functionalisation from occurring, with subsequent cycles appearing almost identical to
previous ones (the increase in the overall area is due to additional electrode wetting with
subsequent cycling). The observable broad reaction peaks that deviate from the typical
rectangular shape associated with EDLC are related to the redox processes due to surface

0xygen groups on the terminals of the tubes.>*
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Figure 7.7: (A) Capacity retention at 10 A g of various SC devices over 2,500 cycles. (B) CV at5 mV st of
SWCNT HzSOs. (C) CV at 5 mV st of SWCNT/SnO H,SO.. (D) CV at 5 mV st of SWCNT KzSOa. (E)
CVat5mV st of SWCNT/SnO H;SOs.

The advantage of inhibiting the functionalisation is apparent in the cycling stability data
shown in Figure 7.7A. With functionalisation, the charge capacity of the SWCNTSs falls
t0 85% in H2SO4 and 74% in K>SO4 of its initial value after 2,500 cycles. Through the use
of SnO to inhibit the functionalisation, after 2,500 cycles, capacity retention remains at
99%. To further demonstrate the effectiveness of SnO/SnsOs at preventing the
functionalisation of SWCNTSs, extended cycling for 15,000 and 30,000 cycles was
recorded with the resulting CVs (Appendix E, Figure E.2A) displaying only minor
alterations and the capacity retention remaining in excess of 95% (Appendix E, Figure
E.2B) whilst both SnO/SnsO4 were still present (Figure 7.3B). Herein we define capacity
retention as the ratio of the capacitance at a given cycle to the value measured during the

initial cycle. The over-oxidation necessary for functionalisation leads to defects and
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degradation of the polymer structure of the tube, and this causes a decline in performance.
EIS was carried out on both pure SWCNT and SnO/SWCNT in both electrolytes
(Appendix E, Figure E.3). The EIS fitting of the equivalent circuit showed all electrodes
displayed similar performances in terms of charge transfer resistance both pre/post use,
with the electrodes with SnO having slightly higher resistances due to the presence of the

non-conductive oxide (Figure E.3 and Table E.1).

5mv.. 10mV 20mV 50mV 100 200 500 1000 2000
st st st st mv st mvst! mvst mvs! mvst

CNT 288C 223C 174C 128C 100C 78Cg 53Cg 39Cg 27Cg
H ZSO 4 g-l g—l g—l g—l g—l 1 1 1 1

CNT 387C 248C 154C 8ICg 50Cg 35Cg 27Cg 23Cg 20Cg
K2SO04 gt g* g? 1 1 1 1 1 1

1;?: 129§F 9% Fg! 73Fg! 62Fg' 55Fg' 47Fg' 39Fg! 28F¢g?
CNT/
SnO
H2SO4 240C  179C 134-flC lO?lC 87 1C g 77 1Cg 65 1C g 54 1C g 39 1C g
gt gt g g

88Fg* 77Fg' B54Fg! 41Fg' 36Fg* 33Fg' 27Fg' 23Fg! 18Fg?
CNT/
SnO
K:SOs 105C 92Cg 64Cg 50Cg 43Cg 39Cg 33Cg 28Cg 21Cg
g-l 1 1 1 1 1 1 1 1

Table 7.2: Capacitance in F g* and C g of various tested electrodes at various scan rates.

Functionalisation leads to greater charge storage at low scan rates, however, as shown in
Table 7.2, as the scan rate increases, the gap between the charge capacity levels off, as
these surface redox reactions do not have time to take place. As the CVs of the
functionalised SWCNTSs differ significantly in shape from the SWCNT/SnO composite
it is more correct and representative of the electrode performance to compare in terms of
coulombs as the capacitance is not constant throughout the potential window, as shown
in Table 7.2 (note that SWCNT/SnO are represented in Farads and Coulombs as they
display rectangular CVs).* For real-world applications where supercapacitors are
expected to act in an ultrafast fashion the SWCNT/SnO composite is favoured due to its

enhanced cycling stability.
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SWCNT/SnO Electrode

The electrochemistry of the SWCNT with a 10% mass fraction of SnO in H.SO4 was
analysed using CV and GCD in Figure 7.8A and B. At 2 A g which corresponds to a
time roughly equivalent to a rate of 60 C for a battery, a capacitance of 102 F g is
delivered which would be a normal operating rate for a supercapacitor,* whilst at 10 A g
! 60 F g™ is delivered. The specific capacitance (Csp) was evaluated from CV curves using
Equation 7.4 and GCD curves using Equation 7.5, where m is the mass of the electrode,
v Is the scan rate, Va and V. are the anodic and cathodic cut-off potentials, and I is the
current. As the CVs present are not perfectly rectangular, and the GCD curves are not
perfectly triangular displaying a linear time-dependent change in potential at constant
current,® the integral forms are used in Equations 7.4 and 7.5 to account for the non-

ideality.

Ji Va

__ 7.4
Cy) T VCI(V)dV (7.4)

! 1
CSPZZJ V_(t)dt (7.5

In CV measurements, the total current measured under a potential sweep rate may be
decomposed into that related to the slow diffusion-controlled process (iqir) and the current
required to charge the double layer at the electrolyte interface (icap), > which is described
mathematically below.

(V) = fcap + It = Qv (7.6)
logi(v)=loga+blogv (7.7)

Parameter b may be obtained from the slope of the linear plot of Equation 7.7 and is used
to provide kinetic information about the electrochemical reactions. A b-value of 1
indicates contributions from fast surface reactions, whilst a b-value of 0.5 represents the
slow semi-infinite diffusion-controlled faradaic processes that occur for battery-like
materials. The b-values calculated for the SWCNT/SnO electrode were 0.85 and 0.81 for

the anodic and cathodic peak currents respectively. Thus, the current primarily stems from
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the capacitive contribution indicative of pseudocapacitive materials. It must be noted that
if one only analyses scan rates below 50 mV s? these values increase above 0.9,
suggesting the presence of a critical sweep rate below this value.*® This occurs for many
pseudocapacitive materials, indicating a slight transition from surface controlled to semi-
infinite linear diffusion.*’*® However in this situation and owing to the well-established
capacitive/pseudocapacitive nature of SWCNTS, the slight deviation from unity is most

likely caused by the ohmic polarization at quick scan rates.*"4°
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Figure 7.8: (A) CV plot for SWCNT/SnO. (B )GCD curves at various rates for SWCNT/SnO. (C) Linear
plot of the log of peak current vs log of scan rate to calculate parameter b. (D) N, adsorption-desorption
isotherms at 77 K for SWCNT.

In the voltage window tested the SnO has no capacitive effect except that which its surface
area contributes to the EDLC, which is negligible when compared to the SWCNTSs. This
was demonstrated by increasing the mass content of SnO from 10 to 50, 70 and 90%,
there was a fall in capacitance owing to the replacement of the SWCNT with SnO
(Appendix E, Table E.2). A 10% mass fraction was the minimum amount of SnO that
was required to produce the shielding effect. As you may recall, in Chapter 4 the specific
surface area of SnO calculated from the N2 isotherms (Figure 4.4) using the classic BET
method ranged from 31.66 — 2.41 m? g whilst the SWCNT specific area was 240.24 m?
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g, Therefore the EDLC available is far greater through the use of the SWCNT. The role

of SnO will be elaborated upon in Section 7.7.

7.6 Full-Cell Asymmetric Device

To demonstrate the advantage of extending the voltage window to real-world
applications, an asymmetric device was assembled using MXene (TisC.Tx) as the
negative electrode and 3 M H2SO4 in polyvinyl acetate (PVVA) as the electrolyte. MXenes
are a large family of 2D transition metal carbides and nitrides. They are synthesised first
via the formation of ternary layered ceramics referred to as the MAX phase (Mn+1AXy);
where M is a transition metal, A is a group 13/14 element and X is carbon or nitrogen.
This A group is then selectively etched off using hydrofluoric acid and the resulting
MXene has the formula Mn+1XnTx, where Tx denotes the surface termination group of —
F,— O, and— OH.®* MXenes to date have shown great promise as high-rate electrodes
for pseudocapacitive energy storage due to their highly reversible surface redox reactions
due to their 2D structure and the large accessible surface area available.>* Asymmetric
devices increase the energy density of SC devices by combining different
positive/negative electrodes to maximise the overall potential window of the device. For
a SC device, the potentials of the separated electrodes extend in opposite directions during
charging until each electrode reaches the same capacity.> Thus, the potential window of
the whole cell depends on the upper limit of the positive electrode, and the lower limit of
the negative electrode, as shown below:

Edevice = Epositive - Enegative (7.8)

As both electrodes present in this device display the same charge storage mechanisms
(EDLC and pseudocapacitance) one may consider it an asymmetric device.” SEM
images of the MXene sheets used are shown in Figure 7.9D. With the MXene electrodes
working range between -0.8 and 0.2 V vs Ag/AgCI (Appendix E, Figure E.4A), and the
SWCNT/SnO range between -0.4 and 1 V vs Ag/AgCl, the working voltage window of
the device was set at 0 - 1.8 V (Figure.7C/D and Appendix E, Figure E.4B).
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Figure 7.9: (A) CV plots of MXene, SWCNT/SnO and asymmetric full cell at 10 mV s2. (B) CV plot of the
asymmetric device at various scan rates. (C) GCD curve at various rates for the asymmetric device. (D) SEM
image of MXene electrode.

The energy density at 1 A g was 24.39 Wh kg for the SWCNT/SnO electrode in the
asymmetric device dropping to 6.66 Wh kg at 10 A g. (Note the MXene was in excess.
If accounting for the total mass of the SWCNT/SnO and MXene electrodes (not
accounting for the glass slides on which they were printed upon) the results for the full
asymmetric device are 9.5 Wh kgt and 2.6 Wh kg?). The energy density was calculated
from the GCD curve using Equation 7.9 which considers the non-perfect triangular GCD
curve of the device, where t is the time the discharge finished and t is the time after the

initial IR drop.*?

t2
E= / V,dt 7.9)
tl

The maximum power of the asymmetric device was calculated using Equation 7.10,%5525
where Vaharged IS the voltage of the device and ESR is the equivalent series resistance of the

electrode:
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Vghar ed
p - _charged (7.10)
Mmax 4 x ESR

The ESR was calculated by using EIS and fitting the resulting Nyquist plot with an
equivalent Randle’s circuit as shown in Figure 7.10A. R, the point of intersection of the
real axis at high frequency is the internal/series resistance and includes the intrinsic
electronic resistance of the electrode material, the ohmic resistance of the electrolyte and
the interfacial resistance between the electrode and current collector.>? Rq is the charge
transfer resistance, Cq is the double layer capacitance, and W is the Warburg element used
to describe the impedance of diffusion of mobile charges in the electrode whilst Cpseudo IS
the pseudocapacitance obtainable in both the SWCNT>*> and MXene® electrodes.
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Figure 7.10: (A) EIS spectra of the asymmetric device with Z-fit approximation overlayed and equivalent
circuit inset. (B) Capacity retention of SWCNT/SnQ in the three-electrode configuration and in an asymmetric
device over 7,500 cycles.

The ESR is a sum of the internal resistance (4.62 Q) and the charge transfer resistance
(0.99 Q). This leads to a maximum power density of 51.5 kW kg? in terms of the
SWCNT/SnO electrode in the asymmetric device (note again the MXene was in excess,
the full device value is 15 kW kg™). Cycling data at 10 A g shows the enhanced stability
obtainable through the small addition of SnO to the SWCNTs with the three-electrode
configuration retaining 95% of the initial capacity after 7,500 cycles whilst the

asymmetric device retains 90% of its initial capacity (Figure 7.10B).

7.7 SnO as a Supercapacitor Material

As previously stated, SnO had no pseudocapacitive effect in the voltage window tested to
date, and this was demonstrated as with an increased mass content of SnO, the specific

capacitance of the electrode fell as the SWCNT had a much greater specific surface area
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(Appendix E, Table E.2). Due to the layered structure of SnO, intercalation
pseudocapacitance was investigated by exploring more negative potentials using a three-

electrode setup.

Upon repeated cycling, poor CE was recorded and diminishing currents for subsequent
cycles as shown in Figure 7.11A. At these negative potentials, a reduction reaction
happens in place of/in parallel to ion intercalation which reduces the SnO to metallic tin.
During the subsequent anodic sweep not all of the metallic tin is re-oxidised to SnO
resulting in the poor CE observed. This agrees with previous work carried out on Tin(ll)
Oxide sensors.”” Therefore it is of no benefit to expand the voltage window to include this
reaction as it is not fully reversible and the limit of the cathodic sweep was kept at -0.4 V
vs Ag/AgCl reference. Furthermore, an alternate electrolyte of LiCl was investigated. The
same overall trend was observed, with diminishing currents as the number of cycles
increased although the drop off was not as significant as with the H.SO4 electrolyte.
Therefore due to the lack of reversibility, SnO is not suitable as a SC device under the
conditions tested in this research. It does however, play an adequate role in shielding the
SWCNTSs in the voltage window tested. It must be noted that the effect the SnO had was
independent of the morphology used, as all were tested and produced nearly identical
electrochemical responses (Appendix E, Figure E.5).
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Figure 7.11: (A) CV response of SWCNT/SnO electrode from -0.7 to 1 V vs Ag/AgCl reference in HSOs.
(B) CV response of SWCNT/SnO electrode from -1 to 0V vs Ag/AgCl reference in LiCl electrolyte.
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7.8 Conclusion

In conclusion, pure SWCNT and SWCNT/SnO supercapacitor electrodes were
successfully manufactured into functioning supercapacitor electrodes. The presence of
SnO, although not adding to the capacitance of the electrode in the voltage window,
importantly inhibited the oxidation and subsequent degradation of the SWCNT as
confirmed by Raman spectroscopy, FTIR, and XPS. We believe that the mechanism for
shielding the SWCNTSs involves a pseudo-reversible reaction between the sulphate ions
and SnO, which leads to the existence of both SnO and SnzOs after cycling in devices.
This led to enhanced cycling stability for electrodes containing a small fraction of SnO
with a capacitance of 102 F g at 2 A g and capacity retention in excess of 95% after
7,500 cycles at 10 A g*, thus demonstrating the advantage of inhibiting the
functionalisation of SWCNTSs. A 10% mass fraction was the optimum amount of SnO in
the composite, which still achieved the shielding effect whilst also maximising the
available capacitance from the SWCNTS. The asymmetric device assembled allowed the
voltage window to be expanded to 1.8 V using MXene as the negative electrode, with an
energy density of 24.39 Wh kg™ at 1 A g and capacity retention of 90% after 7,500
cycles. Through further optimisation of this device and printing more intricate geometries,
we believe this figure can be improved upon.

Future work would look to further optimise the asymmetric device and explore printing
more complex and intricate geometries to improve upon the power/energy density. It
would also be interesting to combine the SWCNTs with another pseudocapacitive
material within the voltage window to see if the capacity could be improved upon whilst
also seeing if the same type of shielding occurs from the anodic oxidation of the
SWCNTSs.
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7.9 Experimental

Printing of SWCNT and SWCNT/SnO Electrodes

SWCNT and SWCNT/SnO inks were formed using Tuball SWCNTs (0.2%) dispersed
in carboxymethy! cellulose (CMC - 0.3%) and H20. The ratio of SWCNT to SnO was
9:1. In this work the various SnO inks were printed with a Nano3DPrint extrusion printer,
without the need of additives to aid printing. For these prints, the material was extruded
using a 0.26 mm internal diameter nozzle onto weighed and cleaned glass slides. The
material was extruded onto a print bed set to 60 °C to aid the drying of the printed patterns.
The print speed was held at 200 mm/min to maintain consistent line and pattern formation
and so adjustments could be made easily during the print process. As standard, three
printed passes were deposited and allowed to dry in each print run to provide a complete
homogenous film before further layers were deposited. The patterns used were designed
using AutoCAD (Autodesk Inc,) and the final print path GCode was generated using the
Simply3D slicing software to provide x y z pathing for the designed patterns. Successive
layers were printed at 90 degrees to one another to eliminate issues that could potentially

arise from print defects.

Printed devices were placed in a tube furnace and heated under vacuum with an argon air
flow at a ramp of 10 °C/min with a 2 hour hold at 400 °C to remove H,O and carbonise

the CMC binder. Silver contacts and a protective resin layer were added subsequently.

Printing of MXene electrodes

MXenes were obtained from a TisAIC; MAX phase powder (1 g, Carbon-Ukraine Itd.)
which was delaminated using 9 M HCI (20 mL, Sigma) and LiF powder (1.6 g, Sigma)
in a PTFE vessel. The solution was left stirring at 400 rpm at 35 °C for 24 h to obtain
etched, multilayer TisCoTx MXene. The delaminated MXenes were obtained through
washing with deionized water and centrifugation at 5000 rpm using a Thermo Scientific
Heraeus Multifuge X1 for 5 min, discarding the supernatant and repeating several times
until the pH of the supernatant had reached at least 6. The dispersion was then centrifuged

at 1500 rpm for 30 min to sediment any multi-layer MXene or unreacted MAX phase.

Electrochemical Analysis
A three-electrode electrolytic cell was formed for electrochemical testing using a working

electrode, an Ag/AgCI double junction electrode as reference electrode, and a graphite
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rod as a counter electrode. Two electrode cells were formed using SWCNT/SnO as the
positive electrode and MXene as the negative electrode. All electrochemical
measurements: such as cyclic voltammetry (CV), galvanostatic charge-discharge (GCD)
and electrochemical impedance spectroscopy (EIS) were performed using a Bio Logic
VMP 300 and analysed using the EC-Lab software. CVs were recorded at scan rates of
5, 10, 20, 50, 100, 200, 500, 1000, 2000 mV s from -0.4 to 1 V (vs Ag/AgCI) in HSO4
and -0.2 to 1 V (vs Ag/AQCI) in K2SO4. GCD measurements were ran using the same
voltage windows as for the CVs at rates of 1, 2, 5 and 10 A g For the asymmetric cell,
3M H2S04 in PVA was used as the electrolyte and the device was formed by placing one
electrode directly a top the other with the gel electrolyte acting as a separator. Note that
the mass used for the calculation of the charge stored was based off the total mass of the

electrode (not including the glass slide the electrodes are printed upon).

EIS was recorded at an open circuit potential from 1000 kHz to 10 mHz. The electrode
was left at an open circuit voltage for 1 hour to stabilise prior to measurements and ensure
no faradaic charge transfer processes were occurring. Upon commencement of the
readings, the voltage remained steady throughout. The Z-fit software from EC-lab was
used to fit equivalent Randle’s circuits to EIS spectra and obtain values for the

components.
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8. Conclusions and Future Work

From the outset of this PhD fellowship, the aims of the research carried out were to
enhance the green energy storage technologies of LIBs, NIBs and SCs. The motivating
factor for this was to improve these renewable energy storage technologies to a level in
which their cost and performance could match, if not exceed the current fossil-fuel based
technologies to enable an easy and fast transition to aid in the climate crisis. An additional
factor is the unequal distribution of fossil fuels worldwide, therefore by enhancing
renewable energy storage technology, countries and people can be self-sufficient in terms
of their energy needs, and the leveraging of fossil fuels by corporations and countries
should become redundant. To achieve this, SnO was investigated as a potential electrode
material for LIBs, NIBs and SCs.

The initial work presented in this Thesis focused on the synthesis of SnO. A novel solvent-
engineered synthesis was developed, in which through varying the alcohol/water mixture
used for reflux, the morphology of the final product can be controlled and tuned. The
synthesis was demonstrated to be scalable, required no expensive pre-cursors, and was
carried out at ambient pressure and atmosphere; fulfilling the requirement of our material
being green and cost-effective. Four unique morphologies were selected as being
particularly interesting for further investigation into energy storage applications as they
encompassed the unique dimensions/features obtainable through the developed synthesis;
nanoflowers (SnO(EtOH), platelets (SnO(70% MeOH), perforated thick-squares
(SnO(Hex)) and thick-squares (SnO(H20).

The unique morphologies of SnO were combined with an optimized loading of SWCNTs
to form LIB anodes. To confirm that both the synthesized SnO and the SWCNTs
enhanced the electrode performance, they were compared to SnO produced by Sigma
Aldrich and traditional slurry-cast electrodes formed using carbon black, PVDF and
NMP. The effect of morphology was investigated subsequently, with the SnO(EtOH)
optimizing both the capacity and the rate performance of the electrode. In an effort to
improve cyclability, whilst also reducing the cost of the electrode, alternate Tuball
SWCNTSs were investigated. An improvement in the cycling stability was recorded,
however, it was not until an addition of 10% FEC was added to the electrolyte that stable

cycling performance was achieved for the composite. Post-mortem SEM/EDX/XRD

151



8. Conclusions and Future Work

revealed that the FEC allowed the formation of a flexible and stable SEI that could
withstand the huge volumetric changes experienced during alloying, whilst also enabling
the conversion reaction to continue as was also confirmed by dQ/dV analysis. The
optimized HT SnO(EtOH) with 15% Tuball SWCNTS has an exceptional capacity of
980 mAh g (=3 times that of graphite) at 0.1 C, an ICE of 80% and maintains a capacity
of 815 mAh g* after 300 cycles at 0.5 C. Furthermore, a full-cell was developed using an
NMC cathode showing how the anode could operate in this configuration, with the
cathode being shown to be the limiting factor.

The synthesized SnO was investigated in NIBs following its success in LIBs, adopting
the same iterative approach as carried out previously. HT SnO(EtOH) with 15% Tuball
SWCNTSs was once again found to optimize performance. It was deduced that the
enhanced performance of the nanoflower morphology was due to its large specific surface
area, whilst the thin platelets composing the nanoflower are contacted which may provide
additional paths for electron flow within the material. Interestingly the composite used in
the NIB underwent an activation period in which the capacity increased, and this was
deduced to occur due to an electrochemical milling effect. The optimized composite had
amaximum capacity of 574 mAh g at 0.05 C, whilst in terms of cycling it had a capacity
of 500 mAh g after 60 cycles, which dropped to 405 and 261 mAh g after 80 and 120
cycles respectively. Issues remained however around the ICE of the composite (51%) and
the CE during cycling which remained under 99%. However, even with these issues, the

reported work exceeds similar work carried out in the field.

Lastly, SnO in combination with SWCNTs was utilized as an SC electrode. Although the
presence of SnO did not increase the capacitance through pseudocapacitance as
hypothesised, it had the effect of inhibiting the functionalization and the subsequent
degradation of the SWCNTSs in the presence of sulphate-based electrolytes. We believe
that the mechanism for shielding the SWCNTSs involves a pseudo-reversible reaction
between the sulphate ions and SnO, which leads to the existence of both SnO and SnzOs
after cycling in devices as shown by XRD and XPS. A 10% mass fraction of SnO was
the optimum addition; still enabling shielding whilst also maximising the SWCNT mass
fraction which is responsible for the electrode’s capacitance. The electrode obtained a
capacitance of 102 F g™ at 2 A g and a capacity retention in excess of 95% after 7,500
cycles at 10 A g. An asymmetric device was assembled with MXene with a voltage
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window of 1.8 V, obtaining an energy density of 24.39 Wh kg? at 1 A g and a capacity
retention of 90% after 7,500 cycles.

Although the PhD fellowship for the most part achieved its aims, there are of course
always areas for improvement and future investigations. The most pressing matter that
remains is the use of SnO in the NIB. Although the results presented in this Thesis were
an improvement upon previous works published in the field, for real-world applications a
greater improvement is needed. This is a consequence of the limitations of the larger Na*
ion, but as stated to reduce our dependence on Li in the battery field significant
improvements must be made. To further understand the exact failing mechanism of this
material, in-situ TEM and operando XRD/Raman would be beneficial to dissect the key
contributors to the falling capacity (i.e. a loss of active material, a build-up of SElI,
diffusion limitations of Na®, etc.). Once this is established, a focused study could be
carried out to try to inhibit the failing mechanism (such as alternate electrolytes). With the
SC electrode, future work would focus on printing more intricate geometries using the ink
formed, and in doing so increase the energy density of the device and develop a real-world
prototype in the hopes of commercialization. The performance measured for the
optimized SnO/SWCNT composite in LIBs is incredibly exciting, and to further build
upon it I would like to approach other research groups who have developed optimized
green cathodes, and once again develop a full-cell prototype. Furthermore, it would be
interesting to advance this material into the pouch-cell configuration as this is more

applicable to a real-world LIB device.

In summary, the results presented in this Thesis demonstrate the numerous applications
of SnO in energy storage devices. Through the tailoring of a wet chemistry synthesis,
there is no need for expensive top-down approaches or hydrothermal vessels to form
nanomaterials, and this was shown. The optimized HT SnO(EtOH) with 15% Tuball
SWCNTSs works for both L1Bs and NIBs and in this lies a huge opportunity to develop a
single composite that works for both technologies. Although itself not suitable for SC use,
SnO in combination with SWCNTSs forms a high-capacity electrode with a large voltage
window. The overall aim of this PhD fellowship was to: “Develop a composite material
that fits all technologies based on Tin(ll) Oxide with the incorporation of carbon
nanotubes, which can be cost effective, high in energy capacity and rate performance.” I

believe that these aims have aims have been met, with improvements on the horizon.
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Derivation of pseudocapacitance:
Assuming the adsorbing species follow an electrochemical Langmuir isotherm of the
form:

X vF (A1)
—— = KeRT
X1 "¢

where K is the ratio of the forward to the reverse reaction rate constant and V is the

electrode potential. Rearrangement of Equation.A.1 gives:

RT 1 X
E=E'+ (i) -

Assuming the charge required to complete a monolayer coverage is given as q,

pseudocapacitance is given as:

VF
dX qF  KeRT qF X(1-%) (A3)
=9 = o5 vF o prais
dV RT (1+KeRT)? RT

Electric Double Layer Models
Guoy-Chapman Model:

1 A4
27262 nl'08V€0 2 zeg, (A4)
Coc=|———=——] cosh (—)
kT 2kT

Where z is the charge on the ion; e is the electron charge, n is the concentration of the
ion in the bulk solution, k is the Boltzmann constant, T is the temperature in Kelvin and
@ols the electric potential at the electrode.

Stern Model:

11 (A5)
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This Appendix refers to matters discussed in Chapter.4 concerning the synthesis and

characterisation of SnO.

Figure B.1: (A) SnO synthesised in 1L flask demonstrating scalability without impacting result, (B) SnO
synthesised in 1-propanol and (C) SnO synthesised in 1-butanol.

Figure B.2: SnO synthesised in methanol:water mix in ratios (A) 10:90, (B) 30:70, (C) 50:50 and (D) 90:10.
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240
©
No. 1/d (1/nm) d (nm) (h,k,1)
1 3.638 0.275 (-1,-1,0)
2 3.653 0.274 (-1,1,0)
3 3.667 0.273 (1.1,0)
4 4 3.691 0.271 (1,-1,0)
5 5.111 0.196 (0,2,0)
6 5.143 0.194 (0,-2,0)
7 5:2 0.192 (-2,0,0)
(+)3.691 1inm 8 5.217 0.192 (2,0,0)
25Um [3.;635 018
B 9 7.286 0.137 (-2,2,0)
10 7.295 0.137 (-2,-2,0)
11 7.325 0.137 (2,-2,0)
12 8.121 0.123 (-1,-3,0)
13 8.122 0.123 (1.-3,0)
14 8.215 0.122 (-3,-1,0)

Figure B.5: (A) SAED of SnO platelet, (B) corresponding indexed diffraction pattern
with d-spacings in real/reciprocal space.

Table B:1:Tabulated results from indexed SAED.

. (C) Indexed SAED

157



Appendix B

Square Sheet

Polycrystal €= Single Crystal

L=

Petal like Growth

Half-Square

based Pyramid

Skeletal

Nano-Flower

Figure B.6: Proposed steps in synthesis of nanoflowers of SnO by M.Z Igbal et al. Adapted and reproduced
with permission from Ref.[4].
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Figure B.7: (A) Adsorption/desorption isotherms of SnO synthesised in ethanol, water, (B) methanol, 1-
hexanol and commercially purchased from SA.
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Figure C.2: Remainder of GCD experimental data fitted using Equation 5.1 for mass % of P3-SWCNT.
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Figure C.3: GCD cycling data with a 1 V cut-off for SnO morphologies.
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Figure C.4: CV and GCD profiles of (A) SnO (70% MeOH), (B) SnO(Hex) and (C) SnO(H-0).

C-Rate Voltage of SnO(EtOH) SnO(70% SnO(Hex) SnO(H,0)
onset of MeOH)
conversion
0.1 60% 60% 63% 68%
1
0.2 60% 60% 63% 68%
1
0.5 60% 60% 63% 68%
1
1 67% 57% 70% 70%
1.2
2 67% 52% 70% 70%
14
0.1 70% 76% 68% 70%
(repeated) 1

Table C 1: Percentage of discharge capacity attributed to the alloying reaction for the synthesised SnO at the
GCD C-rates.
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Figure C.5: TGA analysis of Tuball SWCNTSs with CMC binder with the derivative of the TGA data plotted
underneath to allow an accurate determination of the temperature at which the CMC is carbonised.

3.0 4+—

2.8 -

2.6 -

2.4 4

Log (Q/M)

2.2 -

2.0 -

1.8 Lrrry ———rrr ————
0.1 1 10

R (h7)

Figure C.6: 10% and 20% mass fraction Tuball SWCNTs GCD experimental data fitted using Equation 5.1.
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Figure C.8: NMC cathode GCD performance in terms of specific capacity.

162



Appendix C

dQ/dV (mAh V-

—— Cycle 5

\

dQ/dV (mAh V)

Cycle 25
Cycle 50 |

AN

T
0 0.5 1 15

2 25
Voltage (V vs Li/Li*)
2 T T T T
——Cycle 5
c —— Cycle 50
-Cycle 100 |

da/dV (mAh V)

dQ/dV (mAh V)

(] 0.5 1 1:5
Voltage (V vs Li*/Li)

——Cycle 5
—— Cycle 25 A
—— Cycle 50

1 15 2 25
Voltage (V vs Li/Li*)

—— Cycle5 -
—— Cycle 50
—— Cycle 100 |

T
0.5

1 15 2 2.5
Voltage (V vs Li*/Li)

Figure C.9: Normalised differential capacity analysis of SnO with (A) 15% HT Tu-SWCNTs, (B) 15% P3-
SWCNTSs, (C) 15% HT Tu-SWCNTs with 10% FEC added to the cell electrolyte and (D) 15% P3-SWCNTs

with 10% FEC added.
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Figure D.1: CV profiles of (A) SnO(70% MeOH) and (B) SnO(Hex) at various scan rates.
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Figure E.3: EIS spectra and equivalent circuit fits of (A) SWCNT/SnO in H,SO4 (B) SWCNT in H,SO4 (C)
SWCNT/SnO in KzSO4 (D) SWCNT in KoSOs.

Reris ()  Rcr () Warburg diffusion(Q s'?)
Initial H2SO4 SWCNT 040 6.7 40.12
Post use H2SO4 SWCNT 045 6.7 38.2
Initial H2SO4 SnO-SWCNT 0.96 6.29 7.64
Post use H2SO4 SnO-SWCNT 0.53 8.53 6.43
Initial K2SO4 SWCNT 0.04 1061 35.89
Post use K2504 SWCNT 116 12.67 194
Initial K2SO4 SnO-SWCNT 0.20 1103 7.82
Post use K2504 SnO-SWCNT 0.02 17.66 8.08

Table E.1: EIS parameters from fitting of equivalent circuit.
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Figure E.4: (A) CV response of MXene at various scan rates. (B) CV curves of MXene and SWCNT/SnO
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Figure E.5: CV profiles of various morphologies of SnO with SWCNT to form SC electrodes at 5 mV s™.
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5mv. 10mV 20mV 50mV 100 200 500 1000 2000

st st st st mvst mvst mvsl mvs! mvs?

90%

375 24.6 175 129 109 9.8 8.7 79 7.1
SnO
70%

411 331 28.8 25.0 229 214 195 179 16.1
SnO
50%

50.8 414 356 30.8 28.2 259 232 20.8 179
SnO
10%0

171 128 96 73 62 55 47 39 28
SnO

Table E.2: Capacitances of SWCNT/SnO electrodes at various mass loadings of SWCNTs in F g™
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