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Abstract

Potassium ion batteries (PIBs) are considered promising complements to prevailing Li-

ion batteries for large-scale energy storage. Stable cycling of PIBs relies on not only

the development of advanced electrode materials but also the building of robust

electrode/electrolyte interfaces on both anode and cathode sides. This thesis first

explores the K ion storage mechanism in carbon anodes and then investigates the effect

of the anode/electrolyte interface on the charge/discharge kinetics. The carbon-based

interfacial chemistry regulation strategy is further extended to high-capacity potassium

metal anodes. Along with the anodes, this thesis is also committed to constructing

cathode/electrolyte interfaces at a high voltage to realize a competitive energy density.

Hard carbon is among the most attractive anodes for PIBs, but the inexplicit charge

storage mechanism at the low voltage region impedes the rational structural design.

Systematic studies demonstrate the presence of quasi-potassium nanoclusters after deep

discharging, evidencing that the K ion pore-filling, in addition to intercalation,

contributes to the low-voltage capacity. To improve the rate performance of hard

carbons, cyclic ether tetrahydrofuran (THF) as a weak solvent is applied to regulate the

interfacial chemistry and boost the de-solvation process. An inorganic-rich solid

electrolyte interphase (SEI) resulting from enhanced anion decomposition benefits the

charge transfer for superior rate capability and cyclic performance even at 0 °C.



Besides severing as anodes, carbon-based materials have been widely utilized as

the host for potassium metal anodes. Carbon nanofibers are adopted as a model system

to explore the surface functionality of carbon in determining interfacial behavior.

Because of the lower Fermi level than commercial Al, the CNFs modified Al prevents

excessive electrolyte consumption and promotes the formation of thin inorganic-rich

SEI. The performance is further improved by incorporating nickel species to provide

abundant active sites for K-embryo nucleation and induce planar growth of K metal.

Consequently, the decorated Al current collector enables a 4.4 V anode-free full cell

with 89% capacity retained after 50 cycles.

To achieve a high-voltage potassium metal battery, we extend the terminal alkyl

chain of ether solvent to alleviate the electrolyte decomposition at high voltages. The

high viscosity accompanied by the long alkyl groups could be effectively mitigated by

introducing an S-containing additive, which further enhances the oxidative stability to

4.6 V. Additionally, the additive aids in forming S-rich organic species at the

interphases, which prevents the cathode's metal dissolution and facilitate uniform K

deposition by enhancing the kinetics. Thanks to the stable interphases and minimized

side reactions, the dilute non-fluorinated ether-based electrolyte allows the full cell to

cycle stably for more than 200 cycles, achieving a high Coulombic efficiency of over

99.4% with a negative/positive capacity ratio of 4.

II



List of Publications

*Equal contribution; *Corresponding author

1. Zhenlu Yu?, Changsheng Chen”, Qun Liu, Jie Liu, Mingxue Tang, Ye Zhu, Biao
Zhang*, Discovering the Pore-Filling of Potassium lons in Hard Carbon Anodes:
Revisit the Low-Voltage Region, Energy Storage Materials, 2023, 60, 102805.

2. Zhenlu Yu, Qun Liu, Changsheng Chen, Ye Zhu, Biao Zhang*, Regulating the
Interfacial Chemistry Enables Fast-Kinetics Hard Carbon Anodes for Potassium lon
Batteries, Journal of Power Sources, 2023, 557, 232592.

3. Zhenlu Yu”, Ke Fan?, Qun Liu, Danni Wang, Changsheng Chen, Ye Zhu, Haitao
Huang, Biao Zhang*, Designing Electrolytes with Steric Hindrance and Film-Forming
Booster for High-Voltage Potassium Metal Batteries, Advanced Functional Materials,
2024, 34, 2315446.

4. Zhenlu Yu, Qun Liu, Danni Wang, Jie Shi, Biao Zhang*, Unraveling Electrode
Surface Chemistry in Determining Interphase Stability and Deposition Homogeneity
for Anode-free Potassium Metal Batteries. Angewandte Chemie, 2025. Accepted.

5. Qun Liu, Zhenlu Yu, Qiuna Zhuang, Jang-Kyo Kim, Feiyu Kang, Biao Zhang*,
Anti-Fatigue Hydrogel Electrolyte for All-Flexible Zn-lon Batteries, Advanced
Materials, 2023, 35, 2300498.

6. Qun Liu, Zhenlu Yu, Rui Zhou, and Biao Zhang*, A Semi-Liquid Electrode toward

III



Stable Zn Powder Anode, Advanced Functional Materials, 2023, 33, 2210290.

7. Qun Liu, Zhenlu Yu, and Biao Zhang*, Tackling the Challenges of Aqueous Zn-Ion

Batteries via Polymer Derived Strategies, Small Methods, 2023, 8, 2300255.

8. Qun Liu, Zhenlu Yu, Ke Fan, Haitao Huang, Biao Zhang*, Asymmetric Hydrogel

Electrolyte Featuring Customized Anode and Cathode Interfacial Chemistry for

Advanced Zn-I, Batteries, ACS Nano, 2024, 18, 22484-22494.

9. Mingcong Tang, Qun Liu, Zhenlu Yu, Xiaohong Zou, Xiaoyu Huo, Biao Zhang*,

Liang An*, Bi-Funcional Electrolyte Additive Leading to a Highly Reversible and

Stable Zinc Anode, Small, 2024, 20, 2403457.

10. Mingcong Tang, Qun Liu, Xiaohong Zou, Zhenlu Yu, Kouer Zhang, Biao Zhang*,

Liang An*, Engineering In Situ Heterometallic Layer for Robust Zn Electrochemistry

in Extreme Zn(BF4)> Electrolyte Environment, Energy Storage Materials, 2024, 74,

103896.

1A%



Acknowledgments
Upon finishing this thesis, I would like to appreciate the great support and help from

everyone throughout my PhD study.

First I am incredibly grateful to my supervisor Prof. Biao Zhang for giving me
excellent guidance and helpful expertise in my research from experiment design to
shaping the paper. His great ability in critical thinking taught me a global but specific
perspective on research. I also would like to thank my co-supervisor Prof. Haitao Huang
for his kind help and support during my study. Besides, I am truly thankful to Prof. Ye
Zhu, Dr. Changsheng Chen, and Dr. Ke Fan for their contribution to conducting cryo-
transmission electron microscopy and theoretical simulation. My heartful gratitude is
also conveyed to colleagues and friends, Dr. Qun Liu, Dr. Yao Gao, Dr. Xiaoqiong Du,
Dr. Zhen Hou, Dr. Rui Zhou, Ms. Danni Wang, Ms. Jie Shi, Mr. Yao Liu, Mr. Mengzi
Geng, Mr. Fanbin Zeng, and Mr. Mingcong Tang, for their support and insightful
advice. Additionally, I really thank my parents for their unconditional love,

understanding, and support, which are the bedrock of my academic pursuit.

Lastly, I extend my deepest appreciation to the examiners. Thank you for your
valuable time and patience in the review. Your comments boosted the quality of this

thesis.



Table of Contents

ADSEFACE. ... |
List of Publications ..............cocoooiiiiiiii s I
ACKNOWIEAZIMENTS ..........ooeiiiiiiiiiiiie e \%
Table of Contents ...............ccociiiiiiiiii VI
LiSt Of FIGUIES.......ccooiiiiiii i X
LiSt 0f TaDIEs.......coveiiiie e X
Chapter 1. INtroduction..................ccooiiiiiiiiii s 1
1.1 Development of Potassium Ion Batteries........ccocvvviiviiiiin e 1

1.2 CathOde ..ot 2
L.2.1 OXIA@S vttt 3

1.2.2 Prussian Blue ANalogs .........ccooveiviiiiiieiiiicseese e 4

1.2.3 Polyanion Compounds...........ccceeiriiiiiieiiiiiiieiisie e 7

L3 ANOAE ..ot re e 8
1.3.1 Carbonaceous Materials............cccourriieiiiiiiieiieii e 8

1.3.2 Conversion and Alloying TYPES.......cccevvereiiiieiiiieiie e 12

1.3.3 Potassium Metal..........ccccooiiiiiiiiii e 14

1.4 ELECHIOLYLE ...t 16
1.4.1 Solvents and SaltS ........ccccoeiiiiiiiieiie e 17

1.4.2 Molecules Design of SOIVENLS ........cccoiiiiiiiiiiiciicicseeec 23

1.4.3 (Localized) High Concentration of Salts ..........cccocvriiiiiiiiieiiiiesiieee, 24

1.5 Objective and OULHNE ........ccoviiiiiiiiieiee e 25
Chapter 2. Experimental Section.................cccooiiiiiiiiiii 27

VI



2.1 Materials SYNtRESIS .....ccvviviiiieiiiiiiie e 27

2.1.1 Pistachio-derived Hard Carbons ............ccovveiiiiiiicninienicc e 27
2.1.2 Carbon Nanofibers (CNFS).......ccccoviiiiiiiiiiiiiiiiic s 27
2.1.3 Lignin-based Hard Carbon POwWder ............cccovveviiiiiiiiiniiiie e 28
2.1.4 CNFs Grown with Nickel Species (CNFNIS) .....cccccoeviiieiiriiiienieeienne 28
2.1.5 CNF@AI and CNFNi@Al Current Collectors ..........c.ccerveivrvciinnenn 29
2.1.6 Fe-based Prussian Blue FEHCF ..........cccccoiiiiiiiiiiicicec e 29
2.1.7 Mn-based Prussian Blue Analog MnHCF ............ccooiiiiiiiiine 30
2.2 Electrodes and Electrolytes Preparation ...........cccoooveieeiiiiiieiiienie e 30
2.2.1 EIECLIOAES ..ottt 30
2.2.2 EIECLIOLYLES ..uvveuviiiriiiieiieie sttt 31
2.3 Materials and Electrolytes Characterization ...........cocecviveiiiinciinnininseennen, 32
2.3.1 Structure and Composition ANAlysis .........cccevvveiiiiiiiiiiieic e 32
2.3.2 Pores Structural Information of Hard Carbon ...........ccccoeovviiiiiinnnnn. 33
2.3.3 Morphology SCanNINg .........cccccveieeririeieiniiesee e 33
2.3.4 Thermostability Measurements. ..........cccoververeerieeneenireenee e 34
2.3.5 Mechanical Properties of Solid Electrolyte Interphase ..............ccco.... 34
2.4 Electrochemical MEaSuIrements ............ccevveriiiiiieeniiniiseesesee e 36
2.4.1 Cycling with Rate Performance...........c.cccooeiiiiiiinniniiiicicc e 36
2.4.2 Kinetics Behavior Probing............cccocovviiiiiiiiiiic e 37
2.5 Computational Calculation ...........coccveiiiiieiiiiie e 38

Chapter 3. Discovering the K-ion Pore-filling Behavior and Regulating the
Interfacial Chemistry for Fast-kinetics Hard Carbon Anode...................ccceonee. 39

I B 01 n (e 6 11570 ) o WUTTTT TR 39



3.2 Probing Potassium Storage Behavior .........c.ccocviieiiiiiiiiiiicicc e 41

3.2.1 Synthesis and Physical Properties of Hard Carbon ...........c.cccocvevnenee. 41
3.2.2 Electrochemical Performance and Kinetics...........ccccoovviivenieinincnnnnnne. 45
3.2.3 K-ion Storage Behaviors.........ccccouuviiiiiiiiiiiiiiic e 49
3.2.4 DISCUSSION ...ttt siteestee et ettt et e st et e et e e sna e sbe e e nbe e beeenbeenneeannas 58
3.3 Interfacial Chemistry Regulation..........cccocveviiiiiiiiiiiiiicnee e 61
3.3.1 Solvation Structures of Different Electrolytes...........c.cccoovvvirvirivnnnnnn. 61
3.3.2 Different Kinetics Behaviors .........c.ccoiiiiiiiiiiiiiiiic e 64
3.3.3 Charge Storage Mechanisms and Interfacial Chemistry.............ccco... 71
34 SUIMIMATY ..ttt nnee s 76

Chapter 4. Tailoring Solid Electrolyte Interphase by Carbonaceous Materials for

Advanced Potassium Metal Anodes ..................cooooiiiiiiiiii 79
4.1 INErOAUCTION ...ttt e e snnee e 79

4.2 Results and DISCUSSION .....ccuvieieiiiieiieiiiesiee et 81
4.2.1 Properties Of CNFNI@AL ......cccoovviiiiiiiiiiiiie e 81

4.2.2 Potassium Nucleation Behavior............ccccooviiiiii 87

4.2.3 SEI on Deposited K ........cooiiiiiiiiiieeec e 93

4.2.4 Electrochemical Performance...........ccccceeviiiiiiiiiniiie e 101

4.3 SUMIMATY ...ooiiiiiiiiiie e e s 107

Chapter 5. Designing Electrolytes with Steric Hindrance and Film-forming

Booster for High-voltage Potassium Metal Batteries..................ccccooiiininnnn. 109
5.1 INErOAUCTION ...ttt ettt e 109

5.2 Results and DISCUSSION ......vvevviiiiieniiiiiiesiee e 111
5.2.1 Rational Electrolyte Design.........ccccoeiiiriieiiiiiieiiciee e 111



5.2.2 Compatibility of Modified Electrolyte with MnHCF Cathode........... 118

5.2.3 Enhanced Stability of Modified Electrolyte against K Anode............ 124

5.2.4 Performance of MnHCF||K Cells Under a Harsh Condition .............. 130

5.3 SUMMATY ...vviiie ittt ettt s s e e e s e e e s snbe e e s sbb e e e e s snnreeeeennnes 131
Chapter 6. Conclusion and Future Plan ...................cccoooiiis 133
0.1 CONCIUSION ...ttt ettt et nae e 133

6.2 FULUre Plan..........cooiiiiii e 135
References ... 137

IX



List of Figures

Figure 1.1. Voltage profiles for alkali-metal layered oxides. The shadow parts indicate
the similar profiles of different oxides. Reproduced with permission'®. Copyright 2020.

American ChemiCal SOCIELY. .......iiiiiiiiiiiiiiiii e 4

Figure 1.2. (a) Charging-discharging profile for KigoMn[Fe(CN)sJo.92-0.75H>0.
Reproduced with perssion'?. Copyright 2017. American Chemical Society. (b) Initial
discharging profile of K>Nig.osFeo.9osFe(CN)s (NiFePB-5) and KoFeFe(CN)g (NiFePB-
0).Reproduced with permission'>. Copyright 2019. American Chemical Society......... 6

Figure 1.3. Comparison of volumetric energy and gravimetric energy of layered oxides
(A=Li, Na, K; TM=Co, Mn, Ni, etc.). Reproduced with permission'®. Copyright 2021.

American Chemical SOCIELY. .......cciiiviiiiiiiiiiii s 8

Figure 1.4. Typical carbon-based materials with characteristic structures. Reproduced

with permission'®. Copyright 2018. Wiley-VCH........c.ccoeivirirerriirerierereiise e, 9

Figure 1.5. The potassium storage mechanism of alloying-type materials, taking the Bi

as an example. Reproduced with permission®’. Copyright 2018. Wiley-VCH............. 13
Figure 1.6. Typical phosphate solvents derived from TMP...........c.ccocoeviiiiiiiieninnns 19

Figure 3.1. (a) Synthesis procedure of hard carbon (b) XRD Patterns of HC samples
with or without HCI treatment. (c) Overall XPS result of HC-1300. ...........cccceeeneeen 42

Figure 3.2. (a) Raman curves, (b) XRD patterns, (c) initial charging-discharging
profiles, (d) cycling performance, and (e) rate performance of HC-1100, HC-1300, and
HC-1400 with corresponding (f) 26th voltage profile of HC-1400 ine. .........cccne.. 42

Figure 3.3. (a) HRTEM with marked defects (the left square), graphitic domain
(rectangle in the middle). (b) SAXS patterns presenting pores and graphitic layers. (c¢)
Fitted SAXS profiles of HC-1300. Volume distribution of (d) micropores and (e)
mesopores calculated through fitted SXAS results........ccooceeviiiiiiii 43

Figure 3.4. BET isotherms with porosity distribution derived from (a) N> and (b) CO»
AdSOTPHION/AESOTPIION. ...ttt 44

Figure 3.5. Initial two charging-discharging profiles with insets of dQ/dV profiles for

X



(a) HC-1300/K cell and (b) HC-1300/Na cell. (¢) Diffusion coefficient calculated from
GITT results of HC-1300/K cell and HC-1300/Na cell. (d) EIS plots of HC-1300
obtained from three-electrode cells at different discharging states. The inset illustrates
the three-electrode Swagelok cell. Cycling performances of (¢) HC-1300/K cell and ()
HC-1300/NA CEIL .ttt 46

Figure 3.6. (a) Ex situ Raman curves of HC-1300/K collected at different charge-
discharge states with (b) the corresponding charging-discharging profile. ................. 51

Figure 3.7. (a) Initial discharging profiles of HC-1300 in CC-CVDi mode followed by
2 h plating at 25 mA g'. (b) Ex situ XRD patterns for the sample after CVDi and the
Plated K SAmMPIE....cciiuiiiiiiiiiiii et 52

Figure 3.8. (a) Ex situ K 2p-C 1s spectra of samples at different charge-discharge states
after Ar-beam etching (40 nm depth with rate of 0.25 nm s™!) with plated K as the
reference. (b) Ex situ K 2p peaks of samples at different states. Here DC and C represent
the discharge and charge, respectively. All the spectra are normalized through C-C peak
At 284.8 V. i 53

Figure 3.9. (a) Annular dark-field STEM image and the simultaneous EDS elemental
maps for C, K, and O of CVDi-5 mV sample. Ex situ HR-TEM images of discharged
HC-1300 at 5 mV (b) DC 5 mV sample, with the corresponding FFT pattern (inset),
and (c-e) CVDi 5 mV (K deeper insertion) sample, with the corresponding SAED
pattern presented in the inset. (f-g) Intensity plots derived from SAED image. All the
TEM observation was taken at a cryogenic temperature of ~98 K to preserve the pristine

state 0f the SAMPIES. .....eccviiiiiiiiii 54
Figure 3.10. EELS of (a) the DC 5 mV sample and (b) the CVDi 5 mV sample. ...... 56

Figure 3.11. (a) EPR spectra of samples at different stages of cycling. (b) Schematic

illustration of proposed K ion storage behavior along with discharging. ................... 57

Figure 3.12. (a) The validity of pore-filling. (b) Strategies to avoid CVDi. (c) Effects

of open and ClOSEA POTES. .......eeiiiiiiieiicieee e 58

Figure 3.13. (a) The voltage profiles of HC-1300 cycled (a) at 2.79 mA g! in IM KFSI
EC/DEC electrolyte and (b) at 25 mA g™ in 0.8 M KPFs EC/DMC electrolyte.......... 59



Figure 3.14. (a) The initial first two charging-discharging profiles of HC-KOH
compared with HC-1300 2nd profile. (b) The rate performance of HC-1300 and HC-

KOH (under the galvanostatic potentiostat discharging-galvanostatic charging mode).

Figure 3.15. (a) Raman spectra of electrolytes, pure solvents, and KFSI salt. (b)
Enlarged FSI" peaks of 1M KFSI in THF and 1M KFSI in DME. (c) Schematic
illustration of the solvating structure of 1M KFSI in DME and 1M KFSI in THF. ....64

Figure 3.16. (a) Fabrication scheme of CNFs for PIBs. (b) SEM and (c) HRTEM
images of CNFs. (d) XRD pattern of CNF. .......cooiiiiiiiiiiee e 66

Figure 3.17. (a) XPS results and (b) Raman pattern of as-prepared CNFs................. 66

Figure 3.18. Charge-discharge profiles of CNFs in different electrolytes with inset of
dQ/dV curve (a) IM KFSI in DME electrolyte. (b) IM KFSI in THF electrolyte. .....67

Figure 3.19. (a) Initial charge/discharge profiles of CNFs. (b) Rate behaviors of CNFs
at 25 °C in 1M KFSI in EC/DMC, 1M KFSI in THF, and 1M KFSI in EC/EMC

electrolytes. (c) Rate performances of Lignin powder in different electrolytes. (d)

Cyclic performance of CNFs in 1M KFSI in THF at 100 mA g at 25 °C. ................ 69

Figure 3.20. (a) Cyclic performances of CNFs at 0 °C. K ion apparent diffusion
coefficient calculated from GITT results of CNF upon (b) discharging and (c) charging.
(d) EIS plots of 3rd-cycled CNF electrode in different electrolytes at 100 mA g™!.....71

Figure 3.21. In-situ Raman plots of CNF electrode using the electrolyte of (a) 1M KFSI
in THF and (b) IM KFSIin EC/DMC . .....c.ccoiiiiiiiieiicic e 73

Figure 3.22. TEM images of third-cycled CNFs in (a) IM KFSI/THF and (b) 1M KFSI/
ECDMC with corresponding FFT patterns in the marked area at 50 mA g\. ............. 73

Figure 3.23. The surficial composition analyzed by XPS. (a) K 2p-C 1s, (b) O 1s, and
(c) F 1s spectra of CNFs after 3 cycles at 50 mA g! using electrolyte of 1M KFSI in
THF or 1M KFSI in EC/DMC; (d) The atomic fractions of pristine CNFs cycled in IM
KFSIin THF or IM KFSI in EC/DMC. ......ccciiiiiiiiiiiiiiicece e 76

Figure 4.1. (a) Illustration of spray-painting and (b) photograph of CNFNi@AL. .....82

XII



Figure 4.2. (a) Morphology and (b) lattice fringes of components of CNFNi captured
via high-resolution TEM. SAED patterns for (¢) CNFNi and (d) CNF............c.ccoc...e. 82

Figure 4.3. (a) Raman patterns of CNF and CNFNi samples. (b) Ni 2p spectrum and
(c) TGA curve of CNFNi powder under synthetic air atmosphere (80% N21+20% O3).
(d) XRD profiles of CNF and CNFNI.......ccccueiiiiiiiiiiiieeeseeeee e 83

Figure 4.4. Wetting angles of (a) the DEE electrolyte and (b) molten K on Al or

CNENI@AL ..ottt bbbt 84
Figure 4.5. UPS profiles of Al, CNF@AI, and CNFNi@Al at different states. ......... 85
Figure 4.6. Calculated Fermi-level positions based on work function. ...................... 85

Figure 4.7. Overall element composition of SEIs generated after 3 formation cycles at

SIV-1 Ve 86

Figure 4.8. (a) O 1s of SEIs generated after 3 formation cycles at 5 mV-1 V. (h) Species
composition analyzed based on N Is and S 2p spectra. (b) Species composition in O 1s
spectra. (¢) N 1s, (d) F 1s, (e) S 2p spectra of SEIs. (f) Species composition based on N
Is and S 2p spectra, reSPECtIVELY......c.cuiiiiiiiiiie i 87

Figure 4.9. (a) The potential-capacity plots of K]|current collector cells at 0.5 mA cm”
2.1 mAh em™. (b) Comparison of pip and pmass-transer Of asymmetric cells based on
different current collectors. (c) Tafel plots of symmetric cells based on different current

LoT0) 1 (<1110 ) < TP T TR &8

Figure 4.10. (I/I,)*-(t/tm) profiles of different asymmetric cells with different current
collectors with the overpotential of -50, -100, and -150 mV. ........ccccoeiriiiiiieniienne 89

Figure 4.11. Illustration of two nucleation models. ...........ccooeiiiiiiiiniiis 90

Figure 4.12. (a) Photographs of the GF/D separator in disassembled coin cells. (b-c)
SEM images with EDS mappings and (d) XRD patterns of 10th-plated K on different

CUITENE COLLECTOTS. 1. etiieritetee e e ettt e e ettt et e e e e e e et ee e s eeeeeeeee st eeeeeereeenetnreeeeeees 92

Figure 4.13. (a-c) Planer images of 10th-plated K on Al, CNF@AI, and CNFNi@Al.
(d) Three-dimensional AFM topography of 10th-plated K on A and CNFNi@AL. (e)

Height variation curves on marked lines in d. ...........coccoviiiiiiiiini s 92

XIII



Figure 4.14. (a) C 1s-K 2p and (b) O 1s spectra of 10th-plated K on Al and CNFNi@Al

current Collectors, TeSPECLIVELY.......uiiiiiiiiiiiicii s 94

Figure 4.15. (a) S 2p, (b) F 1s, and (c) N 1s spectra of 10th-plated K on Al and
CNFNi@AIl current collectors, resSpectiVely. .........ocvviiiiiiiiiiiiiiiciceeeee e 95

Figure 4.16. (a) TOF-SIMS 3D rendering images of S, F, K, HCO:K, C-O-K, and KF
signals. (b) Depth profiles for S, F, CH30S0, KS, and KNOs........cccoveriieiiiriienne. 95

Figure 4.17. (a) TOF-SIMS depth profiles for K signal. (b) The approximate SEI
thickness (¢) obtained from AFM-based nanoindentation measurements on 10th-plated

K 0N QITEIENt SUDSITALES. ..oiveeeeeeee e e e ettt ettt e e e e e e e e e e e e e e e eeeeeeeee e aeeeeeeeeennnns 95

Figure 4.18. Proposed typical decomposition scheme of DEE solvent with the

TV0LTS o1 8 (0] 0 00 ) B <G (o) s VAUUTUR TR 97

Figure 4.19. (a) TOF-SIMS 3D redering images of KCO3, KS, KSO3, CH30S0>, KNO;3,
and KN signals. (b) EIS results with (c) simulated resistance values of asymmetric

cells after 10th plating based on different current collectors. .........ccoovveriiiiiinieninnne 98

Figure 4.20. Nyquist plots of (a) CNFNi@AI and (b) Al-based asymmetric cells at
different temperatures with the inset of equivalent circuit. (¢) Derived activation energy

values for charge transter. ... 98
Figure 4.21. HRTEM images of SEI formed on (a-e) CNFNi@Al and (f-h) Al. ....... 99

Figure 4.22. Distribution curves of testing values of (a) Young’s modulus E, (b) elastic

strain limit gy, and (c) U values of SEI on different substrates. ............ccccoeveeriinenne 101

Figure 4.23. (a) Aurbach cycling profiles of asymmetric cells based on different current
collectors. The long-term cycling performance of asymmetric cells at (b) 0.5 mA cm™-

1 mAh cm™ and (c) 2 mA cm™-1 mAh cm™, respectively........cccooveeveeiirecrererennnn. 102

Figure 4.24. (a) Rate performance of the symmetric cells with the pre-plating capacity
of 2 mAh on different current collectors. Cycling performance of asymmetric cells

under (b) 25% DoD and (c) 50% DoD at 0.5 mA cm™-0.5 mAh cm™. ..................... 104

Figure 4.25. (a) The cycling performance of CNFNi@AI-K||FeHCF with an N/P ratio
of 5 with (b) the cycling profile at the 50th cycle. The cycling performance of

X1V



CNFNi@AI-K||[MnHCF with (¢) an N/P ratio of 1 and (d) an N/P ratio of 0 (Anode-
i <) TR TP UP O VR TP PPRUPOTN 106

Figure 5.1. Rational design of ethers with high anodic stability and kinetics and the

synergic effects of customized electrolyte in K metal batteries...........ccocceevvriieeninns 111

Figure 5.2. (a) LSV curves of different electrolytes with the scanning rate of 1 mV s™.
(b) SEM images of the Al-C electrode after being held at 3.7 V for 10 h in IM KFSI/G2
electrolyte. (¢) Curves obtained from the Chronoamperometry measurement to hold
KJ|AI-C cell in IM KFSI/DiDBE electrolyte at 4.3 V for 10 h with (d) corresponding
SEM images of the tested Al-C electrode. .........cccoouviiiiiiiiiiiiii 112

Figure 5.3. (a) The viscosity of DiDBE electrolyte and DiDBE-D electrolyte. (b) EIS
plots of two stainless steels with GF/D filled with DiDBE and DiDBE-D electrolytes

for ionic conductivity measurement with corresponding data. ...........cccocoeeviiiiernnnns 113

Figure 5.4. (a) *’K NMR spectra of different electrolytes. Raman spectra of C-O-C
vibration of (b) G2 electrolyte and (c¢) DiDBE electrolyte with or without salt. ....... 114

Figure 5.5. (a) Raman spectra of S-N-S vibration of different electrolytes with the
relative contents of SSIP, CIP, and AGG. (b) Raman spectra of S=O vibration of
different species. (c) Illustrations of the most probable solvation structure of different

electrolytes extracted from MD simulations............ccoceviviiiiiiiii 116

Figure 5.6. (a) Snapshots of the MD simulation cell and corresponding radial

distribution function (RDF) plots for (a, b) 1M KFSI/G2, (¢, d) IM KFSI/DiDBE, (e, f)

IM KFSI/G4, (g, h) IM KFSI/DIDBE-D. .......ccoiiiiiiiiiieiiieececee e 118
Figure 5.7. (a) XRD pattern; (b) TEM image and (c) SAED pattern of KMF.......... 119
Figure 5.8. Voltage profiles of KMF in G2 and G4 electrolytes. ..........ccocvvivernnnnnn. 119

Figure 5.9. (a) Initial voltage curves of MnHCEF in different electrolytes under 25 mA
g!. (b) Comparison of ICE and salt concentration in state-of-art electrolytes for MnHCF.
(c) Chronoamperometry measurements to hold K||Al-C cells at 4.3 V for 10 h and (d)
corresponding SEM images of tested Al-C electrodes. (e) Rate performances......... 120

Figure 5.10. (a) Cycling performances of MnHCF in the DiDBE-D electrolyte with

corresponding profiles in specific cycles. (b) Cycling performance of the MnHCF
XV



electrode in EC/DEC electrolyte. (c) The mean voltage evolution upon cycling in

different €leCtrOlYteS. .....voiviiriiiiiiee s 121

Figure 5.11. (a) Comparison of the remaining weight of different electrolytes at 150 °C
based on TGA measurement. (b) DSC curves of cycled MnHCF. ..o 122

Figure 5.12. HRTEM images of MnHCF cycled in (a) DiDBE-D and (b) EC/DEC
electrolyte with corresponding FFT in the selected square area. XPS spectra of (c) C s,
(d) O 1s,(€) S2p, and (£) F LS. coueeiieiiiiiiicieee s 125

Figure 5.13. (a) Long-term CE tests of K||Al-C cells. Cycling performances of K|K
cells at 0.5 mA cm™ and 0.5 mAh cm™ in (b) DiDBE-D and EC/DEC, (c) DiDBE, and
(d) EC/DEC-D @leCtIOLYLES. ..cuviiviiiieiisiiesiieiesiie sttt 126

Figure 5.14. (a-c) Three-dimensional 10th-plated K topographic images in different
electrolytes from AFM. (d-f) Corresponding sectional height curves of plated K on Al-
O] 1eTe1 3 (o Yo [T TPV TUPRPPRUPRN 127

Figure 5.15. Typical force-displacement curves at different regions for (a) the elastic
region obtained with a small force of less than 30 nN and curves for (b) the plastic
region obtained with a larger load, about 900 nN. Box charts with the distribution curve
for (c) Young’s modulus E, (d) elastic strain limit gy, and (e) U values of elastic

deformation of more than 70 testing POSItIONS. .........cccovvieiiiiiiiiiiiiiieie e 128

Figure 5.16. C 1s XPS spectra of plated K anode cycled in (a) DiDBE-D and (b)
EC/DEC electrolytes. (c) C atomic percentage of different samples............c..cceeueee. 129

Figure 5.17. Decomposition mechanism of DiDBE. Reproduced with permission4!.

Copyright 2019. Royal of Society Chemistry. .......ccceeieeiiiiiieiiiiieesie e 129

Figure 5.18. (a-b) O 1s spectra and (c-d) S 2p spectra of 10™-plated K on Al-C current
collectors in DiDBE-D and EC/DEC electrolytes. ..........ccovvviiiiieniiiiiciie e 130

Figure 5.19. Proposed reduction mechanism of DTD. Reproduced with permission®’’.

Copyright 2021, WIley-VCH. ......ceoiiiiiiiii e 130

Figure 5.20. (a) The cycling performance of K||MnHCEF cell with an N/P ratio of 4 in
different electrolytes with (b) corresponding voltage profiles at the first cycle and 165th

[0 (S OO TP TP PP PO TPROURRRPI 131
XVI



List of Tables

Table 1.1. Comparison between LIB and potential Substitutes. ...........cccooveevirvervrinennen 1

Table 1.2. Comparison of three typical cathode materials including Ko4CrO,,

KoMnFe(CN)g, and KVPO4F for PIBS. ....c.coiiiiiiiiiiice e 3
Table 1.3. Comparison of three typical anode materials for PIBs...........c.ccccceviinennne. 16
Table 1.4. Comparison between different potassium salts for electrolytes. ................ 22
Table 3.1. Pore size information of HC-1300. .........ccccoiiiiiiiiiiiciie e 45

Table 3.2. Comparison of the electrochemical performance of biomass-derived HC

L EETO U 0] PPN 48
Table 3.3. Physical and chemical properties of different solvents. ..........ccc.cecvrnennns 62

Table 3.4. Comparison of the electrochemical performance of PIB hard carbon anodes.

Table 4.1. Calculated nucleation density at different overpotentials............cccovvvenneen 91
Table 4.2. Summary of the fitted interface resistance values from Nyquist plots....... 98

Table 4.3. Comparison of electrochemical performance of asymmetric cells between

state-of-the-art modified anode and thisS WOTK. .........cooviieiiiiiiie e 102
Table 4.4. Calculated standard deviation of CE at 0.5 mA cm™?-1 mAh cm™........... 103
Table 4.5. Calculated standard deviation of CE at 2 mA cm>2-1 mAh cm™.............. 104

Table 4.6. Comparison of electrochemical performance of anode-less or anode-free full

cells between state-of-the-art modified anode and this work. ............cccooviiiiiinn, 107
Table 5.1. Viscosity of G2 and DiDBE electrolytes at different temperatures.......... 113

Table 5.2. Calculated solvation energy and coordination numbers of O in FSI anion and

solvent in different electrolytes by MD simulation. ..........cccoceeviiiiieniiniiniciieneen 117

Table 5.3. ICP-MS result of Mn residue proportion at the separator in MnHCF||K cells
with DiDBE-D and EC/DEC electrolytes after 150 cycles. .......cccoovviniiiiiiiiiieennnn, 124

XVII



Chapter 1. Introduction

1.1 Development of Potassium Ion Batteries

The soaring demand for energy storage cannot be fully satisfied by lithium-ion batteries

(LIBs) alone, taking into account the limited Li resources. Therefore, other rechargeable

batteries featuring sufficient reserves and high energy are intensively pursued.

Considering the similarity in chemical properties of alkali ions, sodium-ion batteries

(SIBs) and potassium-ion batteries (PIBs) regained the interest of the community for

sustainable development. Their resource abundance (300 times over Li) and similar

working principles' make them promising candidates (Table 1.1).

Table 1.1. Comparison between LIB and potential substitutes.

Li Na K
Standard electrode potential in
_ -3.04 -2.71 -2.93
aqueous solution (V, vs. SHE)
Electrode potential in carbonate
N 0 0.3 -0.1
electrolytes (V, vs. Li*/Li)
Resource abundance (wt.%) 0.0065 2.27 2.1
Cost of industrial-grade metal
. 100770 2580 13000
(US dollar ton?)
Cuor Al Cuor Al
Substrate Cu
(Cheap) (Cheap)

“Data was obtained from the latest report from Shanghai Metals Market in Aug 2024.

Among the Li, Na, and K, K possesses the lowest redox potential in the organic



carbonate electrolytes?, suggesting a promising future for high-voltage PIBs for
realized competitive energy densities. Compared to LIBs, another advantage of PIBs
lies in the applicability of the cost-effective and lightweight Al foil collector on both
the cathode and anode side because of the absence of K-Al alloying. The research in
PIBs can be classified into three parts, cathodes, anodes, and electrolytes.

1.2 Cathode

Several types of cathodes, including layered oxides, polyanion compounds, and
Prussian blue analogs (PBAs), have been reported with decent electrochemical
performance, whose characteristics are summarized in Table 1.2. Layered oxides like
KxCo023 and KxMnO:* exhibit a relatively low working potential and inferior capacity,
ascribed to the sluggish transfer of a large radius of K ions. Polyanion compounds K-
ion cathodes like KVPO4F° and K3V2(PO4)2Fs® can deliver a decent capacity with a
higher working potential than that of layered oxides. Specifically, stoichiometric
KVPOF exhibits over 100 mAh g* at 2.0-5.0 V with an average discharge potential of
4.2 V, the highest working potential so far for PIB cathodes. Nevertheless, the
development of such polyanion compounds is hindered by the lack of the proper
electrolyte and the structural degradation. In contrast, a couple of specific PBAS
including potassium iron hexacyanoferrate (FeHCF) and manganese potassium

hexacyanoferrate (MnHCEF) deliver a longer lifetime. The development of different
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cathodes is summarized in the following sections.

Table 1.2. Comparison of three typical cathode materials including Ko4CrOs,

KoMnFe(CN)g, and KVPO4F for PIBs.

Prussian Blue Polyanionic
Layered Oxide
Analog Compound
(Ko,4CI’Oz7)
(K2MnFe(CN)¢®) (KVPO4F®)

Structure w

Working

potential ~2.5 ~3.8 ~4.2
(V vs. K*/K)

Capacity
~85 >120 ~80

(mAh g)
Lifespan ~100 ~300 ~200
Density Heavy Light Light

1.2.1 Oxides

The layered transition-metal oxides KxTMO> (TM=transition metal) mainly conclude

three types: P2, P3, and O3. P and O represent the structure of prismatic and octahedral

ons, respectively. “2” and “3” present the oxide-layer number in a unit crystalline cell.

For instance, the O3 crystal conveys an “ABCABC” stacking pattern with the space

group of R-3m. These phases, such as O3’ (0.75<x<1), P2 (x~0.6), and P3 (x<0.5), can

be synthesized through the solid-state method. Up to now, apart from the stoichiometric



03-KCrO2, the x in other potassium-based oxides is less than 0.5 with the
substoichiometric K. That is ascribed to the strong K-K interaction, leaving the limited
K contents in the as-prepared oxides. Moreover, the voltage profiles of these cathodes
have steep slopes (Figure 1.1), as a result of the larger interlayer distance® with poor

electrostatic repulsion between K ions.
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Figure 1.1. Voltage profiles for alkali-metal layered oxides. The shadow parts indicate
the similar profiles of different oxides. Reproduced with permission!®. Copyright 2020.
American Chemical Society.

1.2.2 Prussian Blue Analogs

Potassium-type PBAs can be generally determined by the following formula,
KxM1M[M2"(CN)g]1-yoy ZH20 (0 < x <2, 0 <y < 1) [M1 and M stand for transition
metal ions, o represents the M!'(CN)s vacancy formed during the synthesis, and H20O
exists as the coordination water in PBAs]. When M1 is fully reduced to a di-valent

state with the intercalation of K ions, the product with K-content maximum (K-M1"'[M-



(CN)s] xH20) is Prussian white. The material with limited K or even K-free
(M1"[M2"(CN)s] xH20) is described as Berlin green'?.

Previously-reported typical K-poor phases conclude FeFe(CN)s and Ko.22Fe[Fe
(CN)sJo.s0s 4.01H20. An excellent rate performance of 89 mAh g at 20 C is achieved
when used as the PIBs cathode. The volume variation in such a structure is calculated
as 1.18% through XRD tests, which approaches the value of the zero-strain material
LisTisO12 in LIB. K-rich PBAs (Prussian white) have attracted intensive interest in
recent years. The first K-rich PBA for PIBs (K1.ssMn[Fe (CN)s]o.92 0.75H20, as shown
in Figure 1.2a) was reported by the Goodenough’s group? utilizing saturated KCI or
NaCl solution as the precipitation environment in 2017. The coexistence of low-spin
Fe¥*/Fe?* and high-spin Mn®*/Mn?" benefits the achievement of a high working
potential of 3.8 V and a remarkable specific capacity of 142 mAh gt at 0.2 C in the 2.5-
4.6 V voltage window. However, the low-concentrated electrolyte (saturated KCIO4 in
PC, about 0.01M) results in an obvious polarization, leading to a relatively low
discharging potential. Moreover, the existence of interstitial water and Fe(CN)e
vacancies deteriorates the cyclic and structural stability. Furthermore, the intrinsic
electronic conductivity restricts the rate capability. Therefore, the primary objective to
optimize PBAs is the crystallinity and electronic conductivity enhancement.

Synthesis conditions significantly affect the crystallinity and particle sizes of
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PBAs. Various chelating agents like potassium citrate, ethylenediaminetetraacetic acid
dipotassium salt dihydrate (EDTA-2K)8, and trans-1,2-cyclohexanediaminetetraacetic
acid (Cydta)™® can form the complexation with transition metal ions and then control
the speed of co-precipitation. The addition of EDTA-2K is confirmed to help suppress
the ultrafast nucleation and growth, then promoting the larger crystalline sizes with
higher crystallinity. Tailoring the morphology is considered a useful strategy to
decrease the vacancies and enhance the kinetics. Mai et al.** prepared flower-like
Ki4Fe[Fe(CN)e]s by a dissolution-recrystallization method utilizing HCI and DMF as
the surfactants and an appropriate aging time. Such material conveys a capacity of 71

mAh g at 50 mA g and retains over 75% capacity after 100 cycles.

a bas
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K, MnFe(CN)g (0 < x < 2)
e
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Figure 1.2. (a) Charging-discharging profile for KigoMn[Fe(CN)eslo.92:0.75H20.
Reproduced with perssion'?. Copyright 2017. American Chemical Society. (b) Initial
discharging profile of K>Nig.osFeo.9sFe(CN)s (NiFePB-5) and KoFeFe(CN)s (NiFePB-
0).Reproduced with permission'®. Copyright 2019. American Chemical Society.
Considering that NiFe-PBA serves almost as a ‘“zero-strain” material, Ni

substitution for Fe has been applied to achieve the high-performance FeFe-PBA. Huang
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et al.’® found that changing N-coordinated Fe to Ni with higher electronegativity will
cause an electron cloud shift from Fe-C bonds to N-Ni bonds. Such shift corresponds
to the valence rise of Fe, together with the improving Fe**Ce/Fe*Cs redox (low-spin
state) activity. As depicted in Figure 1.2b, KNio.osFeo.osFe(CN)e delivers a capacity of
135 mAh g at 20 mA g with two redox pairs at 3.13/3.67 V and 3.8/4.23 V, and
exhibits a long duration of 300 cycles at 100 mA g. However, the average discharge
potential of about 3.0 V is far away from the pursuit of a high-energy density PIB.
1.2.3 Polyanion Compounds

Similar to PBAs, polyanionic compounds possess a three-dimensional open framework
structure that would promise fast ionic diffusion. Vanadium and iron-based
fluorophosphate and phosphates like KVPO4sF, KVOPO4, and KFeSOsF have been
reported with limited volume changes. As depicted in Figure 1.3, compared to the
layered oxides, polyanionic compounds perform higher volumetric and gravimetric
energy. Commonly, the polyanionic compounds display a relatively high redox
potential, such as 4.3 V for V*/V3*, which poses a threat to the anodic stability of
electrolytes. Moreover, the stability of these polyanionic cathodes in the electrolyte is
a potential issue due to the dissolution of vanadium species'® and the possibility of fast

self-discharge®’.
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Figure 1.3. Comparison of volumetric energy and gravimetric energy of layered oxides
(A=Li, Na, K; TM=Co, Mn, Ni, etc.). Reproduced with permission'®. Copyright 2021.
American Chemical Society.

1.3 Anode

Ideal anodes for PIBs should exhibit characteristics like low working potential, low cost,
high specific capacity, superior cyclic durability, and environmentally benign. A low
redox potential of the anode is the premise of realizing the high energy density of the
full cell when combined with a cathode. Typical anodes can be classified into five
categories according to the K ion storage mechanism: (i) Intercalation. (ii) Alloying.
(iii) Conversion. (iv) Conversion-alloying and (iv) K metal anodes through
plating/stripping. A detailed introduction will be provided in the following sections.
1.3.1 Carbonaceous Materials

Carbonaceous materials have been regarded as the most promising candidates as anodes

in PIBs owing to their low cost, excellent electronic conductivity, and facile large-scale



production capability. C atoms in carbonaceous materials generally contain three
hybrid orbitals sp, sp? and sp®. Carbonaceous materials with single sp and sp® are
usually difficult to accommodate K ions because of their irregular structures and are
rarely utilized as anodes. Other carbonaceous materials with sp? hybrid or sp?/sp®
complex hybrid orbital exhibit excellent properties. Typical carbonaceous materials

include graphite, soft carbon, and hard carbon, with properties illustrated in Figure 1.4.

375dms4A  34cq..236A

oot (x
& &
Thermosetting 400°C 1000°C 3000°C

Precursor CHAR (solid) HARD CAREON GLASSY CARBON
(carbohydrates, pvdc...)

H,0, HCI, CO, CO, CH, H, Hy N,

Thermoplastic
Precursor COKE (liquid) + TAR (volatile) ~ SOFT CARBON GRAPHITE

Figure 1.4. Typical carbon-based materials with characteristic structures. Reproduced
with permission'®. Copyright 2018. Wiley-VCH.

Graphite possesses well-ordered graphitic domains, enabling the intercalation
behavior of potassium ions with a low working potential. Soft carbon has a high
graphitization degree and exhibits a relatively long-range ordered graphitic domain,
which usually requires a high synthesis carbonization temperature to acquire high
crystallization. Hard carbon, a kind of carbon material showing a poor graphitization
degree even at high temperatures, possesses defects, pores, and short-range graphitic

domains as different active sites to accommodate alkali ions. The detailed mechanism
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of these carbon-based anodes is discussed in the following.

Graphite

Mizutani et al.*® discovered the K ion intercalation behavior in graphite and the formed
binary K-graphite intercalation compounds (GICs) in 2-methyl tetrahydrofuran and 2.5-
dimethylte tetrahydrofuran electrolyte. In 2015, Ji’s group®® displayed the structural
evolution of graphite upon cycling using ex-situ X-ray diffraction (XRD) and proposed
the charge storage mechanism in the initial cycle. During discharging, GIC with a high
stage number (KCsg stage 111) was first observed when the voltage came to around 0.25
V, followed by the KC»4 stage Il appearing at 0.15 V. Finally, the stage | pure KCg with
an orange color was discovered near 0.01 V. Upon charging, the conversion from KCsg
to KCsg is not completed until above 0.3 V without the observation of KCz4. Eventually,
the (002) peak with a tiny shoulder re-emerged in the final charging state, indicating
the reversible reaction process. Since graphite anode was found to exhibit a remarkable
capacity, PIBs have aroused worldwide attention as a promising substitute.
Nevertheless, the volume expansion caused by KCg is about 60% (compared to ~11%

in the formation of LiCs), which poses a challenge to cycling stability.

Soft Carbon (SC)
Typical soft carbon, characterized by a prevalence of hexagonal carbon rings and a

limited presence of pentagonal rings near boundaries and defect areas, exhibits a
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turbostratic arrangement of carbon layers. Thermoplastic precursors like hydrocarbon
and polyvinyl chloride (PVC) are the main precursors for soft carbons?!. Soft carbons
exhibit a higher rate performance than hard carbons and conventional graphite anodes.
This is ascribed to their partly ordered carbon structures with slightly larger interlayer
distances, which facilitate faster ion transport. Additionally, they normally have a
higher tap density than hard carbons because of a more compact structure and a lower
porosity. The cyclic stability varies in the reports, caused by different fabrication
techniques and precursors, both of which have significant effects on the microstructures
and their subsequent charge storage performances. Owing to the abundant short-range
ordered graphitic domains in soft carbons, the K ion storage behavior in soft carbon is
mainly intercalation.

Hard Carbon (HC)

Hard carbon with a low graphization degree, is commonly synthesized through
carbonizing the thermosetting polymers like lignin, cellulose, starch, sucrose, and
glucose under an ambient atmosphere. Hard carbon typically contains defects on its
edges, as well as nanopores, and short-range graphitic domains depending on
carbonization temperature'®. Meanwhile, rich nanopores are present in the hard carbon
resulting from the irregular growth of the carbon layers during synthesis. The short-

range graphitic layers usually possess a broader layer distance, which is more adaptable
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for the volume expansion during K ion insertion. The adsorption behavior of K ion on

the defects of hard carbon surfaces in the early stage of discharging with high potential

can be realized with fast kinetics. It implies a superior rate performance of hard carbon

compared to that of graphite at the expense of the working potential. In addition to

excellent rate performance with high cyclic stability, high capacity at the low-voltage

region is the pursuit for hard carbon to realize more favorable overall energy density

when coupled with cathodes. However, till now, there has been no agreement regarding

the K ion storage mechanism in hard carbon at the low-voltage region. Whether the

pore-filling or intercalation behavior of potassium ions accounts for the capacity at the

region is still under debate.

1.3.2 Conversion and Alloying Types

Conversion-type anodes usually are transition metal compounds TMaXp

(TM=transition metal, X=0, S, Se, Te, P, and F). These materials store K ion by the

phase conversion between compounds and transition metal single substances: TMaXs

+ (bn) K" + (bn) e <> a TM + b KX, where n represents the oxidation state of X anion.

These conversion reactions occur with multiple-electron transfer, indicating the high

theoretical capacity for conversion-type materials. Nonetheless, the phase conversion

commonly takes place together with the typical structural pulverization, which leads to

the loss of cohesion from the current collector and a decline in capacity.
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Group IV and V A elements, like Ge, Sn, Pb, P, Sh, and Bi are typical alloying-
type anodes for PIBs. These materials accommodate the potassium via a reversible
(de)alloying process: xA+yK*+ye «<>A,K,. The IVA elements (Ge??, Sn?®) can only
react with one K ion to form stable alloys, leaving relatively low capacities. In contrast,
the stable KsSh?* and K3Bi?® phases (Figure 1.5) endow the Sb and Bi anodes with the
theoretical capacities of 660 and 385 mAh g, respectively. P-K alloys like K3P, K4Ps,
or KP possess even higher theoretical capacities of 2597, 1154, or 865.6 mAh g but

suffer from unstable P substance that may restrict the practical application.
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Figure 1.5. The potassium storage mechanism of alloying-type materials, taking the Bi
as an example. Reproduced with permission®’. Copyright 2018. Wiley-VCH.
Compared to intercalation-type anodes, these alloying anodes suffer from more
severe volume change and even pulverization especially during multi-electron-transfer
reactions (407% for KzSb and 406% of KsBi vs. 60% for KCs). To alleviate this issue,
nano-sized engineering is employed to effectively shorten potassium-ion transfer
distance. It usually combines a conductive carbon matrix to accommodate the volume

expansion and enhance electric conductivity. Binary, ternary, and high-entropy solid
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solutions formed by alloying several metals Sn, Sb, or Bi could also achieve superior
electrochemical performance compared to the single-phase counterparts.

Apart from pure conversion and alloying materials, conversion-alloying hybrid
types also serve as the anodes. These anodes commonly consist of oxides, sulfides,
selenides, tellurides, and phosphides for IV A and VA elements including Ge, Sn, Pb,
Sb, and Bi. Their K ion storage mechanism does not only involve the cation conversion
but also the following alloying process of metal substances, which can be concluded as
TMaXp + (bn+m) K* + (bn) & <> KnTMa + b Ky X (TM= Ge, Sn, Pb, Sh, Bi. X=0, S,
Se, Te, P). In the first step, metal anions react with K ion and convert into the transition
metal single substance and K,X. Subsequently, the TM substance alloys with K ion to
form KmTMa. The KnX plays a role as a solid electrolyte to transfer the K ion and offer
a buffer space for the accommodation of volume expansion during the alloying
process?.

1.3.3 Potassium Metal

Potassium metal stood out as an anode for PIBs in 2016 owing to its unique merit of
low redox potential (-2.93 V vs. SHE), large abundance (~2.1 wt.%), and high
theoretical capacity (685 mAh g1)? compared to the above-mentioned anode materials
(as illustrated in Table 1.3). Plating and stripping behaviors of K ion on the K anode

will occur along with the extraction and insertion of K ion in cathode materials.
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However, there are still a series of challenges to be handled before application. First is
the uncontrollable formation of K dendrite, which can result from uneven charge
distribution and K ion flux caused by the “tip effect” resulting from intrinsic defects on
K metal. Consequently, cell failure caused by short circuits and thermal runaway will
happen?’. Second, the unstable SEIs will cause the progressive consumption and even
exhaustion of electrolytes?®. Accordingly, the inferior Coulombic efficiency and poor
cycling performance cannot guarantee durable K anode stability. The low melting
temperature (~64 °C) of K metal is another concern for its practical utilization due to
the uncontrollable penetration of liquid K at high temperatures. Several strategies,
including host design?® 3, artificial interface including potassiophic species®>* or
polymer coating® , electrolyte design®®-=8, and designing the cycling protocol in the
first several cycles® have been put forward to cope with these issues.

Among these modification strategies, the carbon-based host is widely utilized to
buffer the volume variation and promote both electron and ion transfer*®- 41, These hosts
possess characteristics including lightweight, high electronic conductivity,
compatibility with electrolytes, and affinity with the K metal anode. For instance,
porous N-doped carbon nanofibers®® with dispersed Zn exhibit extreme
potassiophilicity leading to the ultralow nucleation overpotential of 15 mV at 0.5 mA

cm for K metal anode. It is reported that double element doping, including N-O, B-O,
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and P-O, would form a stronger local dipole with adjacent carbon atoms, which enables
tightly absorbing behavior towards K ion driven by the robust ion-dipole force*2. Under
this guidance, P-binding porous multichannel carbon nanofibers (P-CNF, with P-O and
P-N bonds inside) are designed for potassium metal batteries and endow the
PTCDA|K@P-CNF with high capacity retention (85%) after 1000 cycles?®. However,
the relatively low average discharge potential of below 2.5 V for the PTCDA cathode
is still unsatisfactory to achieve high energy density.

Table 1.3. Comparison of three typical anode materials for PIBs.

Carbonaceous Conversion and alloying ]
. Potassium metal
Materials types
Charge E” 0 = : X .
e K K K
storage \@& o -5~ 2
. S5 +
mechanism ha K . A
Plating-stripping
Working ~0.2 (Graphite& SC)
potential 0.6 0
(V vs. K*IK) =0.5 (HC)
Capacity
<350 >400 685
(mAh g*)
o ) Huge volume Dendrite growth;
Drawbacks Limited capacity ) )
expansion >300% Unstable interphase

1.4 Electrolyte

Apart from the cathode and anode, the electrolyte is a critical part of the battery systems

as well. To shield electric channels and guarantee the ionic transport between cathodes
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and anodes, the electrolyte acts as the important transfer medium in the cell. The

intrinsic properties of electrolytes and generated interphases significantly impact the

overall performance of the batteries.

The most used electrolytes are liquid electrolytes, which can be classified into

carbonates, phosphates, and ethers according to the different functional groups, which

will be discussed in the following parts. With the growing requirement for safe and

high-powered energy-storage systems, researchers are actively investigating various

aspects of electrolytes to alleviate the challenges in PIBs. One key direction is

expanding the electrochemical windows, which can enable batteries to operate at higher

voltages without degradation or hazardous side reactions. Another important focus is

improving the thermal stability of electrolytes. As heat generation occurs inside the

battery during the operation, it can lead to thermal runaway and potential safety hazards

by releasing flammable gases if the electrolyte is not thermally stable. Furthermore,

enhancing the ionic conductivity of electrolytes is also a crucial focus for improving

the rating capability. In the following sections, the detailed classification of solvents

and salts together with tailoring electrolyte engineering will be discussed separately.

1.4.1 Solvents and Salts

Carbonates

Carbonate electrolytes containing one or multiple kinds of carbonyl-radical (O-C=0)
17



containing solvent and potassium salt are the most used electrolytes. Common organic
carbonates include cyclic carbonates (ethylene carbonate, EC, and propylene carbonate,
PC) and linear carbonates (dimethyl carbonate, DMC, ethyl methyl carbonate, EMC,
and diethyl carbonate, DEC).

Cyclic carbonates with a ring-like structure have a high dielectric constant thus
facilitating the dissociation of potassium ions for an enhanced ionic transport®.
Moreover, cyclic carbonates are known to readily decompose on the anode during the
initial charge-discharge cycle to form a SEI layer. This layer is crucial for the stability
of the battery to prevent electrolytes from further decomposition and maintain the
integrity of the anode. However, the SEI layer formed by cyclic carbonates is relatively
thick and unstable, which increases the interfacial resistance and decreases the battery's
capacity*.

On the other hand, linear carbonates have a straight-chain structure. They have
lower viscosity and higher ionic conductivity than cyclic carbonates, which guarantees
the kinetics and rate behaviors of the battery. However, linear carbonates are less likely
to form a stable SEI layer on the anode*, which can lead to continuous electrolyte
decomposition and poor cycling stability. Moreover, they possess a lower dielectric
constant than cyclic carbonate and pose a challenge to the solvation of potassium ions

and their transport. Therefore, in practice, mixed linear and cyclic carbonate-based

18



electrolytes are often used for potassium-ion batteries to achieve a balanced
performance®®. The cyclic carbonate provides a high dielectric constant for good cation
solvation and forms an initial SEI layer, while the linear carbonate ensures the kinetics
behavior.

Phosphate Solvents

Phosphate electrolytes are typically composed of organophosphate solvents (Figure
1.6), including trimethyl phosphate (TMP), triethyl phosphate (TEP), and tris(2,2,2-
trifluoroethyl) phosphate (TFEP)®" with ionic-conductive potassium salt dissolved.
These solvents have a high dielectric constant and good solvation ability for potassium

ions, which can facilitate ion transport and improve the power density.

/
Csz/O\, 8]
CyH5—O
DEEP
CH _
o/ Lo, L0
HiC™ Py CaHr™ ™ Prg
H3C-O CsH,—O
DMMP TPP
0. O-CHs o O-CHs o 0O-CoHs 0. O-CHxCF3
HC™ ) HsC™ Ps CoHs™Ps FaCH,C™ ) o
HsC-0 H,c-0 © C,Hs—0 © F3CH,C-O
TMPi TMP TEP TFEP
O-Cy4Hg
ON
C4Hg™ ) /\\O
C4Hg—0O
TBP

Figure 1.6. Typical phosphate solvents derived from TMP.

One of the key advantages of phosphate electrolytes is their thermal stability.

Unlike carbonate electrolytes, which can decompose and produce H:(RH—R-+H*),

OH:(H:+0,—O0OH-+0-) free radicals, and finally release flammable gases at high
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temperatures, phosphate electrolytes are stable and safe even under extreme conditions
benefitting from the H- catcher [P]- or [PO]- radicals ([P]-+H:—[P]H)*”>*8. This makes
them typically applicable for scalable energy storage systems, where safety is a major
concern. Nevertheless, most phosphates exhibit poor compatibility with anodes

including graphite, K metal, and alloy-like Sb.

Ether Solvents

Compared to the carbonates and phosphates, ethers with R-O-R (R represents CH;
groups) functional groups possess high compatibility with potassium metal anode and
graphite anode. They can also be divided into two types, i.e., linear ethers and cyclic
ones. Linear ethers, such as dimethoxyethane (DME) and diglyme (G2), have a straight
chain structure. Cyclic ethers, like 1, 4-dioxane (1,4-DX)*, and THF have a ring-like
structure and exhibit a weaker solvating ability than the linear structural ones with the
same O atoms number. These solvents can induce more C-O bonds corresponding to
the PEO-like [CH2CH20]» organic components in the SEI and cathode electrolyte
interphase (CEI) layers, resulting in higher flexibility. Furthermore, the layers
generated in the ethers are even and thinner than those in carbonates, decreasing the
interphase resistance. Most recently, Lu et al.*® introduced 1,4-DX as the nonfluorinated
diluent into the TMP-based electrolyte. The weak K ion-1,4-DX interaction prevents

the co-intercalation of K ions in the graphite anode and enhances the stability of PIBs.
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Nevertheless, the oxidative stability of ether electrolytes is inferior compared to that of
esters. Further research, like the molecules design via modifying the terminal functional
groups, is required to optimize these solvents and develop new ones that can enhance

the performance of PIBs, as will be discussed in section 1.4.2.

Potassium Salts

The common potassium salts are potassium hexafluorophosphate (KPF¢) and potassium
bis(fluorosulfonyl)amide (KFSI). There are also other salts like potassium
tetrafluoroborate (KBF4), and potassium perchlorate (KC1O4). The solubility of salts in
common a carbonate electrolyte were compared in the previous work!. KFSI and KPFs
salts exhibit higher solubility and enable a high ionic conductivity of 8.1 and 6.2 mS
cm’! respectively. However, KBF4 and KCIO4 are hardly dissolved in the carbonate
electrolytes (Table 1.3) and result in a low ionic conductivity, which largely restricts
their application as potassium salt in electrolytes. For instance, MnHCEF||K cell could
be reversibly cycled in the saturated KCIO4 in PC (about 0.01M) but exhibits a
significant polarization with unclear redox reaction-related plateau, which significantly
impedes interior ionic transport and affects the electrochemical performance!?. KFSI
exhibits the highest solubility in most solvents and has been widely used. Nevertheless,
the normal concentration of KFSI in either ester or ether cannot afford the high-voltage

MnHCF cathode due to the Al corrosion from soluble product Al(FSI).. Increasing the
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concentration of salt®® ! can alleviate the Al corrosion and enhance the electrolyte
stability at high voltages but with a cost penalty.
Table 1.4. Comparison between different potassium salts for electrolytes.
KFSI KTFSI KPFs KBF4 KCIO4
o K 94& F F o
by 9 O /N7§ F 1 F [ + -4
Structure P . 7<S\\O o F {EE‘F} F’B\,:F K 0—(05‘!*0 K
FF
Solubility in
PC >1 >1 1 <0.01 ~0.01
(mol L")
Cost
) 15 21 3 0.6 0.8
(US dollar gt
High ionic High ionic ) ) .
High High High
conductivity; conductivity; o o o
Advantage oxidative oxidative oxidative
Stable anode Stable anode N N N
stability stability stability
surface surface
Limited
solubility;
Poor Poor
Disadvantage Al corrosion Al corrosion Unstable
solubility solubility
anode
surface

" Data was obtained from TCI chemical company.

Generally, carbonates, phosphates, and ethers are widely utilized as the solvent in

PIBs. Carbonates possess wider electrochemical windows while inferior compatibility

against the anode. Phosphates have high stability at elevated temperatures and induce a

stable CEI, but their ionic conductivity is limited. Ethers are likely to boost the kinetics

through their weak solvating ability, however, their anodic stability is inferior.
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Therefore, tailoring solvents or salts with some effective strategies is needed to

concurrently resolve the interface issues at both the cathode and anode sides.

1.4.2 Molecules Design of Solvents
Fluorinating emerges as one of the most promising strategies for enhancing oxidative
stability. Owing to the great electron-withdrawing power of fluorine-substituted groups,
both the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) energy levels can be lowered, thereby increasing the
oxidation stability of the electrolyte. Additionally, the electron-withdrawing effect of F
would attract electrons of O atoms, thereby weakening the solvating ability. The
resulting anion-rich solvation structure gives rise to anion-derived CEI/SEI with
enhanced inorganic components including KF °2. Lu et al.*" introduced a fluorinated
phosphate FTEP-based electrolyte (LM KFSI in FTEP) to enable durable and safe PIBs
via forming anion-derived SEI on graphite anode and enhancing oxidative stability. It
endows Ko2MnO;||graphite full cell for 100 cycles with an average Coulombic
efficiency (ACE) of over 99.7%.

Considering the uncertain environmental issues arising from F atoms, other
molecule designs have been put forward, including reducing the number of O atom
ratios in ethers to enhance anodic stability®® and chlorinating the ending group®*.

Accompanied by the reducing coordinated sites (O atoms) for K, the K ion-solvent
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interaction can be weakened, indicating a lower desolvation energy barrier and a
smoother desolvation process® ®. It is promising to achieve superior rate performance
and low-temperature compatibility in PIBs coupled with weakly solvated electrolytes.
As for the chloro-substituting modification, Lu’s group® recently proposed that
chlorine can withdraw the electron density around O atoms in the solvent due to the
relatively high electronegativity and serve as another site for weak K-Cl interaction. A
halides-based SEI protects electrodes and enables the full cell with superior stability at
the high voltage.

1.4.3 (Localized) High Concentration of Salts

Electrolytes with high concentrations have emerged as an effective design in past years
benefitting from their inflammability and compatibility with high-voltage cathodes.
The high concentration of salt would surround the solvent molecules to reduce the free
solvent in the electrolyte. In these salt-concentrated electrolytes, ion pairings of FSI-
anion and K ion increase, which can extract the solvent out of the first solvation shell
of K ion and finally induce an anion-derived interphases®® . It also prevents the free
solvent from corroding the aluminum current collectors®. Nevertheless, the highly
concentrated salt will also lead to high viscosity and poor wettability, which decreases
the ionic mobility and seriously impacts the performance at a low temperature.

Moreover, considering the high cost of the highly concentrated salt, such kind of
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electrolyte is inapplicable for scalable production.

To retain the benefits of highly concentrated electrolytes while maintaining low
viscosity, diluent solvents are incorporated to create regions of localized high
concentration within the electrolyte. Several diluents including 1,1,2,2-tetrafluoroethyl-
2,2,2-trifluoroethyl ether (HFE) have been effectively introduced into ether-based and
phosphate-based electrolytes to promote the cyclic stability of PIBs. For instance, the
diluent HFE serving as an antisolvent possesses the lowest electrostatic potential (ESP)
difference between the minimum and maximum values than the common solvating
solvent®®, When corporate into the KFSI/diglyme electrolyte, the synergic
decomposition of the F-containing HFE and FSI-derived KF-rich SEI enhances the
oxidative stability and promotes the Coulombic efficiency®®.

1.5 Objective and Outline

The above discussion suggests that the development of PIBs is still at an early stage,
leaving many issues unresolved. Interfacial stability is among the most challenging
issues afflicting the stability of PIBs. Therefore, the major objective of this thesis is to
build stable interfaces at both the anode and cathode side through electrode/current
collector modification and electrolyte engineering.

Accordingly, Chapter 2 presents the detailed experimental procedures including

the preparation of materials, characterization, and theoretical simulation. In Chapter 3,
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we studied the charge storage behavior of K ion in hard carbon to understand the

capacity contribution at the low voltage region. A weakly solvating electrolyte was

developed to promote the rate performance and low-temperature compatibility of

carbon anodes by tuning the desolvation process and SEI microstructure. In Chapter 4,

considering the lightweight and the inferior capacity of carbon materials, we unveiled

the function of carbon nanofiber as the decoration of the current collector to regulate

inorganic-organic ingredients of SEI by suppressing the electrolyte decomposition.

Meanwhile, the nucleation behavior is regulated by incorporating Ni species to enable

long lifespan K metal anodes. Chapter 5 extends the interface regulation from the anode

side to the high-voltage cathode. We designed a dilute electrolyte for stable high-

voltage PIBs with K metal anodes by combining the steric hindrance with the film-

forming booster to generate stable SEI/CEI with high ionic conductivity and elasticity.

Finally, Chapter 6 summarizes the major findings and presents the plan for future work.
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Chapter 2. Experimental Section

2.1 Materials Synthesis

2.1.1 Pistachio-derived Hard Carbons

Pistachio shells (4 g), the hard carbon's biomass precursors, were the first ball milled
(HEBM, spex8000) for 10 mins to crush them into fine powder. Subsequently, it was
calcined at different temperatures ranging from 1100-1300 °C for 1 h in Ar at a ramping
rate of 5 °C min™. The obtained product was washed with diluted HCI to remove the
impurities. Specifically, the as-annealed black powder was soaked in a 30 ml 1M HCI
solution and stirred for 6 h at room temperature. After drying at 60 °C under a vacuum
oven, the final hard carbon anode materials were collected, showing an 18wt.% yield
refers to the weight of the pistachio shells. For KOH-treated samples, an extra
hydrothermal process by soaking the pistachio shells in 30 mL 1.5M KOH solution at
165 °C for 6 h, rinsing with deionized water, and drying at 80 °C overnight was applied
before the ball-milling. The other procedures are identical to the one without KOH
treatment.

2.1.2 Carbon Nanofibers (CNFs)

To prepare the lignin-based CNFs, 1 g of lignin (kraft, Alfa Aesar) and 0.5 g
polyacrylonitrile (PAN, Mw 150,000, Sigma Aldrich) were dissolved and stirred in 10

mL N-dimethylformamide at 60 °C overnight. Afterward, the lignin-PAN solution was
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electrospun into the nanofiber film under the high voltage of 18 kV with the feed rate
of 1 mL h'!, which was collected on the Al foil and peeled off after the electrospinning.
Then a stabilization process with a ramping rate of 0.5 °C min™ at 250 °C for 1 h in the
muffle oven was applied to improve the thermal stability of PAN during subsequent
carbonization. Finally, the CNFs with a yield of 42% were collected after annealing at
1350 °C for 2 h with the heating rate of 3 °C min™! in the tube furnace under Ar flow.
The preparation of PAN-based CNFs is similar to the previous one, except for the
pure PAN precursors of 12% in DMF solution and the annealing temperature of 1400 °C
for 2 h with a heating rate of 5 °C min™' under Ar flow.
2.1.3 Lignin-based Hard Carbon Powder
For the preparation of lignin-based powder (LigP), lignin powder was first pre-treated
at 200 °C for 1 h in the oven in the air atmosphere and then carbonized at 1350 °C for
2 h under argon.
2.1.4 CNFs Grown with Nickel Species (CNFNis)
Before the synthesis of CNFNis, the initially prepared CNFs were rinsed in ethanol,
and dried in a 60 °C oven (such rinse and drying process is referred to as RD for
convenience). An RD was followed by immersing the CNFs into 20 mL 0.1M
NiCl-6H>O aqueous solution for overnight pre-electrostatic adsorption. After

undergoing RD with deionized water, processed CNFs were immersed into 40 mL
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ethanol solution of NaBH4 for 10 mins to preliminarily generate nuclei, followed by
another RD. Subsequently, twice-processed CNFs were immersed in a Ni source
solution labeled as A. A was prepared by dissolving 475 mg NiCl>-6H>O and 5.08 g
potassium sodium tartrate tetrahydrate into 92 mL deionized water, then adding 0.14 g
NaOH and stirring until pH reached 13. Under the premise of the uniform dispersion of
CNFs, 1.8 mL 55% hydrazine hydrate was dropped into solution A. After refluxing
under the magnetic field at 120 °C for 2 h, the as-prepared Ni-CNFs can be collected

by RD.

2.1.5 CNF@AI and CNFNi@AI Current Collectors

CNF@AIl and CNFNi@ALl were prepared by air-assisted spraying using the 50 mL well-
dispersed aqueous solution containing 20 mg CNF (or CNFNi) and 2 mg
carboxymethylcellulose sodium (CMCNa) onto the 10 cmx10 cm-size Al foil on a
heated plate at 180 °C. Before battery assembly, the coated Al foil was punched into

®12 mm discs and vacuum dried at 80 °C for 10 h.

2.1.6 Fe-based Prussian Blue FeHCF
The synthesis of FeHCF can be referred to a previous work®. Briefly, 1 mmol
K4Fe(CN)s-3H20 (Alfa Aesar) was added to 160 mL deionized water. A 40 mL aqueous

solution containing 2 mmol FeCl; was prepared and dropped into K4Fe(CN)s-3H20
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solution under vigorous stirring for 2 h and aged for 24 h. Then the precipitate was
centrifuged with deionized water and ethanol 3 times. Finally, the blue powder was

collected after vacuum drying at 80 °C overnight and grinding.

2.1.7 Mn-based Prussian Blue Analog MnHCF

MnHCF was synthesized by co-precipitation with the iminodiacetic acid (H2IDA,
Aladdin) as a chelating agent. Typically, 1.5 mmol manganese acetate tetrahydrate
(Sigma Aldrich) was dissolved in the 25 mL of 1.5 mmol H2IDA aqueous solution. The
solution was added dropwise into 37.5 mL of 1.5 mmol potassium hexacyanoferrate
trihydrate (Sigma Aldrich) aqueous solution containing 9 mmol potassium citrate
tribasic monohydrate (Sigma Aldrich) under Ar bubbling and vigorous stirring for
around ten minutes. After stirring for 2 h and aging for another 2 h, the milk-white
powder was collected by rinsing with deionized water, centrifuging three times, and
drying at 100 °C under vacuum overnight.

2.2 Electrodes and Electrolytes Preparation

2.2.1 Electrodes

Hard carbon electrodes were fabricated by casting a slurry containing 90wt.% HC,
5wt.% carbon super P (SP) conductive additives, and 5wt.% CMCNa binder onto Cu
foil. These electrodes with an average mass loading of 1.3 mg cm2 were dried in an 80

°C vacuum oven. CNFs are directly utilized as the electrodes. To prepare the MnHCF
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electrode, the active material powder, SP, and poly(vinylidene fluoride) (PVDF) were

mixed and ground in deionized water with a weight ratio of 6:3:1. Subsequently, the

uniform slurry was cast onto the C-coated Al foil followed by the vacuum-drying at

100 °C for 10 h and punched into ®12 mm discs. Finally, these electrodes were

transferred to the Ar-filled glove box (water and Oz contents below 0.1 ppm) for

assembling coin cells (CR2032). The K metal electrode was fabricated by rolling the K

chunks (98%, Sigma Aldrich) and cutting them into ®12 mm discs.

2.2.2 Electrolytes

EC, DEC, DMC, EMC, DME, G2, tetraglyme (G4), 1,3,2-dioxathiolane 2,2-dioxide

(DTD), and KPFe were purchased from DoDo. Chem. Tetrahydrofuran (THF) and

KFSI were obtained from TCI. Di-ethylene glycol di-butyl ether (DIDBE) (99%) was

provided by Sigma Aldrich. Ethylene glycol diethyl ether (DEE) (98%) was purchased

from Macklin. The sodium hexafluorophosphate (NaPFe) was provided by Kishida

Chemical Co. Ltd Japan. Solvents were dried with molecular sieves for at least 24 h

before use. 1M KFSI/ECDEC (EC:DEC=1:1 in vol.%), 1M KFSI/ECDMC

(EC:.DMC=1:1 in vol.%), 1M KFSI/ECEMC (EC:EMC=1:1 in vol.%), 1M

NaPFe¢/ECDEC (EC:DEC=1:1 in vol.%), 0.8M KPFs/ECDMC (EC: DMC=1:1 in

vol.%), 1M KFSI/G1, 1M KFSI1/G2, 1M KFSI/G4, 1M KFSI/DEE, 1M KFSI/DiDBE,

1M KFSI/DIiDBE-D (1M KFSI/DiDBE with 6wt.% DTD additive) were prepared.
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2.3 Materials and Electrolytes Characterization

2.3.1 Structure and Composition Analysis

The crystalline structure was examined by X-ray diffraction (XRD) using Cu Ka
radiation (Rigaku Smart Lab 9kW). The degree of graphitization with the structural
evolution of hard carbons and the elemental bonding information in electrolytes were
determined by Raman (Witec Confocal Raman, with a 532 nm laser) test. The solvation
structure of electrolytes was evaluated through nuclear magnetic resonance (NMR)
spectroscopy using Bruker Avance 111 HD. For '°F spectra, 0.1M chlorobenzene (-112.7
ppm) in CDCIs was utilized as the standard solution. UV photoelectron spectroscopy
(UPS, Thermo Fisher Nexas) analysis was exploited to determine the work functions
(@=hv-Ecut off) of current collectors with a He I X-ray source (hv=21.22 eV) and a
negative voltage bias of 10 V. X-ray photoelectron spectroscopy (XPS) test was
performed by a Thermo Fisher Nexas using a vacuum transfer unit to examine the
chemical content and states. Except for the other samples, the HC-1300 samples were
etched by the Ar ion beam 160 s (with the spurring speed of 0.25 nm s™) to exclude the
interference of the SEI layer. Energy dispersive X-ray spectroscopy (EDS) and electron
energy loss spectroscopy (EELS) on JEOL JEM-2100F TEM at 200 kV were also
utilized to detect the element components. Time-of-Flight Secondary lon Mass

Spectrometry (TOF-SIMS, IONTOF TOF-SIMS M6) measurements were performed
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on a region of 300 umx300 um with a Cs-ion sputtering at 500 eV and 50 nA within
690 s and Bi** as the analyzing ion 100 umx100 pm area.
2.3.2 Pores Structural Information of Hard Carbon
The open and closed pore structural information was obtained via a series of
characterizations, including N2 and CO: adsorption/desorption through ASAP2020
apparatus, small-angle X-ray scattering (SAXS) from Xeuss 2.0 apparatus, and true
density measurement using helium as the analysis gas (AccuPyc 11 1340). The volume
of closed pores is calculated by the following formula:
Vetosed pores = 1/Ptrue — 1/2.26 (2.1)

Here 2.26 g cm™ is the true density of graphite without pores®® The volume of
closed pores is over five times that of open pores obtained in CO2 adsorption/desorption.
2.3.3 Morphology Scanning
The morphology of materials was captured through scanning electron microscope
(SEM) and transmission electron microscopy (TEM, JEOL JEM-2100F). For the
preparation of ex-situ TEM observation on discharged hard carbon, active materials
collected from the discharged electrodes were washed and dispersed in diethyl
carbonate (DEC) electrolyte in the glove box with an Ar atmosphere. Then the clear
upper dispersion was dropped onto the TEM grid, shrouded in DEC to reduce the air

exposure, and immediately transferred into a JEOL JEM-2100F TEM using a liquid-N>
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cooling cryo holder (Gatan 636) sheathed in a plastic cap-wrapped by Parafilm tape.
High-resolution TEM (HRTEM), and scanning TEM (STEM) were conducted at
200kV (JEOL JEM-2100F TEM/STEM) with an Oxford INCA EDS detector and a
Gatan Enfina electron spectrometer as a supplementary instrument. The morphologies
of SEI were captured through atomic force microscopy (AFM, Bruker, Santa Barbara,
CA) in three different regions with an area of 10 pm >10 pum.

2.3.4 Thermostability Measurements

The thermostability of electrolytes was tested through TG measurement based on
Netzsch STA 449 F3 with a ramping rate of 10 °C min™* under N flow. The stability of
the cycled MnHCF cathode (cycled at 50 mA g after three cycles) was determined by
differential scanning calorimetry (DSC, Netzsch STA449 F3) in the range of 25-250 °C
with a ramping rate of 5 °C min™ under Ar flow.

2.3.5 Mechanical Properties of Solid Electrolyte Interphase

The mechanical properties of SEI were analyzed through AFM-based nanoindentation
tests under an Ar-filled glovebox using a probe with a spring contrast of 21.2 N m™ and
a tip radius is 25.2 nm. For each sample, more than 70 unparallel testing positions were
examined to guarantee the reliability of results. There are three main factors including
Young’s modulus E, elastic strain limit &y, and the maximum energy of elastic

deformation U (UxE &v°) were compared. The detailed relationship among these
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factors is shown as following®?:

(1—v2)(1—e‘a7t)
1 1-v

E =
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where E, is the reduced modulus, which could be calculated from the fitting of the
retract section in the force-displacement curve from the first step of the AFM
nanoindentation test (the maximum loading force is set as 30 nN), with the fitting model

as the Hertz contact model®

in the NanoScope Analysis software; Vv;,, Vs and v are
the Poisson’s ratio of the AFM probe, the substrate K metal and the SEIs, as 0.22, 0.35
and set as 0.3, respectively; E;, and Eg are Young’s modulus of the AFM probe and

the substrate K metal, as 160 GPa and 3.53 GPa. a is a scaling factor about the substrate

effect, which can be calculated through the following equation:
2 3
@ =018+067(%)-05(%) +011(5) 2.3),

where a = VmRd, R is the tip radius of the AFM probe adopted, which is 33.3 nm in
Chapter 4 and 25.2 nm in Chapter 5, respectively. d is the indentation deposition
obtained from the force curves collected in the first step of tests. ¢ is the thickness of

SElIs, obtained from the force curves of the second step.

The elastic strain limit ey is calculated via the equation 2.4:

1
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where Fy is the force value when the elastic deformation meets its limitation, and

v, 2 _y,2\1
Er = (M + 1_V> 2.5),

Based on the values of E and ey, the maximum elastic deformation energy, U, could be
calculated from the equation 2.6 below:

ES
()"

4

U= deCFd(d) = %(—n)s 3

15 \5

) (Ey)s (2.6),

E
1-v2

where r is the radius of the indenter, set as 1 pm for all tested samples; E? = is

for a rigid indenter.

2.4 Electrochemical Measurements

2.4.1 Cycling with Rate Performance

The half cells contain the working electrode with active materials, K or Na metal as the
counter and reference electrode. One piece of GF/D separator is applied with the
electrolyte of 80 uL. For the cyclic tests between 0.005-2 V, to fully demonstrate the
charge storage capability of hard carbon, a constant-voltage discharge (CVDi) at 5 mV
is applied until the current is less than 2.79 mA g* (1/100 C). LSV tests were conducted
using K||Al cells with a sweep rate of 1 mV s? using a Biologic VMP-3. K||Al cell
contains 100 pL electrolytes, one piece of GF/D towards K, and one piece of Celgard
2325 towards the Al electrode. The charge cutoff voltage of the K||Al cell is 1 V (vs.

K*/K). K||K cells include two K electrodes, with one piece of Celgard 2325 facing each
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K electrode sandwiching one piece of GF/D, and 120 uL electrolyte. Before the
assembly of anode-free cells, MNnHCF cathodes were precycled for 10 cycles to
alleviate the irreversible reactions on the cathode side. The cycling and rate
performance of cells were evaluated on the basis of Neware and LAND software.
2.4.2 Kinetics Behavior Probing

Galvanostatic Intermittent Titration Technique (GITT) tests were performed on the
Neware tester to compare the kinetics. Electrochemical Impedance Spectroscopy (EIS)
was collected through an electrochemical workstation (CHI760E) in the frequency
range from 10° to 102 Hz with a potential amplitude of SmV. The values of ionic
conductivity of electrolytes were determined through EIS measurements, which were
conducted through two stainless steels sandwiching a GF/D filled with each electrolyte
at room temperature. The ionic conductivity is calculated based on the equation:
o=L/(RS), where L is the thickness of the separator, S is the area of GF/D, and the bulk
resistance R is the intercept of the x-axis. The exchange current density lo of the
symmetric cell was obtained through Tafel curves on Biologic VMP-3. It was

calculated by the intercept value of the y-axis based on the following simplified

. 2.303RT 2.303RT . .
equation®: n = —( = )loglo + ( = )logl , where 7 is the overpotential, «
is the electron transfer coefticient, ' is the Faraday constant, R represents the ideal gas

constant, and 7 is Kelvin temperature.
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2.5 Computational Calculation

Classical molecular dynamics (MD) simulations were conducted utilizing the
LAMMPS code® employing the generalized Amber force field (GAFF)®. Force field
parameters for FSI- were obtained from the literature®’. For the LAMMPS simulations,
Packmol® and Moltemplate®® codes were employed to obtain the initial geometric
structures and parameters. During the MD calculations, the energy minimization was
performed with an energy tolerance of 10, and the time step of 1 fs was utilized.
Subsequently, the equilibration of each system was carried out for 7 ns in the NPT
ensemble, employing the Nosé&-Hoover thermostat and barostat, with the pressure and
temperature of 1 atm and 300 K, respectively’® "t Subsequently, another 5 ns
simulations were carried out in the NVT ensemble (Berendsen thermostat, 300 K)"?
were performed, and the final 4 ns trajectory was then utilized to gather the necessary
data for analysis. Furthermore, the geometric structures were visualized using VESTA,
Materials Studio, and VMD"® ™. The solvation energies of each electrolyte were
calculated by DFT in the ORCA package based on the above-acquired most possible
solvation structure”. Calculations under the B3LYP-D3BJ/6-311G*%8 and B2PLYP-
D3BJ/def2-TZVP levels™® " ™ were used to perform the structural relaxation and
single-point energy calculations, respectively. The implicit solvent model CPCM was

considered during the calculations®.
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Chapter 3. Discovering the K-ion Pore-filling Behavior and
Regulating the Interfacial Chemistry for Fast-kinetics Hard
Carbon Anode

This chapter first probes the K storage behavior in hard carbon anodes in different
voltage regions. The K ion pore-filling behavior at low potentials is found, besides the
reported adsorption and intercalation mechanisms at relatively high ones. Changing
cycling protocol and electrolyte regulation are proven useful to promote such behavior.
Secondly, noting the inferior rate performance of hard carbon materials, we further
explore the influence of interfacial chemistry using free-standing CNF as the electrode.
A THF-based electrolyte has been constructed to boost the kinetics in hard carbons.
3.1 Introduction

The surface adsorption sites in hard carbon normally uptake K ions at a relatively high
potential®, discouraging the construction of high-voltage PIBs when coupling with
cathodes. This is reflected in low-cost biomass-derived hard carbon materials® &
whose large proportion of the capacity is gained generally at over 1 V. An in-depth
understanding of the K ion uptake mechanism in the low-potential region and
approaches to enhance the low-voltage capacity are therefore the keys to achieving
high-performance hard carbon anodes for PIBs.

The situation significantly differs from the Na ion storage in hard carbon, which
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shows an essential fraction of capacity associated with the pore-filling behavior of Na
ions at a low voltage plateau of ~0.1 V vs. Na*/Na® so is the attractive anode for SIBs.
Most recently, Yang’s group® reported the possible K ion pore-filling by comparing
the Na and K ion storage using electron paramagnetic resonance (EPR). There is still a
lack of any direct evidence, despite an open call for deep investigation® &, to confirm
whether a pore-filling mechanism occurs in PIBs, bringing difficulty to rational
microstructure design.

Additionally, apart from the blurring storage mechanism, the unsatisfactory rate
capability impedes the development of hard carbon anodes. In particular, a large
discrepancy in the K ion transfer kinetics has been found. The distinct electrode
preparation protocol including the binder type and amount of conductive additives is
partly responsible. Except for it, the electrode/electrolyte interfaces also play critical
roles®’. Furthermore, the extension of DME to hard carbon anode has not been very
successful until now. One possible reason is the solvent co-intercalation, which
decreases the capacity of hard carbon and may bring structural deterioration.

Herein, we synthesize porous and partially ordered HC from pistachio shucks
biomass waste. It exhibits a charging capacity (K ion extraction) of around 220 mAh g
L under 1.0 V, outperforming most reported biomass waste-derived carbons. In addition

to the K ion adsorption in the sloping region of the voltage profiles, an “intercalation-

40



pore filling” hybrid behavior of K ions in hard carbon is detected in the low-potential
region. The universality of such behavior is confirmed in lignin-derived HC. We then
shift from the linear ether to a cyclic counterpart, i.e., THF, to prevent solvent co-
intercalation and boost the kinetics of hard carbon through interfacial chemistry
regulation. To exclude the interference of the binder, we prepare a CNF film by
electrospinning to serve as freestanding electrodes. Thanks to the rapid desolvation
process and the stable SEI formation in THF-based electrolytes, the CNFs possess fast
kinetics to retain great performance at high current rates and low temperatures.

3.2 Probing Potassium Storage Behavior

3.2.1 Synthesis and Physical Properties of Hard Carbon

As Figure 3.1a illustrates, the rinsed pistachio shucks were first ball-milled to fine
powder and then sintered into uniform and dark ones. HCI treatment was applied after
the calcination to remove impurities, as proved by X-ray diffraction (XRD) in Figure
3.1b. X-ray photoelectron spectroscopy (XPS) pattern (Figure 3.1¢) further confirms
the absence of impurity atoms other than oxygen, which is widely probed as surface

functional groups and may contribute to K ion storage.

Raman results (Figure 3.2a) show a high intensity of D band at around 1341 cm”
! pecause of the poor crystallinity and partially ordered domain under moderate

carbonization temperatures of 1100-1400 °C, which agrees with the XRD broad peaks
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at ~22<°and 43<(Figure 3.2b) representing (002) and (100) diffraction. The sample

treated at 1300 °C (denoted as HC-1300) delivers the highest capacity of 273 mAh g

with retention of 96.7% (Figure 3.2c-d). Moreover, HC-1300 presents a superior rate

performance compared to HC-1100 and HC-1400 (Figure 3.2e-f) and is selected for

probing the charge storage mechanism. The defect from functional groups in HC-1100

and more graphitic layer in HC-1400 should be the reason for inferior peroformance.
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profiles, (d) cycling performance, and (e) rate performance of HC-1100, HC-1300, and
HC-1400 with corresponding (f) 26th voltage profile of HC-1400 in e.

The structural feature of HC-1300 is captured by cryo-electron transmission
microscopy (cryo-TEM), which confirms the partially ordered structure exhibiting
small graphitic domains and isolated graphene layers (Figure 3.3a). The small-angle
X-ray scattering (SAXS) technique sensitive to both closed and open pores is employed
for exploring the overall pore information. The data is fitted through the correlation
between the characteristic length and the scattering power variation (Figure 3.3b-c)%.
The fitted results confirm the presence of micro- and mesopores in the sample (Figure

3.3d-e), leading to a large surface area Ssaxs of 229.0 m? g,
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Figure 3.3. (a) HRTEM with marked defects (the left square), graphitic domain
(rectangle in the middle). (b) SAXS patterns presenting pores and graphitic layers. (c)

Fitted SAXS profiles of HC-1300. Volume distribution of (d) micropores and (e)
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mesopores calculated through fitted SXAS results.

The pore distribution is further investigated by the N2 adsorption/desorption
(Figure 3.4a). It shows a Brunauer-Emmett-Teller (BET) surface area of 1.7 m? g and
a pore volume of 0.004 cm? g*. The pore size concentrates at 1.4 nm (micropores), 9.3
nm (mesopores), and over 50 nm (macropores), with an average pore size of 9.4 nm.
Since N2 adsorption has limitations in detecting the ultra-micropores, CO> adsorption
is adopted as the supplementary. The CO> adsorption test result gives a much higher
surface area of 70.9 m? g and a pore volume of 0.008 cm? g (Figure 3.4b). It implies
that apart from larger pores, a large content of micropores exists inside HC-1300, whose

size is centered at 0.52-0.77 nm.
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Figure 3.4. BET isotherms with porosity distribution derived from (a) N> and (b) CO>
adsorption/desorption.

Note that the surface area obtained in N2 and CO2 adsorption/desorption is much
smaller than that derived from SAXS. The reason lies in that the former two techniques

mainly provide information on open pores®. The results indicate that substantial
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amounts of closed pores are presented in HC-1300. By subtracting Sger from Ssaxs, the
surface area contributed by the closed pore is as high as 158.1 m? gX. Furthermore, we
examine the volume of closed pores through the true density measurement by the
helium pycnometer since the He atom can reach nearly all pores in the samples. The
true density of the sample pue is 2.06 g cm™. And the volume of closed pores is
calculated to be 0.043 cm® gL,

The rich porosity (as summarized in Table 3.1) provides a platform for exploring
whether potassium nanocluster could be stored through the pore-filling mechanism.

Table 3.1. Pore size information of HC-1300.

True
SeeT Ssaxs S closed pores VBT V closed pores densit
Methods y
m2 ot m2 ot m2 gL om? o cm? gt
(m“g?)  (m°g™) (m“g™) (cm*g™®)  (cm*g) @ om?
N ~ } B -
adsorption/desorption 17 0.004
CO; - } B -
adsorption/desorption 70.9 0.008
True density test - - — _ 0.043 206
SAXS - 229 158.1 _ _ -

3.2.2 Electrochemical Performance and Kinetics

We first compare the K ion storage with the Na counterpart, as the latter could be readily
stored through pore-filling®. The electrochemical performances are examined in classic
carbonate electrolytes, and a constant-voltage discharge (CVDi) is applied after
discharging to 5 mV to fully exhibit the capacity. The discharge curves of K (Figure

3.5a) and Na (Figure 3.5b) ion storage have a similar shape, both consisting of a
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sloping region between 0.1-0.5 V followed by a plateau at a super low potential of
below 0.1 V, as shown in the in dQ/dV profiles (insets in Figure 3.5a-b). It delivers a
reversible capacity of 306 mAh g for Na ion storage with over 65% of it located in the
plateau region. In comparison, the K counterpart shows a short low-voltage plateau,

resulting in a lower reversible capacity of 273 mAh g™,
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Figure 3.5. Initial two charging-discharging profiles with insets of dQ/dV profiles for

(a) HC-1300/K cell and (b) HC-1300/Na cell. (c¢) Diffusion coefficient calculated from

GITT results of HC-1300/K cell and HC-1300/Na cell. (d) EIS plots of HC-1300

obtained from three-electrode cells at different discharging states. The inset illustrates

the three-electrode Swagelok cell. Cycling performances of (¢) HC-1300/K cell and ()

HC-1300/Na cell.

Apart from the inferior capacity for K ions, a considerable proportion of capacity

is gained during the CVDi process because of the poor kinetics. This is also reflected
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by a large voltage hysteresis between the charge/discharge voltage profiles of K-ion
cells. Therefore, we measure the apparent diffusion coefficient (D) by a Galvanostatic
Intermittent Titration Technique (GITT) technique (Figure 3.5¢). Both Na and K ion
diffusivities show a similar trend but at a different pace. In specific, upon discharging,
both the Na* and K ion diffusivity decreases owing to the formation of SEI'®**. Due to
the distinct electrolyte decomposition pathway in the two systems, the Na* diffusion
pace goes through a progressive reduction above 0.8 V in contrast to 0.4 V for the K
ion. Afterward, both diffusivity increases at the medium voltage region (0.8-0.1 for Na
ion, and 0.45-0.1 V for K ion) because of the fast kinetics associated with Na ion or K
ion adsorption®!. The insertion-pore filling hybrid mechanism at the low voltage regime
leads to a first decrease and then an increase in the diffusivity of both Na ion and K ion.
Overall, the D value for K 1on is in general one order of magnitude lower than that for
Na, explaining the large voltage hysteresis. We therefore use electrochemical
impedance spectroscopy (EIS) to compare the kinetics at the sloping and plateau
regions. A three-electrode Swagelok cell, consisting of an HC-1300 working electrode,
a K metal counter electrode, and a K metal reference electrode, is adopted to avoid the
interference of the K metal counter electrode (illustrated in the inset of Figure 3.5d).
The charge-transfer resistance (Rc¢) of the sample ramps obviously from 6902 Ohm in

the sloping region to over 10000 Ohm once discharging to 5 mV. Considering such
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sluggish kinetics in the low-voltage region, the CVDi process is required to fully access

the K ion storage capability of HC-1300.

Table 3.2. Comparison of the electrochemical performance of biomass-derived HC

precursors.
Ref Biomass SSA! Shape of Potential Initial  Capacity Initial
ef.
precursors  (m?g  profile window (V) potential capacity below 1V  Coulombic
Seafood waste 250 at 25
92 Slope 0-3.0 65
(chitin) mA g*
Bacterial 240 at 50
82 778.75 Slope 0.01-2.8 70
cellulose mA g*
Bamboo 339.3at 50
% 336.4 Slope 0.01-3.0 85 55.72
charcoal mA g*
150 at 100
. Loofah 270  Slope 0.01-3.0 95 43
mA g?
. 352 at 50
% Cyanobacteria 437.3 Slope 0.01-3.0 120 39.1
mA g*
Slope + 358.8 at 50
% Maple leaves 62.6 0.01-3.0 150 39
Plateau mA g
. 409.5 at
% Skimmed cotton 612  Slope  0.01-2.0 150 315
100 mA gt
Slope + 233.2at 20
8 Oak 156 0.01-2.3 175 56.9
Plateau mA g*
Artemisia 116 at 70
o7 1196 Slope 0.01-3.0 100 24.7
Hedinii mA g*
Slope + 463 at 100
% Sugarcane  425.1 0.01-25 ~200 64
Plateau mA g?
This work Slope + 287 at 25
1.7 0.005-2.0 ~ ~220 67.1
Pistachio shuck Plateau mA g?

Despite the lower capacity and poor kinetics, the K ion storage possesses similar

stability as the Na ion (Figure 3.5e-f), suggesting that the large K ion insertion does

! Collected through N, adsorption/desorption isotherm.
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not bring about significant structural damage to hard carbon upon cycling. The
relatively low efficiencies may lie in the instability of electrolytes® 1% which require
further optimization. It is worth mentioning that the K ion storage delivers a high charge
capacity of 220 mAh gt below 1.0 V with a relatively high initial Coulombic efficiency
of 67.1%, which is one of the best among biomass-derived hard carbon anodes (Table
3.2).

3.2.3 K-ion Storage Behaviors

The alike electrochemical behavior between Na and K poses a question of whether they
share analogous charge storage mechanisms. Thanks to the intensive studies on Na-ion
batteries'®*1%4 the mechanisms associated with different voltage regimes in the voltage
profiles have been clearly demonstrated. Depending on the microstructure of hard
carbon, the sloping region may relate to Na ion storage through either adsorption on the
isolated graphene layers or insertion between partially ordered graphitic domains©: 195,
The low voltage plateau capacity is widely accepted as the contribution of Na ions
filling in the nanopores, i.e., the formation of quasi-Na metal clusters'®. Such a pore-
filling behavior is one of the most stunning features of hard carbon, as it can not only
uptake Na ion at a low voltage'®’ but induce an exceptional capacity of up to 410 mAh
gL. It would be promising if the same mechanism could be applied to K ion storage,

which will offer a potential approach to boost the capacity.
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Raman tests were conducted on the samples at different states of
potassiation/depotassiation (Figure 3.6a-b). Both the intensity D (Ip) and G (lg) band
of carbon decrease once discharged to 0.5 V because of the electrolyte decomposition
to form SEI. Nevertheless, we detect neither apparent variation of the Ip/lg nor shifting
of D and G bands position until discharging to 0.25 V. It indicates that K ions storage
within this region arises mainly from the surface adsorption on the isolated graphene
sheets or defects, consistent with previous reportsi® 1% Subsequently, an obvious
splitting peak at 1613 cm™ of G band emerges when discharged to 5 mV as an indicator
of the stiffening of G-mode, which is caused by the disruption of Born-Oppenheimer
expansion in the graphene layer and implies the formation of graphite intercalation
compounds (GICs) with high stage number (stage 1l GIC KCas)™® 11 As the
discharging proceeds to the CVDi stage, a significant downshift of the G band is
discerned and the G band displays an asymmetrical Fanoy resonance shape. Such a
phenomenon is typically observed in graphitic carbon anodes, like highly graphitized
soft carbon, because of the existence of deeply intercalated GICs like stage | KCg!'? 113,
The intercalation of K ions and the electrons conveyed to graphitic layers cause the
redshift for the G band, which can be ascribed to occupied z~ antibonding bands and
weakened C-C bonds and the resonant phono scattering process 114 115,

To testify whether intercalation could take place in the partially ordered carbon
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prepared here, we first conducted the ex-situ XRD test for the fully discharged sample,
the peaks at 30.3”and 33.4 likely ascribed to K-GICs (KCz4 and KCs)''® are detected
(Figure 3.7), confirming the intercalation during CVDi process. Then we deliberately
plate K metal on the HC-1300 electrode by discharging to blow 0 V. A spike is observed
in the voltage profile (Figure 3.7a) before the K plating to overcome the nucleation
energy, which is widely observed in the metal electrode. The absence of such a spike
in the cell with the CVDi process also excludes the possibility of K metal plating in the
CVDi process. The surface of the electrode after plating K is covered by K metal plots
with a metallic shine. On the contrary, the electrode after CVDi remains black. XRD
confirms the plated K metal (Figure 3.7b) after discharging an additional merely 30
mAh gt capacity (based on the weight of HC-1300) below 0 V. The K ion intercalation
shows poor kinetics, the reason why a clear shift of the G band only appears in the

CVDi instead of the constant current discharge stage.
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Figure 3.6. (a) Ex situ Raman curves of HC-1300/K collected at different charge-
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discharge states with (b) the corresponding charging-discharging profile.
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Figure 3.7. (a) Initial discharging profiles of HC-1300 in CC-CVDi mode followed by
2 h plating at 25 mA g'. (b) Ex situ XRD patterns for the sample after CVDi and the
plated K sample.

When it comes to charging, the G band in Raman spectra witnesses a preliminary
sudden blue shift at 0.25 V with improved intensity, attributed mainly to the extraction
of potassium ions from the graphitic layers. The D and G band positions and their
intensity ratio almost recover to the initial stage after charging to 2 V, evidencing the
remarkable reversibility. Note that the presence of intercalation cannot exclude pore-
filling in the low-voltage region. For instance, the weakening and broadening of the D
band in the Raman spectrum after holding at 5 mV could also be associated with the
filling of K ions into the nanopores because of the reduced sp? ring vibration®% 117,

XPS was further utilized to detect K states upon charging/discharging. The plated
K metal, as discussed before in Figure 3.7, is adopted as a reference to compare with

the K ions storage in HC-1300. To avoid the interference of the SEI layer, the samples
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are etched by Ar-beam with a depth of around 40 nm. There is not any clear change of
the K 2p peak until discharging to 5 mV. In contrast, we observe the shift of the K 2p
peak towards metallic K (Figure 3.8a) of the electrode after CVDi, which cannot be
detected without Ar etching (Figure 3.8b). The K 2p position is recovered when
charging to 0.25 V. This observation indicates the presence of another K form, other
than the adsorbed/intercalated K ions and plated K metal, which is most likely to be
quasi-metallic K nanoclusters filled in the nanopores according to the similar

phenomenon in Na case!!® 19,
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Figure 3.8. (a) Ex situ K 2p-C 1s spectra of samples at different charge-discharge states
after Ar-beam etching (40 nm depth with rate of 0.25 nm s™!) with plated K as the
reference. (b) Ex situ K 2p peaks of samples at different states. Here DC and C represent
the discharge and charge, respectively. All the spectra are normalized through C-C peak

at 284.8 eV.
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Figure 3.9. (a) Annular dark-field STEM image and the simultaneous EDS elemental

maps for C, K, and O of CVDi-5 mV sample. Ex situ HR-TEM images of discharged

HC-1300 at 5 mV (b) DC 5 mV sample, with the corresponding FFT pattern (inset),

and (c-e) CVDi 5 mV (K deeper insertion) sample, with the corresponding SAED

pattern presented in the inset. (f-g) Intensity plots derived from SAED image. All the

TEM observation was taken at a cryogenic temperature of ~98 K to preserve the pristine

state of the samples.

We adopted cryo-scanning transmission electron microscopy (cryo-STEM) to

probe the detailed charge storage mechanism. The elemental mapping (Figure 3.9a)

from energy-dispersive X-ray spectroscopy (EDS) shows the uniform distribution of K

elements in samples. Compared to the pristine state in Figure 3.3a, the d-spacing of
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{200} plane in the graphitic domain is slightly broadened after discharging to 5 mV,
showing a value of 0.39 nm. (Figure 3.9b). This suggests the K-ion intercalation starts
before 5 mV, which is confirmed in the corresponding fast Fourier transformation (FFT)
pattern: apart from the {200} plane, the {112} plane of KCeo (stage V GIC)'? is
observed. The CVDi at 5 mV allows the complete insertion of K ions under slow
kinetics, leading to the deep intercalation of K ions into the graphitic domain. The
{2117} plane of stage 11 GIC KC24'% (inset selected area electron diffraction (SAED)
pattern in Figure 3.9c) and {0010} plane of stage | GIC KCg (Figure 3.9f-g) are
detected after full discharge. It agrees well with the Raman spectra that show a clear G
band shift at CVDi, which promotes the sufficient insertion of K ions with sluggish
kinetics.

The upshift of the C n* peak and the drop of n* intensity after CVDi in electron
energy loss spectroscopy (EELS) (Figure 3.10a-b) further supports the K ion
intercalation. The C nn* peak corresponds to the excitations of electrons from 1s to the
unoccupied anti-bonding m* of carbon atoms'?!, Its intensity drop indicates the more
occupied anti-bonding 7* by electrons from alkali ions'?? 123, Although detecting the K
metal with EELS is challenging because of the lack of reliable potassium reference
samples, clear K lattice with diffraction dots has been spotted in high-resolution TEM

(HRTEM), which is most likely to be K nanoclusters filled in the nanopores and is
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termed as quasi-metallic K following the convention in Na case. Similar quasi-metallic
Na nanoclusters in hard carbon were captured by Kang’s group before!?*. The lattice
spacing of 0.26 nm is well aligned with the {200} plane of the cubic K metal
(Im3m (229) group) (Figure 3.9¢c-e). Furthermore, diffraction patterns corresponding
to the {110}, {200}, and {211} planes of K metal are captured in the SAEDs (The insets
in Figure 3.9c and Figure 3.9¢). To the best of our knowledge, this is the first direct

observation of quasi-metallic potassium storage in carbon-based electrodes.
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Figure 3.10. EELS of (a) the DC 5 mV sample and (b) the CVDi 5 mV sample.
Additionally, the signal of quasi-metallic K after CVDi (Figure 3.11a) is also
detected through EPR, a powerful technique to capture the unpaired or delocalized
electrons for alkali metal and transition metal elements!?. The pristine sample exhibits
no pronounced signal but a tiny defect one originating from functional groups'?. As
discharge proceeds, the broad peak (ABpp~ 5.1 mT) in Lorentz line shape (The absolute
ratio of the maximum to the minimum of the intensity (A/B) is about unity) emerges,
which represents more delocalized =-electrons of graphitic crystallites after K

intercalation®*. This broad peak becomes more pronounced after the CVDi process as
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shown in the inset of Figure 3.11a, which indicates the existence of GICs of low stage
number in the CVDi stage due to the stronger interaction between the c-spin of K ion
with m-electrons in the graphitic molecule!?’, consistent with the above-mentioned
Raman and XRD results. Notably, a new sharp narrow peak (ABpp= 0.8 mT) centered
at a g-value of 2.00193 appears after discharge to 5 mV. It becomes strongly intense
after CVDi due to the presence of delocalized electrons around the inserted K ions as a
result of partial electron transfer from the hard carbon to the inserted K ions (from K*
to K™% 0<x<1, the form of quasi metallic K) in deep discharge!'® 28, Moreover, the
symmetrical Lorentz shape (A=B) is obviously distinguished from the Dysonian
asymmetrical shape (A>B) of the large bulk metal'?®, which suggests the quasi-metallic
K clusters are nanoscale not plated bulk ones'*®. Based on the above discussion, apart
from the adsorption in the sloping region, it can be interpreted that “intercalation-pore
filling” hybrid behavior occurs in the low-voltage region, and the former starts first

(Figure 3.11Db).
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Figure 3.11. (a) EPR spectra of samples at different stages of cycling. (b) Schematic
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illustration of proposed K ion storage behavior along with discharging.

3.2.4 Discussion

Having confirmed the presence of K ion pore filling in HC-1300, we next discuss
whether such phenomenon exists in other hard carbon anodes and the approaches to
promote the pore filling for gaining a high capacity at the low-voltage region.

1). Universality of K ion pore filling. To examine whether K ion filling in the
nanopores occurs in other types of hard carbon, we prepared the lignin-derived one
(Lig-HC) following the previous work3!, Similar to the results on HC-1300 derived
from pistachio, an over 50 mAh g capacity is delivered in the low-voltage plateau of
Lig-HC (Figure 3.12a). A K 2p peak shift is found in XPS after the CVDi process,
indicating the presence of K pore-filling behavior in hard carbon derived from different
precursors.
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Figure 3.12. (a) The validity of pore-filling. (b) Strategies to avoid CVDi. (c) Effects

of open and closed pores.

58



i1). Promoting the pore-filling behavior. The long duration of CVDi might restrict
its practical utilization. We investigate whether CVDi is essential for such K storage
behavior from two aspects. First, we directly discharge the HC-1300 at an extremely
low current of 2.79 mA g (~1/100 C) to 0 V (Figure 3.13a). An obvious shift of the
K 2p peak suggests that the pore filling of K ions could take place without CVDi
(Figure 3.12b). Furthermore, the charge transfer kinetics is affected by the SEI, which
is closely related to the electrolyte formulation®. Our preliminary investigations show
that 0.8 M KPFs in EC/DMC helps the construction of robust SEI favoring the K ions
transfer. It allows the K ion pore filling at a relatively large constant current density of
25 mA g (voltage profiles are presented in Figure 3.13b). Therefore, the pore filling
of K ions could be realized without resorting to the CVDi through further electrolyte

engineering to circumvent the slow kinetics.
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Figure 3.13. (a) The voltage profiles of HC-1300 cycled (a) at 2.79 mA g! in IM KFSI

EC/DEC electrolyte and (b) at 25 mA g in 0.8 M KPFs EC/DMC electrolyte.
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iii). Effects of open and closed pores. After clarifying the validity of the pore-
filling mechanism, a question remains whether we could improve the K ion storage
capacity by increasing the porosity. We apply the classic chemical activation by KOH
to create additional pores as potential active sites, and the sample is denoted as HC-
KOH with an over ten times improved BET surface area of 22.3 m? g. The HC-KOH
sample shows a much-reduced voltage hysteresis in the charge/discharge curves
(Figure 3.14). This does not come as a surprise as the high porosity could shorten the
solid diffusion path to ameliorate the kinetics, leading to small polarization and high
rate capability*?. Nevertheless, the chemical activation fails to promote the K ion pore-
filling, as evidenced by the short low-voltage plateau. We speculate that only closed

pores could be utilized for hosting the K ions as the studies on Na ion pore-filling have

already demonstrated the overwhelming role of closed pores in determining the low-

60



voltage plateau capacity®! 8. Additionally, we calculated the closed pore volume of the
HC-KOH from the helium pycnometer-based true density test. It shows an increased
true density of 2.16 g cm, indicating a decreased closed pore volume of 0.02 cm® gL,
It is over 50% reduced compared to the value (0.043 cm?® g*) for HC-1300. Such a
dramatic decrease in closed pore volume might limit the pore-filling behavior (Figure
3.12c¢), thus calling for the preparation of hard carbon with rich closed pores to boost
the capacity in future studies.

3.3 Interfacial Chemistry Regulation

3.3.1 Solvation Structures of Different Electrolytes

To search for potential electrolyte formulations in regulating the interfacial chemistry
of hard carbons and promoting the rate performance, we first compare the physical-
chemical properties, including the dielectric constant (¢), donor number (DN), dipole
moment (x), and viscosity of different solvents (Table 3.3). These parameters could
reflect the solvating capability of the solvents to some extent, thus greatly affecting the
desolvation and the charge transfer kinetics across the SEIs 3% 134, The polar solvent
EC, a main member of the carbonate family, exhibits an extremely high ¢ of 89.8
strongly coordinating with the K ion. Linear carbonate like DMC usually serves as a
supplement for carbonate electrolytes to lower the viscosity of EC. A common

electrolyte containing 1M KFSI in EC/DMC (1:1 vol.%) is used in this work as the
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control electrolyte. Ethers usually exhibit lower solvating/desolvating energy than
esters and support excellent cycling performance. We first focus on the most popular
DME solvent, which has a linear structure, and then compare it with the less explored
cyclic THF ether. These two ethers have similar ¢ and DN, but THF possesses a much
higher /e than DME (0.26 vs. 0.17), which endows THF with weak cation-solvent
interaction according to the following relationship'®>: U;pp_somwent % [— % (g)] In this
relationship, # is the charge of cation and r represents the distance between the ion and
solvent molecule center. In addition, previous studies reveal that the oxygen atom is the
most preferred site to coordinate with the cation (K ion) during solvation®*. THF only
offers one O atom, compared to two in DME, for serving as the potential coordination
sites based on the structural skeleton in Table 3.3°¢. The above theoretical analysis
indicates the THF may exhibit weak cation-solvent intercalation in the electrolytes.

Table 3.3. Physical and chemical properties of different solvents.

Dielectric Dipole
Solvent Structure constant Donor number moment ule Viscosity
formula (cP)
© (1)
THE LT 758 20 1.97 0.26 055
bl (20 °C)
DME \,W 7.2 20 1.22 0.17 1.1 (20 °C)
-4
EC e % 89.8 16.4 4.49 0.05 21
(25 °C)
DMC gty y- 26 16 03 0138 078
©d (30 °C)

The solvation structure of electrolytes directly affects the interfacial chemistry and
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electrochemical performance. Raman spectra (Figure 3.15a-b) are adopted to
investigate the solvation structure in different electrolytes, including 1M KFSI in THF,
IM KFSI in DME, and 1M KFSI in EC/DMC. Specifically, the Raman peak at 700-
780 cm™! of different electrolytes results from FSI" anions. For the EC/DMC system,
after the addition of KFSI salt, the vibration band of free solvent at 899 cm™! undergoes
a right shift, indicating the strong interaction of EC/DMC with K ions. The band
centered at 722.1 cm™! becomes wider, signifying the abundant free FSI" (723 cm™)
without the appearance of CIP (732.8 cm™!) and AGG (742.5 cm™). It further proves the
strong solvation power of EC/DMC, as suggested in previous studies'*°. Additionally,
arelatively strong solvation of solvent with K ion can also be found in the DME system:
a new vibration band arises at 860 cm™!, which corresponds to the coordinated K ion -
DME'33. However, the FSI" signal is more complex than that of the EC/DMC system,
which will be discussed later. In contrast, for the THF system, the vibration bands at
916 ¢cm! of pure THF and KFSI-contained THF-based electrolytes are almost
coincident, which suggests the weak interaction between K ion and THF solvent.

To further clarify the complex FSI™ signals in the DME system and THF system,
the enlarged peaks of the S-N-S signal of the FSI” anion have been fitted (Figure 3.15b).
In the DME solvation structure, free FSI" accounts for 47.7% with the low content of

CIP (21.2%) and AGG (31.1%) contribution. On the contrary, the solvation structure in
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the THF electrolyte is dominated by CIP (52.8%) and AGG (33.8%), with only 13.4%
of free FSI". As depicted in the right part of Figure 3.15¢, the CIP and AGG dominant
solvation structure in the THF system implies the stronger coordination power of K ion
and anion FSI, and the lower solvation power of THF solvent. The lower

solvation/desolvation power of THF is likely to induce the anion-derived SEI and boost

the kinetics'’.
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Figure 3.15. (a) Raman spectra of electrolytes, pure solvents, and KFSI salt. (b)
Enlarged FSI" peaks of 1M KFSI in THF and 1M KFSI in DME. (c¢) Schematic
illustration of the solvating structure of 1M KFSI in DME and 1M KFSI in THF.
3.3.2 Different Kinetics Behaviors

To reveal the influence of solvation structure on interfacial chemistry and
electrochemical performance of anodes, the freestanding CNF electrodes are adopted

as the model system. A naturally abundant lignin polymer was used as the precursor to
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produce CNFs. Because of the poor spinnability of pure lignin, a blended lignin/PAN
was electrospun and thermal annealed to produce CNF film, as illustrated in Figure
3.16a. The morphology of CNF is captured through SEM (Figure 3.16b) and TEM
(Figure 3.16¢), showing a bead-free structure with a diameter ranging from 221 to 566
nm. There is an absence of clear graphitic structure in the CNFs due to the low
carbonization temperature. This is confirmed by the XRD result (Figure 3.16d), which
exhibits a board (002) peak indicating poor crystallinity with a large d-spacing of 3.85
A (vs. 3.38 A for graphite). The CNFs show a surface area of 122.1 m? g'! and a pore
volume of 0.03 m® g'!'. A high carbon content of 96.8% is observed in the CNFs, as
indicated by the XPS in Figure 3.17a. The high-purity carbon largely precludes the K
ion storage through functional groups, which usually takes place at a high potential of
over 1 V (vs. K'/K). The prominent D-band in the Raman spectrum (Figure 3.17b) also
suggests that a temperature of 1350 °C is insufficient to promote graphitization.
Nevertheless, a sharp (101) diffraction peak is observed, indicating the presence of tiny
graphitic domains.

The electrochemical performance of CNFs in different electrolytes is compared.
Surprisingly, it delivers a super-low reversible capacity of 67 mAh g! in 1M KFSI in
DME electrolyte (Figure 3.18a). A detailed examination of the voltage profiles by the

dQ (capacity)/dV(voltage) curve suggests the presence of solvent co-intercalation
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during K ion insertion, as evidenced by the characteristic peak at ~ 1.16 V33, It suggests
that the co-intercalation could occur in not only the perfectly ordered graphite anode
but also in the hard carbon with tiny graphitic domains. Although it likely does not
affect the stability of graphite, the solvent co-intercalation significantly decreases the
cyclic life of the CNFs anode. Thanks to the weak K-solvent interaction in the THF
electrolyte, there is not any trace of co-intercalation from the voltage profiles (Figure

3.18b).
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Figure 3.16. (a) Fabrication scheme of CNFs for PIBs. (b) SEM and (c) HRTEM

images of CNFs. (d) XRD pattern of CNF.
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It shows a high capacity of 245 mAh g'! in IM KFSI in THF at 50 mA g!, which
also outperforms the 158 mAh g™ in 1M KFSI in EC/DMC (Figure 3.19a). Note that
despite the even stronger solvation in EC/DMC than in DME, the solvent co-
intercalation rarely takes place in carbonate electrolytes except propylene carbonate!®,
Therefore, we focus on the EC/DMC and THF electrolytes in the following part to
probe the effect of interfacial chemistry.

The CNFs deliver an attractive rate performance in 1M KFSI in THF, with a
capacity of 245, 205, 186, 175, 157, and 143 mAh g at 50, 100, 250, 500, 1000, and
1500 mA g’!, respectively (Figure 3.19b). Here 1500 mA g™!' corresponds to ~5.4 C
based on the theoretical capacity of KCs formation (279 mAh g™!). The capacity could
fully recover after the current density returns to 50 mA g™!. This performance is superior
to most previously reported works (Table 3.4), especially those with essential K ion

insertion with a practicable average potential of < 1 V vs. K'/K. In contrast, the CNFs

undergo a fast capacity decrease with the increase in the current density in the
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electrolyte of IM KFSI in EC/DMC. A merely 63 mAh g! of capacity remains at 1000
mA g”!, which further reduces to 31 mAh g! at 1500 mAh g''. We note that the different
carbonate solvents could also affect the rate capability. A 1M KFSI in EC/ Ethyl methyl
carbonate (EMC) electrolyte is assessed considering the beneficial effect of EMC in
graphite anode. Although a high initial capacity of 266 mAh g™ is achieved in 1M KFSI
in EC/EMC at 50 mA g! for CNF, it sharply declines by over 50% (< 130 mAh g™!) at
the current density of 250 mA g!, which is even poorer than that in 1M KFSI in
EC/DMC. Additionally, to examine whether a similar phenomenon occurs in classical
electrodes, a pure lignin powder-based electrode with a much smaller surface area (12.3
m? gt vs. 122.1 m? g* for CNFs) is measured as well (Figure 3.19¢). LigP delivers an
initial capacity of 215 mAh g at 50 mA g! in THF electrolyte and maintains over half
(119 mAh g!') when the current density comes to 250 mA g™'. However, the capacity of
LigP sharply decreases from 131 mAh g™ at 50 mA g! to below 50 mAh g at 250 mA
gl in the EC/DMC system. It confirms the advantage of THF electrolytes in achieving
high-rate carbon anodes although the capacity is unsatisfactory in comparison with
CNFs. Such an enhancement in the rate capability does not sacrifice stability. The CNF
exhibits a stable specific capacity of 232 mAh g™! with a retention of 97% after 50 cycles

at 100 mA g’ (Figure 3.19d).
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Table 3.4. Comparison of the electrochemical performance of PIB hard carbon anodes.

. Operating potential at Initial Capacity . ) . )
Potential ) . ) Capacity retention  Initial Coulombic
Ref. . charging capacity naif ~ capacity  below 1 V . . )
window (V) under the high rate efficiency (%)
™) (mAhg") (mAhg")
250 at 25
92 0-3.0 ~1.5 ) 82 64%at7.1C 65
mA g
240 at 50
82 0.01-2.8 ~1.4 | 91 59% at 3.6C 70
mA g
339.3 at 50
93 0.01-3.0 1.275 . 85 32.4 at3.6C 55.72
mA g
150 at 100
o4 0.01-3.0 ~1.5 ) 95 66% at 1.8C 43
mAg
352 at 50
ol 0.01-3.0 ~1.5 . 120 44% at 3.6C 39.1
mA g
262 at27.9
139 0.01-1.5 ~0.4 . ~210 52% at 5C 61
mA g
233.2 at 20
83 0.01-2.3 ~0.9 ) 175 17% at 1.8C 56.9
mAg
116 at 70
o7 0.01-3.0 ~1.5 . 100 67% at 1.43C 24.7
mA g
463 at 100
o8 0.01-2.5 ~1.0 : ~200 39.3%at7.1C 64
mA g
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320 at 50

-3. ~0. ~ o at 3. .
140 0-3.0 0.8 ) 190 46% at 3.6C 432
mA g
This 245 at 50 64% at 3.6C
0-3.0 ~0.7 ~200 68.9
work mA g! 58.4% at 5.4C

*1C=279 mAh g''.

Pushing to the limit, we examine the performance at a low temperature of 0 °C
(Figure 3.20a). The electrode delivers a competitive capacity of 200 mAh g! at 50 mA
gl in 1M KFSI in THF systems, showing superiority in both capacity and stability
compared to the one in carbonate electrolytes. GITT tests are applied for CNF
electrodes in the two electrolytes to compare the charge transfer kinetics. The diffusivity
evolutions with respect to the charging/discharging potential are presented in Figure
3.20b-c. Upon discharging, the K-ion diffusion coefficient declines gradually in the
EC/DMC electrolyte. Compared with the EC/DMC system, the higher coefticient in the
THF electrolyte between 1.0-0.5 V (during the SEI formation period) indicates a
smoother SEI formation in the THF electrolyte. Nevertheless, there is almost no
difference between coefficients in the low-voltage region, likely suggesting that the
insertion mechanism is not affected by the disparity in the two electrolytes. The

coefficient of K ion in THF electrolyte is generally half an order of magnitude larger

than that in carbonate in the following charging process.
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Additionally, although the original impedance of CNF is over 2000 Ohm for both
electrolytes, a drastic decrease of 50% in the impedance of the CNF electrode is found
in 1M KFSI in THF after 3 cycles at 100 mA g!. In contrast, the impedance R remains
great (1985 Ohm) for CNF in the EC/DMC system after 3 cycles (Figure 3.20d).
Therefore, a significant boost in kinetic is achieved by changing the EC/DMC
electrolyte into the THF electrolyte, which is aligned with the above theoretical analysis.
3.3.3 Charge Storage Mechanisms and Interfacial Chemistry

The reaction kinetics could be affected by both the charge storage mechanism and
interface properties. The in-situ Raman is first conducted to distinguish whether the
different electrolytes change the K ion insertion behavior. Once discharged in the THF

electrolyte (Figure 3.21a), the G band at 1598 cm™ of CNF begins to redshift and
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becomes wider arising from the new splitting peak G. corresponding to the graphite
intercalation compounds (GICs). That results from the intercalation of K ion and
electrons conveyed to graphic layers'®" % 115 The gradual blue shift of the G band
implies the leaving of K ion from the graphitic layer during the charging process, which
is the typical change for graphitic anodes''>. These results confirm the neat K ion
insertion in THF-electrolyte, in contrast to the solvent co-intercalation in the DME. In
the EC/DMC system (Figure 3.21b), the almost identical evolution of the G band for
the CNF electrode is found, with the tendency of gradual red shift of the G-band upon
discharging and continuous blue shift upon charging. A similar pace of K ion insertion
exists in the two electrolyte systems. Therefore, the better kinetics in the THF
electrolyte arise mainly from the fast interfacial process, involving the de-solvation of
K ion and the followed diffusion across the SEI. As the former Raman analysis of
electrolytes demonstrated, the weak K-THF interaction benefits the de-solvation

process.
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Figure 3.21. In-situ Raman plots of CNF electrode using the electrolyte of (a) 1M KFSI
in THF and (b) IM KFSI in EC/DMC.

We further examine the SEIs formed on CNFs in different electrolytes by HRTEM
(Figure 3.22a). For CNFs cycled in 1M KFSI in THF, a thin and uniform SEI with a
thickness of 4.5 nm is covered on the nanofiber. Turning to the SEI formed in 1M KFSI
in EC/DMC (Figure 3.22b), it exhibits uneven thickness ranging from 2 to 8.3 nm. In
particular, tiny inorganic crystals like KoSO4 and K>O, as identified from the Fast
Fourier Transformation (FFT) patterns, are embedded in the SEIs formed in EC/DMC
electrolytes. In comparison, there is the absence of crystal phases in the SEIs under
THF electrolytes, possibly due to the thin SEIs that restrict the crystallization and
growth of inorganic species'#!. The thick and uneven SEI in the carbonate electrolyte
would increase the impedance and deteriorate the K ion transport kinetics'4> 143,

explaining the inferior K ion diffusivity in EC/DMC-based electrolyte despite the same

K ion insertion process.

Figure 3.22. TEM images of third-cycled CNFs in (a) IM KFSI/THF and (b) 1M KFSI/
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ECDMC with corresponding FFT patterns in the marked area at 50 mA g

The dramatic difference in the SEI morphology and the resulting electrochemical
performance inspires us to get further insight into their chemical compositions. XPS
spectra of C 1s, K 2p, O 1s, and F 1s are collected. A significant amount of organic
species are observed, signified by the C-O (285.9 eV), C=0 (286.6 eV) in C 1s spectra,
C-0O (532.14 eV), and C=0 (531.1 eV) in O 1s (Figure 3.23a-b). Parallelly, the K-O
(292.8, 295.4 eV), K-F (293.7, 296.3 eV), COs* (288.2 eV) in K 2p spectra, with the
K-F (683.6, 685.3 eV) and S-F (686.9, 688.2 ¢V) in F 1s spectra (Figure 3.23¢) reflect
the inorganic components. In general, both the SEIs formed in ether and ester-based
electrolytes have a composite structure with the inorganic species distributed in the
organic matrix. The SEIs in THF electrolyte have a higher overall content of the
inorganic components, as suggested by the lower carbon content of 72.8at.% compared
to 77.7at.% for the one in the EC/DMC counterpart (Figure 3.23d). The reason lies in
the strong solvation of EC/DMC as discussed before, leading to the more severe
decomposition of the solvent that mainly contributes to the organic species.
Additionally, the stronger peak of CO3> implies more solvent decomposition in the
EC/DMC system. In comparison, more FSI™ are coordinated with the K ion in THF
electrolytes!**, resulting in the significant anion decomposition to form the inorganic

components, which can be reflected by the higher F content.
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The K-F and S-F peaks for the THF system are more distinct than those in the
EC/DMC system, implying a higher proportion of K-F and S-F coordination and more
inorganic components (like KF) from the FSI" decomposition in the SEI under THF
electrolyte. Moreover, the SEI in the THF system possesses 2.5at.% F, which is twice
larger than that of the EC/DMC counterpart (1.1at.%) shown in Figure 3.23d. Under
the pre-condition that both solvents (THF and EC/DMC) contain no F element, the
fluorine-rich SEIs in THF electrolyte are mainly from the decomposition of FSI". The
rich F species could potentially benefit from the charge transfer, as widely observed in
the LiF counterpart'*> 146, Furthermore, in TEM figures, the inorganic components are
almost amorphous for the SEI in the THF electrolyte, whereas crystallized particles are
observed for the ones in EC/DMC electrolytes. Compared to the crystalline phase, the
amorphous one is preferable for boosting ionic conductivity'4” 148 In short, the thin and
homogeneous SEIs in THF electrolytes significantly contribute to the superior rate

performance.
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Figure 3.23. The surficial composition analyzed by XPS. (a) K 2p-C 1s, (b) O 1s, and
(c) F 1s spectra of CNFs after 3 cycles at 50 mA g using electrolyte of 1M KFSI in
THF or 1M KFSI in EC/DMC; (d) The atomic fractions of pristine CNFs cycled in 1M
KFSI in THF or IM KFSI in EC/DMC.

3.4 Summary

We first prepare a hard carbon material from pistachio shell waste for exploring the K
ion storage performance and the associated charge storage mechanism. It is found that
the K ion insertion exhibits much lower kinetics than the Na ion, requiring a CVDi at
the end of discharge to allow the full K ion insertion. The as-prepared anode delivers a
decent charging capacity of over 200 mAh g at below 1 V, making biomaterials-
derived hard carbons attractive candidates for low-cost PIBs. Assisted by the cryo-TEM

and EPR, we clearly observe the quasi-potassium nanoclusters after fully discharging,
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evidencing that the K ion filling could also occur in the hard carbon. Such behavior

could be promoted by optimizing cycling protocol and electrolyte engineering to

circumvent poor kinetics. We also show that the open pores created through classic

chemical etching do not enhance the pore-filling capacity but only boost the kinetics. It

indicates the design of appropriate closed pores is the key to achieving high-capacity

hard carbon in future studies.

Noting the unsatisfactory rate performance, we prepare a CNF film by

electrospinning lignin and PAN, which serves as a freestanding electrode to probe the

effect of interfacial chemistry on the kinetics of hard carbon anodes. We examine the

physical and chemical properties of different solvents to screen the potential

electrolytes for regulating the K ion solvation structure. The THF with the weak K-

solvent interaction is selected because of low polarity and high /¢, as confirmed by the

Raman analysis. Such low solvation brings about several advantages. Firstly, it inhibits

the solvent co-intercalation that occurs in the most widely investigated DME electrolyte,

which deteriorates the electrode stability. Secondly, the facile de-solvation process

would enhance the K ion insertion. Most importantly, a considerable amount of FSI

enters the solvation sheath, leading to an inorganic-rich SEI that benefits the charge

transfer. HRTEM images indicate the SEI formed in the THF electrolyte is more

uniform and thinner than the one in the EC/DMC counterpart, further boosting the
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stability and kinetics across the SEI. Consequently, the CNFs show superior rate
capability (143 mAh g* at 1.5 A g?) and cyclic performance in the THF-based
electrolyte even at 0 °C. These results suggest that the hard carbon anodes could sustain
the high rate PIBs with the rational electrolyte design, where cyclic ether may offer

unique merits.
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Chapter 4. Tailoring Solid Electrolyte Interphase by
Carbonaceous Materials for Advanced Potassium Metal

Anodes

Besides the role of anodes discussed in the previous chapter, carbonaceous materials
are widely used as decoration materials of current collectors or hosts for potassium
metal anodes, which possess greater capacity and are promising to achieve high energy
density. However, the performance of the K metal anode is still unsatisfactory. This
chapter introduced a modified current collector with a lower Fermi level and
potassiophilic species to induce an inorganic-rich SEI and promote nucleation of K,

finally achieving a 4.4 V anode-free potassium metal batteries (PMB).

4.1 Introduction

The poor cyclic stability and the inferior reversibility hinder the practical application of
PMBs, mostly attributed to unstable solid electrolyte interphase (SEI)* and
uncontrollable potassium dendrite growth!*’. A variety of modifications have been put

forward to strengthen the stability of SEI through modulating the composition of SEI,

36-38 31-33

including electrolyte design and employment of artificial protecting coatings
However, little attention is paid to the origin of SEI generation, which hinders the

design of the anode and current collector to build PMBs with little or no anode excess.

The electrolyte remains thermodynamically stable within its electrochemical window
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and will undergo reduction or oxidization to form a passivating interphase beyond this

potential range'*°

. Upon the K plating period, the electric potential of the anode will
decrease, accompanied by an increase in the Fermi level (Ef) of the anode'*'"!*3. Once
the Er of the anode surpasses the energy level associated with the reduction potential of
the electrolyte (E;), electrons will flow from Er to E; due to the positive energy gap,
resulting in the decomposition of anions and solvents. Reducing the Er of the anode is
expected to narrow such a gap, thereby suppressing the severe electrolyte
decomposition. In an anode-free cell, the current collector serves as the anode at the
beginning of discharge, thus playing a critical role in SEI formation. This is well

illustrated in previous works where the current collector with a lower Fermi level

effectively inhibits copious electrolyte reduction

Apart from the nanostructure of SEI, the K metal deposition morphology could

34,35,39

also affect its stability. Various effective strategies are put forward to control the

nucleation behavior and enhance the cyclic stability, in particular, tuning the surface
functionality of the current collector by carbonaceous for the promising mass

production as mentioned before*®*!. In contrast to building 3D skeletons with larger

29,30

surface areas~ ", a thin carbon-based coating layer on the current collector reduces the

risk of side reactions, thereby enhancing the Coulombic efficiency (CE)!.

Nevertheless, the performance is still unsatisfactory but normally requires high-
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concentration electrolytes.

Here we design a decorated Al current collector by directly spraying carbon
nanofibers grown with nickel species (CNFNi@Al). Benefitting from the difference in
work functions between Al and CNFNi, the CNFNi@AI induces an anion-derived thin
SEI structure. Additionally, potassiophilic nickel species promote the smooth lateral
plating behavior of K metal to prevent dendrite formation. Stemming from these
synergy effects, the CNFNi endows the asymmetric cell with an average CE of 99.2%
and a duration of over 1500 h in a 1M electrolyte. Even under a harsh anode-free
condition with the high-voltage cathode MnHCEF, it guarantees the operation of 50
cycles with a specific energy density of 381 Wh kg™! (based on the MnHCF and CNFNi

mass) without anode precycling.

4.2 Results and Discussion

4.2.1 Properties of CNFNi@Al

The synthesis procedure of CNFNi@ALI current collector involves electrospinning of
CNEF, the chemical growth of nickel species on CNF to produce CNFNi, and uniformly
spray painting the Al foil with CNFNi dispersion (Figure 4.1). The nickel species of
NizN, NiO, and metallic Ni particles with sizes of around 20 nm were generated on

CNF with a diameter of 200 nm, as shown in TEM images (Figure 4.2a-b). These can
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be confirmed by the SAED pattern (Figure 4.2¢c-d). Multiple pairs of diffraction spots

emerge on the pattern of CNFNi samples that can be indexed as the Ni, NiO, NizN, and

Ni3C species.

a
Compressed

air

CNFNi
dispersion

Figure 4.2. (a) Morphology and (b) lattice fringes of components of CNFNi captured
via high-resolution TEM. SAED patterns for (¢) CNFNi and (d) CNF.

The NiO is formed from the oxidation of Ni particles, and NizN stems from the
reaction between the NiCl solution and N2H4 reducant during the chemical reduction

procedure. They exhibit a high affinity to K according to previous reports'>> 13, A few
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NisC species should be derived from the interaction between Ni** and carbon atoms on
the CNF matrix. It is found that with the introduction of Ni species, the ratio of D band
to G band intensity (Ip/Ig) decreased from 1.03 to 0.98 from Raman patterns (Figure
4.3a). This originates from the catalysis effect of Ni species to increase the crystallinity
of CNF!’. The presence of Ni-N, Ni-O, Ni-C, and Ni° peaks in the Ni 2p spectrum
(Figure 4.3b) obtained from XPS supports the above results as well. Based on the TGA
results (Figure 4.3¢), the amount of overall Ni species in CNFNi is estimated to be
approximately 31wt.%. Most of them are presented in terms of metallic Ni, as indicated

by the XRD results (Figure 4.3d).
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Figure 4.3. (a) Raman patterns of CNF and CNFNi samples. (b) Ni 2p spectrum and
(c) TGA curve of CNFNi powder under synthetic air atmosphere (80% N>+20% O»).
(d) XRD profiles of CNF and CNFNi.

After spray painting the CNFNi dispersion on Al foil, contact angle measurements

were then employed between bare or spray-coated Al foils and the 1M
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bis(fluorosulfonyl)imide potassium/ethyl glycol diethyl ether (1M KFSI/DEE) which
is selected for its superior stability towards the K anode according to our previous
work®?. CNFNi@ALl exhibits better wettability with a lower contact angle of 10.9°
(Figure 4.4a), which guarantees the electrolyte contact and promotes uniform SEI
generation'*®, Additionally, the dropping angle of molten K on CNFNi@Al is 35.2°

(Figure 4.4b), much smaller than that of Al (90.1°), indicating the improved K affinity.

a CNFNi@AI Al

— P —

Figure 4.4. Wetting angles of (a) the DEE electrolyte and (b) molten K on Al or
CNFNi@AL.

The work function (Wr) values of different current collectors were determined by
UV photoelectron spectroscopy (UPS) (Figure 4.5). Compared to bare Al foil, the
CNF-coated Al foil (denoted as CNF@ALI), and CNFNi@Al possess high work function
values 0of 3.97 eV and 4.2 eV, respectively, which corresponds to a low Er for CNF@ALI
and CNFNi@Al (Wi=Evac-Ef, Evac=0 eV)!’. It can be ascribed to the higher
electronegativity of Ni and CNF than Al1'®* '8! causing a lower electron density for

modified Al. Upon discharging for the asymmetric cells coupled with K as the counter
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electrode, the Fermi level of current collectors undergoes an ascending trend (Figure
4.6 as a result of electron rearrangement on the current collector'é?. The E¢ positions of
CNF@AIl and CNFNi@ALl are found lower than that of Al regardless of the discharging
depth, implying the narrowed energy gap between Er and E:. A narrowed energy gap is

favorable for restricting the excessive consumption of electrolytes and regulating SEI

ingredients.
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Figure 4.5. UPS profiles of Al, CNF@AI, and CNFNi@ALl at different states.
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Figure 4.6. Calculated Fermi-level positions based on work function.

To verify this assumption, we probe compositions of SEI generated on different
current collectors after three formation cycles at 5 mV-1 V under the current density of
0.05 mA cm™ via XPS tests. The overall percentages of elements are compared first

(Figure 4.7). Generally, F, N, S, and K elements stem from the reduction products of
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[K ion-FSI anion] and the C element comes from the reduction of solvents. Both
reductions of anions and solvents can generate O-containing products but solvents are

the main contributors'¢?

. Considering the possible interference of carbon from CNFs on
modified Al, we mainly compare the amount of F, N, S, and K elements. They account
for a higher amount for CNF@AIl and CNFNi@Al samples compared to bare Al,
suggesting relatively more anions reduction on the modified Al with a lower Fermi level,
and implicating the role of CNF in modulating the SEI formation. The sharp decrease

in O element content and the weakened O 1s peak (Figure 4.8a-b) of decorated Al

samples further confirm the less solvent decomposition.

52%
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Element composition (%)

Figure 4.7. Overall element composition of SEIs generated after 3 formation cycles at

SmV-1V.

There are also distinct differences in organic or inorganic reduction species of SEISs,

as indicated in N 1s, S 2p, and F 1s spectra (Figure 4.8c-e). According to Figure 4.8f,

NxOy and ROSO:- from organic species account for 76% of N 1s and 64% of S 2p for

bare Al, which are higher than 70% and 61% for CNF@ALI. These values further
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drastically decrease to 47% and 31% for CNFNi@ Al, corresponding to an inorganic-
rich SEI on CNF@AI and CNFNi@Al. Additionally, CNFNi@AI induces a greater
content of K-F, K-N'% KNO3, KNO,'%, and K»SO4 in SEI, as a result of [K ion-anion]
reduction. Among these inorganics, the KF is typically considered to exhibit a high
electron tunneling barrier, similar to the role of LiF!'%® which prevents continuous
electrolyte consumption.
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Figure 4.8. (a) O 1s of SEIs generated after 3 formation cycles at 5 mV-1 V. (h) Species

composition analyzed based on N Is and S 2p spectra. (b) Species composition in O 1s

spectra. (¢c) N 1s, (d) F 1s, (e) S 2p spectra of SEIs. (f) Species composition based on N

Is and S 2p spectra, respectively.

4.2.2 Potassium Nucleation Behavior

We then explored the nucleation dynamics of K on different current collectors. As
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shown in Figure 4.9a, the nucleation potential of Al, CNF@ALI, and CNFNi@Al is
374.8, 141.9, and 80.3 mV respectively. It means a smooth K embryo generation
process with a lower formation barrier for decorated Al. Moreover, the less mass-
transfer potential of K on CNFNi@Al (Figure 4.9b) indicates a relatively facile growth
period to achieve an intact metallic layer as well. The reason lies in the fast charge
transfer in the CNFNi@Al-based cell. It exhibits the highest current exchange density

of 3.82x102 mA cm™, as determined by Tafel curves (Figure 4.9¢).
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Figure 4.9. (a) The potential-capacity plots of K||current collector cells at 0.5 mA cm’
2.1 mAh cm™. (b) Comparison of pp and pmass-transter Of asymmetric cells based on
different current collectors. (c) Tafel plots of symmetric cells based on different current
collectors.

To further probe the nucleation behavior, the I-t measurements at different
overpotentials were carried out and we compared the shape of normalized (I/Im)*-(t/tm)
167,168

profiles (Figure 4.10) with nucleation models described by Scharitker and Hills

Typically, they introduced two models named instantaneous (Equation 4.1) and

88



progressive ones (Equation 4.2) (Figure 4.11) through the following equations:

where In 1s the

()P = {1~ exp[~12564(t/ty)]}? (4.1)
(5)? = %5“{1 — exp[—2.3367(t/t)?]}? (4.2)

maximum absolute value of current density, and tn indicates the

corresponding time. The experimental profiles for all the samples nearly coincide with

the instantaneous model no matter the differences in overpotentials.
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Figure 4.10. (I/1,,)>~(t/tm) profiles of different asymmetric cells with different current

collectors with the overpotential of -50, -100, and -150 mV.
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Figure 4.11. Illustration of two nucleation models.

This can be interpreted that the K embryo is only generated in the initial deposition
period, and the initial nucleation number drastically influences the subsequent
deposition behavior and morphology. We then calculated the nucleation density based
%

on the instantaneous model and the following equation'¢

N = 0.065(8mCVy,) V2 (--)? (4.3)

In this relationship, C represents the K ion concentration in the electrolyte, Vi is the
mole volume (39.098/0.862 cm?-mol ™), the ratio of mole weight to density, of deposited

K, and nF indicates the transferring charge (1x96485 C-mol™).

It is a delight that the K nuclei number density on CNFNi@Al is much greater
than that of Al under different overpotentials (Table 4.1). Abundant K nuclei can
provide more ideal growth sites for the subsequent deposition of K, guaranteeing a more
comprehensive and coherent K deposition layer. This proves the above assumption that

nickel-containing species decorated Al can induce a smoother nucleation process.
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Table 4.1. Calculated nucleation density at different overpotentials.

Current collector In tm Nucleation density Overpotential

(mA cm) (s) (N cm) (mV)

-0.0888 0.0072 1.39*10% -50

Al -0.1913 0.012 1.07*10 -100
-0.173 0.012 1.32%10 -150

-0.0919 0.0064 1.64*10" -50

CNF@Al -0.1359 0.01 3.47*101 -100
-0.164 0.011 1.74%101 -150

-0.0598 0.0064 3.87*10% -50

CNFNi@Al -0.1272 0.0094 3.5%101 -100
-0.154 0.0104 2.2%10M -150

SEM and AFM were subsequently employed to detect the morphology of 10th
plated K at 0.5 mA cm™>-1 mAh cm™. Upon disassembly for sample preparation, we
observed numerous K dendrites penetrating the Celgard separator and trapped on the
GF/D separator in the K||Al cell and several K tiny particles left in the K||[CNF@AI one
(Figure 4.12a). In stark contrast, almost no K signals were discernible in the separator
of CNFNi@Al-based cell. Additionally, CNFNi@AI induces a relatively compact and
uniform K deposition layer with a homogenous SEI component (C atom as the
presentative) over a large area (Figure 4.12b), while there are numerous irregular
protrusions on the deposited K in the pure Al case (Figure 4.12¢). The captured pores
should be related to these K dendrites left on the separator, resulting in broken SEI with
limited detective C signal. Such flat deposition of K can be further explained by the

extremely highest intensity of K {110} plane on the CNFNi@Al sample (Figure 4.12d)
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compared to the bare Al and CNF@AI ones, which is likely derived from more negative

adsorption energy of Ni to K, as the similar case in LMB!7°,

KIJAl cell
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Figure 4.12. (a) Photographs of the GF/D separator in disassembled coin cells. (b-c)
SEM images with EDS mappings and (d) XRD patterns of 10th-plated K on different

current collectors.
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Figure 4.13. (a-c) Planer images of 10th-plated K on Al, CNF@AI, and CNFNi@ALl.
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(d) Three-dimensional AFM topography of 10th-plated K on A and CNFNi@Al. (e)
Height variation curves on marked lines in d.

We then probed the grain size and the roughness of plated K. The deposited K on
bare Al behaves as randomly aggregated tiny grains with an average diameter of 2 um
(Figure 4.13a). In comparison, the K on CNF@AI possesses a larger grain size of
around 13 um and a relatively plane morphology (Figure 4.13b). The K grain size is
even as large as 19 um on the CNFNi@ALl collector, showing a smoothest morphology
with limited roughness Ra of 53.5 nm and a smaller height variation (Figure 4.13c-e),
evidencing the facilitated nucleation process. Having demonstrated the benefits of Ni
incorporation in potassium nucleation, we center mainly on the CNFNi@AIl sample in
the following discussion for clarity.

4.2.3 SEI on Deposited K

We examined the composition of SEI generated on plated K layers through XPS and
TOF-SIMS measurements. The overall intensities of C 1s-K 2p, O 1s, S 2p, and F 1s
spectra are considerably weakened for the CNFNi@AI sample compared to those for
bare Al except for the N 1s (Figure 4.14-4.15), which is due to the initial presence of
Ni3N species. Such declined intensities can be attributed to the suppressed electrolyte
decomposition including both solvents and [K ion-FSI anion]. It is also proven by a

downshift in K 2p as a result of the appearance of strong K peaks in C 1s (Figure 4.14a
p g
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after etching for 20 s.

Comparable findings are observed in TOF-SIMS images and depth profiles. The

overall S and F signals are weaker in CNFNi@ALl (Figure 4.16). For both samples, the

density of K ions increases with sputtering but it is more uniform for CNFNi@ALl. The

intensity of K ions reaches the maximum after sputtering 270 s (Figure 4.17a) for

CNFNi@Al, compared to 640 s for Al. The strong signals of metallic K and a short

time to reach maximum intensity suggest a small SEI thickness due to limited

electrolyte reduction in CNFNi@Al-based cells. It is consistent with the thickness (7)

obtained from AFM-based nanoindentation curves for the CNFNi@Al sample (Figure

4.17b).
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Figure 4.14. (a) C 1s-K 2p and (b) O 1s spectra of 10th-plated K on Al and CNFNi@Al

current collectors, respectively.
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Figure 4.15. (a) S 2p, (b) F 1s, and (c) N 1s spectra of 10th-plated K on Al and

CNFNi@ALl current collectors, respectively.
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Figure 4.16. (a) TOF-SIMS 3D rendering images of S, F, K, HCO:K, C-O-K, and KF

signals. (b) Depth profiles for S, F, CH30SO,, KS, and KNO:s.
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Figure 4.17. (a) TOF-SIMS depth profiles for K signal. (b) The approximate SEI

thickness (#) obtained from AFM-based nanoindentation measurements on 10th-plated
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K on different substrates.

XPS results also indicate that the SEI composition for the CNFNi@AI sample is
composed of a higher content of inorganic species (Figure 4.14-4.15) and a higher C-O
proportion than C=0 compared to that for bare Al. This observation aligns with the
findings from the previous analysis of the formed sample. 3D TOF-SIMS rendering
images with corresponding depth profiles further visualize such composition (Figure
4.16). HCO2K displays as a dominant component for the Al sample within almost depth,
while C-O-K accounts for a small proportion. In contrast, HCO;K and C-O-K only
appear at the upper of the modified sample, with a relatively high content of C-O-K. It
can be attributed to a more severe and deeper decomposition of DEE solvent on Al,
with a lower content of elastic oligomer [CH2OCH:], but a higher content of HCO,K!"!"
172" as illustrated in the proposed decomposition of DEE (Figure 4.18). This
decomposition, however, is suppressed for the CNFNi@Al. The KCOj; signal from
K>COs on the surface of the CNFNi@Al sample (Figure 4.19) could be a good
insulating medium for electron tunneling'”*. Considering that the C-containing species
only stem from the solvent decomposition, the decrease of these C-based signals with

sputtering in both samples suggests the latter beginning of the solvent decomposition

compared to salts, aligned with the assumption before.
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Figure 4.18. Proposed typical decomposition scheme of DEE solvent with the
interaction of K ion.

Additionally, KF, a better insulator than KxCO3?* 1% is homogeneously distributed
within the SEI layer of CNFNi@Al, effectively prohibiting excessive electrolyte
decomposition. The KS, KNOs3, and KoN account for higher contents in the CNFNi@ALl
sample than those of the bare Al (Figure 4.19a) originating from a relatively higher
content of anion decomposition. More inorganic components with high ionic
conductivity for SEI on deposited K would facilitate the K ion diffusion'’. As a result,
the impedance of SEI (Rsgr) of the CNFNi@Al-based cell is 27.1 Ohm, half of that for
Al-based. The charge transfer resistance is dramatically decreased from 2634 Ohm to
454.5 Ohm with the CNFNi decoration on Al (Figure 4.19b-c). This is further validated
by the calculation results from Nyquist plots at various temperatures (Figure 4.20 and
Table 4.2). The K|[CNFNi@Al cell exhibits a lower activation energy for charge

transfer, at 40.65 kJ mol™, half of that in the K||Al cell.
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Figure 4.20. Nyquist plots of (a) CNFNi@AI and (b) Al-based asymmetric cells at
different temperatures with the inset of equivalent circuit. (¢) Derived activation energy
values for charge transfer.

Table 4.2. Summary of the fitted interface resistance values from Nyquist plots.

R(Q) Sample  25°C 35°C 45°C  55°C

Al 22 20 17 16
Ro
CNFNi@Al 9 7 6 6
Al 230,570 230,610 328,900 327,700
Rsel
CNFNi@Al 12,204 19,053 21,257 20,876
Al 117,500 97,800 21,340 6,130
Ret

CNFNi@Al 8,250 5,003 3,427 1,760
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Figure 4.21. HRTEM images of SEI formed on (a-¢) CNFNi@Al and (f-h) Al

We collect the high-resolution transmission electron microscopy (HRTEM)
images of SEIs to furhter explore their morphology and composition. As shown in
Figure 4.21a-c, an almost amorphous layer with a uniform thickness of about 5 nm was
generated on cycled CNFNi@ALl, with a few low-crystalline inorganic species of KNOs.
It implies that most generated inorganic species in SEI over CNFNi@AI exist in the
non-crystalline state. The KNOs is confirmed by the lattice fringe of 3.7 A for {002}
plane and the corresponding FFT pattern of {002} and {202} planes in Figure 4.21c.
Apart from the lattice of KNOs3, the most obvious fringes and FFT patterns are indexed
to NisN by {110} and {113} planes (Figure 4.21d), the bulk species of CNFNi. We

speculate that the generation of low-crystalline KNO3 was partly catalyzed by NizN.
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Furthermore, in the bulk region, we observed the fringes of {202} plane of NiCOs
(Figure 4.21e), which is not an ingredient in the initial CNFNi and should be a possible
result of the interaction between the Ni species with electrolyte!”. In stark contrast,
K>COs in a size of several nanometers has been observed on the bare Al sample (Figure
4.21f-g) with the {222} and {221} planes detected. It derives from deep electrolyte
decomposition (Figure S30). As shown in Figure 4.21h, the captured lattice of 1.85 A
is well aligned with the {220} plane of K, as a potential dendrite isolated within the SEI

on the Al surface.

The SEI composition would have a great impact on the mechanical properties,
which were explored through AFM-based nanoindentation tests. Three typical
mechanical parameters Young’s modulus E, elastic strain limit &y, and the maximum
energy of elastic deformation U (UxcE-gy’)%? were calculated and compared. The SEI
generated on bare Al possesses a high £ of 582 MPa and a low gy of 0.24 (Figure 4.22a-
b). In comparison, the CNFNi@Al induces an SEI with a higher ey 0f 0.39 and a lower
E of 278 MPa, implying superior elastic properties. It results from the existence of more
oligomer-like species [CH2OCHz:], in modified samples, which further decompose into
HCO:K under the continuous electron convey in bare Al counterpart!’! 12, as indicated
in previous XPS and TOF-SIMS results. The four times larger U value of 63 pJ for the

CNFNi@AIl sample than the Al-based one suggests a stronger overall mechanical
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property (Figure 4.22c¢). Therefore, this thin yet elastic SEI generated in the

CNFNi@Al-based cell is promising to protect deposited K from parasitic reaction from

SEI fraction.
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Figure 4.22. Distribution curves of testing values of (a) Young’s modulus £, (b) elastic
strain limit ¢y, and (c) U values of SEI on different substrates.

4.2.4 Electrochemical Performance

Benefitting from stable SEI and promoted nucleation behavior, CNFNi@Al induced an
initial CE of 99.3%, as measured through the Aurbach method!’® (Figure 4.23a). In
contrast, the bare Al and CNF@ALI witness a short circuit after being plated with a 2.5
mAh capacity of K, resulting in inferior performance. The CE over 100% can be
attributed to the soft short circuit for CNF@AL In terms of the long-term operation
(Figure 4.23b), CNFNi@Al also guarantees K with an ultra-stable plating-stripping
behavior of over 1500 h with an average Coulombic efficiency (ACE) over 99.2% at
0.5 mA cm™-1 mAh cm™, outperforming than CNF@AI of 98.7%. This value is

superior to reported modified potassium metal anodes (Table 4.3).
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Table 4.3. Comparison of electrochemical performance of asymmetric cells between

state-of-the-art modified anode and this work.

.. Cycle Coulombic
Elect t Electrolyt Ref.
ectrodes Condition ectrolyte number Efficiency, % e
25 mA em’?
SnS:@CP 002 55 Ty 3M KFSI DME 150 >95 177
.5 mA cm?
Al@G OO : T 4M KFSI DME 500 99 178
.5 mA cm?
NG@P-Al (? 55 T 4M KFSI DME 1000 99.3 154
2 mA cm?
NC@GDY-Al 8 s 4M KFSI DME 800 99.93 179
LA e 1.6M KFSI
MCNF | Al o2 DME/TTE (3:2 in 500 99.3 3
mol)
1 mA cm 0.8M KPFs
D- 1 180
rGO@3D-Cu 0.5 mAh cm? EC/DEC/PC 00 60
0.5 mA cm? 0.8M KPFs -
DN-Mxene/CNT | mAh em? EC/DEC 200 98.6
025mAcm? 1M KPFs EC/DEC
Pt- h 2 182
CusPt-Cu mes 0.05 mAh cm? S%FEC 70 70
1 mA em?
CBC-K L IM KFSI DME 350 98 183
1 mA cm™?
PCNF@SnO; LAl o2 IM KFSI DME 280 98.3 184
. 0.5 mA cm? This
CNFNi@AI b IM KFSI DEE 400 99.3 work
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Figure 4.23. (a) Aurbach cycling profiles of asymmetric cells based on different current

collectors. The long-term cycling performance of asymmetric cells at (b) 0.5 mA cm™-

1 mAh cm? and (c) 2 mA cm™-1 mAh cm™

, respectively.
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Apart from the ACE value, the fluctuation of CE varies in different current
collector-based cells, which reflects the stability of the deposition-detraction behavior
of K (Insets in Figure 4.23b). Here the average standard deviation values (denoted as
o) are introduced to quantify the degree of CE value fluctuation during different cycles
(Table 4.4). In the initial 50 cycles, the CE in the bare Al-based and the CNF@Al-based
one fluctuate severely, giving rise to a high ¢ of 37.56% and 25.97%, respectively It
originates from the random deposition behavior of K leaving a certain content of “dead”
K on Al and CNF@ALI, which is a threat to the stability of SEI and the overall lifetime.
In comparison, ¢ is only 1.22% in 50 cycles and further decreases to 0.61% after 300
cycles, implying the smooth plating-stripping behavior of K and stable SEI on
CNFNi@ALl. This advantage becomes even more distinct under a larger current density
of 2 mA cm™ (Figure 4.23¢ and Table 4.5). CNFNi@Al endows the cell with an ACE
of 98.7% and a low o value of 0.56%. In contrast, bare Al cannot tolerate this great
current density and fails in the initial cycle. The CNF@AI-based cell exhibits an
improved performance but still fails in 90 cycles.

Table 4.4. Calculated standard deviation of CE at 0.5 mA cm™-1 mAh cm2.

%Zi":l %) (%) 50 cycles 100 cycles 150 cycles 200 cycles 250 cycles 300 cycles
(n=50) (n=100) (n=150) (n=200) (n=250) (n=300)
Al 37.56
CNF@ALl 25.97 18.43 15.1 13.1 12.68
CNFNi@Al 1.22 0.91 0.77 0.68 0.65 0.61
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Table 4.5. Calculated standard deviation of CE at 2 mA cm™-1 mAh cm™,

o= /l n (x~-)_()2 %) 50 cycles 100 cycles 150 cycles 180 cycles
n SR (n=50) (n=100) (n=150) (n=180)
Al - - - -
CNF@ALl 0.93 21.8 30.46 -
CNFNi@Al 0.89 0.91 0.6 0.56
a 12 06— 015
SINE e
&Q o8 = = e arrrae
200 MUULALULALULULL S
T—i iﬂjwjm[w 05
E’H'E 1‘52.5 Unit e ONFGA
o 35 0.5 man cm® -
-1.2
25 50 75 100 475 500
Time (h)
b 15—
£y
¥
I 0.5 mA cm2-0.5 mAh cm2 Al
S0 - oeen

& o

4 L
J
&

o

n
a
@
8

Time (h)

o

Al
CNF@AI
— CNFNi@A

0.5 mA cm2-0.5 mAh cm?
DoD 50%

——

0 40 80 120 160 200
Time ()

Potential (V vs. K'/K)
=

bl

s

Figure 4.24. (a) Rate performance of the symmetric cells with the pre-plating capacity
of 2 mAh on different current collectors. Cycling performance of asymmetric cells
under (b) 25% DoD and (c) 50% DoD at 0.5 mA cm™-0.5 mAh cm™.

To evaluate the rate performance, we pre-plated K with 2 mAh cm™ capacity onto
different current collectors and assembled symmetric batteries. CNFNi@Al enables an
excellent rate performance, especially at the current density of 3.5 mA c¢cm™: The

polarization is two-thirds that in the CNF@ALI cell (Figure 4.24a). After the current
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density declines to 0.5 mA cm™, it still retains stable cycling for almost 500 h, while
the CNF@AI-based cell undergoes a sharp short-circuit within 25 h. The harsh cycling
condition was also explored by predepositing four times or twice the testing capacity
of K (DoD 25% or 50%) on current collectors (Figure 4.24b-c). CNFNi@Al endows
the cell with a lower voltage hysteresis over 800 h compared to the severe polarization
in Al-based one and fierce fluctuation of CNF@AI one under 25%. Even under DoD
up to 50%, the CNFNi@Al-based cell displays stable voltage profiles with limited

hysteresis for over 200 h, demonstrating enhanced cyclic stability.

Having determined the improved K anode stability, the full-cell performance of
PMBs was finally assessed. We initially couple the K metal anode with a FeHCF
cathode that possesses an average discharge voltage of 3.3 V (Figure 4.25a-b).
Compared to the Al and CNF@AIl-based cells with fluctuated CE and short lifetime,
the CNFNi@AI-K|[FeHCF cell demonstrates a superior cycling performance with an
ACE of 99.3% and the capacity retention of 91.9% after 350 cycles under the
negative/positive ratio (N/P ratio) of 5. We then examined the performance in high-
voltage MnHCF, which is critical to realizing a high energy density. Under a lower N/P
ratio of 1, the CNFNi@ALl allows stable cycling of the cell for more than 100 cycles
(Figure 4.25c¢). Pushing to the limit, we tested the stability under the critical anode-free

condition (Figure 4.25d), without precycling on the anode since it could introduce an
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extra K source as pointed out by Hatzell'33. The CNFNi@AI||MnHCF cell can run for
50 cycles. It displays the normal charging-discharging profile with an energy density of
381 Wh kg! (based on the mass of the MnHCF and the CNFNi), which is an
improvement of anode-free PIBs using a normal-concentration electrolyte compared to

the previous work listed in Table 4.6.
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Figure 4.25. (a) The cycling performance of CNFNi@AIl-K||[FeHCF with an N/P ratio
of 5 with (b) the cycling profile at the 50th cycle. The cycling performance of
CNFNi@AI-K|[MnHCF with (c) an N/P ratio of 1 and (d) an N/P ratio of 0 (Anode-

free).
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Table 4.6. Comparison of electrochemical performance of anode-less or anode-free full

cells between state-of-the-art modified anode and this work.

c ‘ Current Energy Capacity
urren
lect Anode preparation condition ~ Cathode (mAg Electrolyte Cycles density” retention Ref.
collector
) (Wh kg™) (%)
With an almost unlimited supply of K on the anode side
Incorporated with K (overall
1M KPFs
CuzPt-Cu-K 12 mg cm?)~ 7920 mAh FeHCF 100 200 18 71.8 182
EC/DEC 5%FEC
cm?
1M KFSI
P-PMCFs Electrodeposited with K PTCDA 2000 1000 - 85 »
EC/DEC
NC@GDY-
ALK Plated with K FeHCF 200 4M KFSI DME 200 - 99 17
DN- Adsorbed with 2.8 mg cm- 0.8M KPFs
SPAN 400 500 63.3 69.4 181
Mxene/CNT 2K ~ 1850 mAh cm? EC/DEC
With a high supply of K on the anode side
Plated with 5 mAh cm?2 K
SnS;@CP . FeHCF 100 3M KFSI DME 200 67.6 83.7 177
(N/P ratio of over 10)
Plated with 5 mAh cm?2 K
NG@P-AI k FeHCF 100 4M KFSI DME 400 - 72.8 154
(Unknown N/P ratio)
Plated with 0.8 mAh cm2 K K-
K 200 560 152 80
(N/P ratio of 5) PTCDA
Plated with 0.5 mAh cm? K .
. i FeHCF 100 350 116 97.2 This
CNFNi@Al (N/P ratio of 5) 1M KFSI DEE K
wor|
Plated with 0.16 mAh cm
K MnHCF 100 100 302 95.1
(N/P ratio of 1)
With a low supply of K on the anode side
3 formation cycles between
0.01-1V and 1.6M KFSI
MCNF 5 plating-stripping cyclesat ~ MnHCF 20 DME/TTE (3:2 100 362 86 36
0.5 mA cm2-0.5 mAh cm? in mol)
(0.027 mAh cm™?)
5 formation cycles between
Al@G K-FeS; 100 4M KFSI DME 30 95 26 178
0-1V
MnHCF
5 formation cycles between 5M KFSI DME 200 323 87.9 .
i (1.6 mg) This
CNFNi@Al 0.005-1V 100
MnHCF work
(0.002 mAh cm?) 1M KFSI DEE 60 416 81.6
(4 mg)
With no supply of K on the anode side
i MnHCF This
CNFNi@Al No precycles 100 1M KFSI DEE 50 381 89
(1.8 mg) work

4.3 Summary

We finely tune the surface chemistry to change the Fermi level of the Al current

collector and then suppress the electrolyte decomposition using the CNFNi decoration.
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Delightedly, benefitting from the elevated work function of CNFNi@Al, a thin
inorganic-rich SEI with superior elasticity is generated. Secondly, potassiophilic nickel
species promote the nucleation behavior of K embryos. As a result, the K anodes based
on CNFNi@Al realize a high CE of 99.2% with a lifetime of over 1500 h. An anode-
free MnHCF||[CNFNi@ALl cell can be realized with 89% capacity sustained after 50
cycles at 100 mA g, which delivers a specific energy density of 381 Wh kg™ (based
on the MnHCF and CNFNi mass). This work would provide new insight into enhancing
interphase stability and achieving advanced potassium metal batteries from the

perspective of electrode surface chemistry.
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Chapter 5. Designing Electrolytes with Steric Hindrance and
Film-forming Booster for High-voltage Potassium Metal
Batteries

Apart from the anode-side modification, the electrolyte engineering on the
cathode/electrolyte interface is critical as well. Ethers have been the primary electrolyte
solvent candidates for reversible potassium metal anodes, but their poor oxidative
stability at high voltage restricts the application, like THF and DEE reported in previous
chapters. In this chapter, we focus on ether molecule design to enhance the anodic

stability of ether electrolytes for advanced high-voltage potassium metal batteries.

5.1 Introduction

The realization of the high-energy PMBs relies heavily on the electrolytes, which
significantly impact the stability of both the cathode and anode. On the cathode side,
the full activation of Mn redox in MnHCFs necessitates a high charging voltage of 4.4
V, which may trigger severe electrolyte decomposition. Worse still, the Mn®* and Fe**
in the charged MnHCFs can catalyze the oxidation process of electrolytes', leading to
an inferior initial Coulombic efficiency (ICE)® 5 187-189 Moreover, the crystal structure
damage from Mn dissolution in the electrolyte accelerates capacity degradation®®.
Apart from the cathode active materials, the high-voltage charging also challenges the

stability of the Al current collector. The corrosion of Al at a high voltage has been
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widely observed, particularly in KFSI-based electrolytes that are preferred by the
anodes and have been extensively adopted in PMBs!®. Although the issue could be
partly mitigated after forming a protection layer, this layer tends to be dissolved in the
electrolytes in the presence of solvents with high salt-dissolving capability'®2. To
alleviate the above issues, multiple strategies, including electrode materials and
interphase modification, have been applied. Compared to the optimization of electrode
materials'®, electrolyte regulation can concurrently cope with both cathode and anode
obstacles. However, there are few proper dilute electrolytes for PMBs until now.
Instead of increasing the concentration, we tailor the molecular structure of the
ether based on the most widely used G2 solvent to boost oxidative stability. By
replacing the ending methoxy groups in G2 with larger-sized butoxy ones, the solvation
capability of the resulting DIDBE to K ion is greatly reduced to suppress the severe
solvent decomposition and thus regulate the composition of SEI/CEI in DiDBE-based
electrolyte (Figure 5.1). The relatively high viscosity associated with a longer solvent
chain could be readily resolved through a functional additive, i.e., DTD, which also
contributes to S-rich interphases with ROSO2K species to benefit the Kinetics.
Consequently, a high ICE of 92.1% has been achieved in MnHCF-type PMBs with
long-term cyclic stability of over 200 cycles. The average CE of the K||carbon-coated

Al (AI-C) cell has been elevated to 98.8%, accompanied by a 6-fold improvement in
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the cyclic life of K]||K symmetric cells compared to classic G2 and ethylene

carbonate/diethyl carbonate (EC/DEC) electrolytes.
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Figure 5.1. Rational design of ethers with high anodic stability and kinetics and the
synergic effects of customized electrolyte in K metal batteries.

5.2 Results and Discussion

5.2.1 Rational Electrolyte Design

Glymes are the most widely explored solvents in the electrolyte for alkali-metal
batteries. We first study the electrolytes of 1M KFSI in G2 by linear sweep voltammetry
(LSV) (Figure 5.2a) in K||AI-C cells, where a carbon-coated Al is used as the working
electrode to alleviate the corrosion at a high voltage. The leakage current increases to 2
WA cm2at 3.7 V for 1M KFSI/G2 due to the corrosion of Al-C (Figure 5.2b), consistent
with the previous work!®*. Extending the solvent chain length only slightly increases
the onset voltage to 3.75 V for 1M KFSl/tetraglyme (G4), which is still unsatisfactory
for developing high-voltage PMBs. It is well known that the electrochemical window

of the electrolytes could be boosted by building stable interphases. Therefore, we
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extend the ending alkyl groups from the methoxy group in G2 into butoxy groups to
obtain the DIDBE solvent (Figure 5.1), aiming to weaken the K-solvent interaction to
suppress the parasitic reaction. The reason lies in the i) reduced O/C ratio in the solvent
molecule from 0.5 in G2 to 0.25 in DIDBE, as oxygen is the preferred K ion
coordination site'®. ii) A steric hindrance arising from the large butoxy groups, which
restrains the solvent from coordination with K ion. The resulting 1M KFSI/DiDBE
electrolyte appears to be stable with the AI-C electrode up to 4.0 V with a leakage
current of 2 pA cm2 and remains stable even when held at 4.3 V for 10 h (Figure 5.2¢-
d). Since DIDBE has the same chain length as G4, it suggests that the ending alkyl

groups instead of the chain length contribute to improved oxidative stability.
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Figure 5.2. (a) LSV curves of different electrolytes with the scanning rate of 1 mV s™.
(b) SEM images of the Al-C electrode after being held at 3.7 V for 10 h in 1M KFSI/G2
electrolyte. (c) Curves obtained from the Chronoamperometry measurement to hold

K]|AI-C cell in 1M KFSI/DiDBE electrolyte at 4.3 V for 10 h with (d) corresponding
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SEM images of the tested Al-C electrode.

One drawback is that the long chain length of DiDBE also increases the viscosity
(Table 5.1). Therefore, a commercially available solvent DTD is incorporated as an
electrolyte additive, and the resulting electrolyte is denoted as DiDBE-D. With the
addition of 6wt.% DTD, the viscosity of DIDBE-D is decreased from 10.96/4.4 to
8.33/2.3 mPa s at room temperature (RT)/60 °C (Figure 5.3a), resulting in an increase
of the electrolyte ionic conductivity from 0.56 mS cm™ to 2.15 mS cm™ at RT (Figure
5.3b). Furthermore, the DTD could also benefit the interphases by forming sulfur
species (will be discussed later). The combined effects of the solvent steric hindrance
and functional additive expand the oxidative stability to around 4.6 VV which well
matches the high-energy MnHCF cathode.

Table 5.1. Viscosity of G2 and DiDBE electrolytes at different temperatures.

Viscosity at RT Viscosity at 40 °C Viscosity at 60 °C
Electrolyte (mPa s) (mPa s) (mPa s)
1M KFSI/G2 3.86 2.63 1.87
1M KFSI/DiDBE 10.96 7.11 4.4
a 12 b 100 .
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Figure 5.3. (a) The viscosity of DiDBE electrolyte and DiDBE-D electrolyte. (b) EIS
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plots of two stainless steels with GF/D filled with DiDBE and DiDBE-D electrolytes

for ionic conductivity measurement with corresponding data.
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Figure 5.4. (a) *’K NMR spectra of different electrolytes. Raman spectra of C-O-C
vibration of (b) G2 electrolyte and (c) DiDBE electrolyte with or without salt.

To verify the above hypothesis, we first conducted nuclear magnetic resonance
(NMR) measurements (Figure 5.4a) to analyze the 3K spectrum. The cation spectrum
is sensitive to the coordinating states in the solvation structures, which has been widely
adopted in analyzing the electrolytes of Li/Na-based batteries through the “Li/?>Na
spectral®: 197, Compared to the G2 electrolyte, a clear downfield shift (from -14.2 ppm
to -6.7 ppm) occurs in the *K peak for the DiDBE electrolyte, implying the de-shielded
Kion nuclei and reduced electron density around K ions as a result of the weaker K ion
solvation in DiDBE electrolyte!®®. The comparable 3K pattern observed in the DiDBE-
D electrolyte to that of DiDBE suggests that the presence of the DTD additive does not
affect the weak solvating nature of DIDBE. Similar results are presented in Raman

spectra of C-O-C stretching peaks in the electrolytes. The C-O-C peak of G2 blue shifts
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by 18.15 cm™ in 1M KFSI/G2 electrolyte due to the K coordination (Figure 5.4b). In
sharp contrast, a minor change is observed in DiDBE before and after dissolving the
KFSI salt, confirming the weak K coordination (Figure 5.4c).

The coordinating environment of FSI™ also reflects the solvation structure. We
compare the Raman peaks of the S-N-S vibration in FSI-at around 700-760 cm™ for
different electrolyte systems (Figure 5.5a). The deconvoluted three peaks correspond
to the coordination state of solvent-separated ion pairs (SSIP), coordinated ion pairs
(CIP), and ion aggregates (AGG) from low to high wavenumbers. 55.6% FSI™ anions
exist in the form of free SSIP under G2 electrolyte. In contrast, CIP and AGG dominate
in the DiDBE electrolyte with a cumulative 66.2% concentration, further demonstrating
the weaker solvating ability of DiDBE. The SSIP occupation proportion increases from
33.8% to 44.8% after DTD addition, a reflection of the ejection of several FSI™ anions
out of the solvation structure and the DTD additive as the new participant. The
difference in S=0O vibration for DIiDBE and DiDBE-D electrolytes (Figure 5.5b)
verifies this. Upon the inclusion of DTD, the primary peak at 1219 cm™ undergoes a
redshift to 1215 cm™, which reflects a reduction in ion pairings and a concurrent
increase in free FSI- anions. Meanwhile, a shoulder at 2102 cm™ emerges, resulting
from the DTD solvent and implying the incorporation of DTD into the solvation shell

that would impact the interfacial chemistry. Despite this, the DiDBE-D electrolytes still
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present weak solvation compared to the G2 counterpart.
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Figure 5.5. (a) Raman spectra of S-N-S vibration of different electrolytes with the
relative contents of SSIP, CIP, and AGG. (b) Raman spectra of S=O vibration of
different species. (c) Illustrations of the most probable solvation structure of different
electrolytes extracted from MD simulations.

We further probe the solvation structure using molecular dynamics (MD)
simulations. Generally, the O atom in both the solvent and the anion can coordinate
with the K ion. Therefore, the ratio of the coordinated O atoms from the FSI- anion and
the solvent (denoted as the A/S ratio) could be used to signify the solvating capability
of various solvents. As depicted in Figure 5.5c, there is a large preference for most G2
solvents appearing in the first inner solvation shell of K ion, leaving most FSI™ anions

as the free SSIP state with an A/S ratio of only 0.14 in G2 electrolyte. In contrast, the
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AJS ratio increases to 0.97 for the DiDBE electrolyte, suggesting a greater abundance

of FSI" anions surrounding K ion in the inner solvation sheath. Radial distribution

functions (RDFs) (Figure 5.6) also imply more coordinated FSI™ anions and less solvent

in the first solvation shell of the DIDBE electrolyte. Furthermore, the calculated

solvation energy AGsolvation for the DIDBE electrolyte is -2.16 eV, less negative than -

2.93 eV for the G2 electrolyte (Table 5.2), which indicates that DiDBE is more weakly

solvated to K ion. As a result, the average coordination number of O in DIDBE to K

ion is only 3.5 (K ion-3.5 Opipge), notably smaller than that (K ion-7.0 Ogz) of G2

solvent. This discrepancy indicates that DiDBE with larger-sized terminal groups and

a longer chain length exhibits a weaker solvation ability than G2. The DTD additive

only slightly decreases the coordinated A/S ratio to 0.82 with a AGsolvation Of -2.45 eV

for DIDBE-D (Figure 5.5c), thus maintaining the weaker solvation to K ion than in the

G2 electrolyte.

Table 5.2. Calculated solvation energy and coordination numbers of O in FSI anion

and solvent in different electrolytes by MD simulation.

Electrolyte Es (eV) CN for O (FSI-) CN for O (solvent)
IM KFSI in G2 -2.93 1.0 7.0
IM KFSI in DiDBE -2.16 3.4 3.5
IM KFSI in G4 -3.09 1.3 7.0
IM KFSI in DiDBE-D -2.45 3.1 3.8
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Figure 5.6. (a) Snapshots of the MD simulation cell and corresponding radial

distribution function (RDF) plots for (a, b) 1M KFSI/G2, (¢, d) 1M KFSI/DiDBE, (e,

f) IM KFSI/G4, (g, h) 1M KFSI/DiDBE-D.

5.2.2 Compatibility of Modified Electrolyte with MnHCF Cathode

We then studied the compatibility of each electrolyte with the MnHCF cathode, which

is synthesized through the traditional co-precipitation method with iminodiacetic acid

as the chelating agent. The particle size of MnHCF is around 20 nm (Figure 5.7).

Significant over-charging is observed at 4.08 V and 4.2 V for G2 and G4 electrolytes

(Figure 5.8), respectively, which agrees well with the LSV results. Therefore, we

adopted a commonly used carbonate electrolyte (1M KFSI in EC/DEC) as a

comparative benchmark to explore interfacial chemistry, which exhibits higher stability

than G2 and G4 electrolytes at high voltage.
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Figure 5.7. (a) XRD pattern; (b) TEM image and (c) SAED pattern of KMF.
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Figure 5.8. Voltage profiles of KMF in G2 and G4 electrolytes.

Although the MnHCF could be reversibly charged/discharged in carbonate
electrolyte, it leaves a substantial irreversible capacity with a low ICE of 65.7% (Figure
5.9a) at 25 mA g. In comparison, DiDBE electrolyte allows reversible operation of
MnHCF||K cells with an ICE of 82.0%. This value is further boosted to 92.1% with the
DTD additives, which is the highest one achieved in a dilute electrolyte and even
exceeds most high-concentration electrolytes (Figure 5.9b). The outstanding ICE

obtained here arises from the stabilization of not only the cathode surface but also the

Al-C current collector. This is reflected by the chronoamperometry measurement
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results (Figure 5.9c) and Al-C corrosion images (Figure 5.9d). Severe Al-C corrosion
is detected in the EC/DEC electrolyte after being held at 4.3 V for 10 h. In contrast, the
Al-C remains a smooth surface in the DIiDBE-D electrolyte due possibly to the
formation of a stable passivation layer, which is proved by the negligible current

leakage for K||Al-C cells.
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Figure 5.9. (a) Initial voltage curves of MnHCEF in different electrolytes under 25 mA
g'l. (b) Comparison of ICE and salt concentration in state-of-art electrolytes for
MnHCEF. (¢) Chronoamperometry measurements to hold KJ||AI-C cells at 4.3 V for 10 h
and (d) corresponding SEM images of tested Al-C electrodes. (¢) Rate performances.
Regarding the rate performance, the MnHCF in the DiDBE electrolyte conveys
limited capacity at over 200 mA g* (Figure 5.9¢) because of the high viscosity. As
expected, the addition of DTD greatly improves the rate capability, enabling a capacity
of 80 mAh g at 500 mA g%, outperforming the EC/DEC electrolytes. Furthermore,

DiDBE-D endows MnHCF with stable cycling performance. It demonstrates a
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consistently high average CE of more than 98.2% and ensures a stable charge-discharge
process without any fluctuation in both CE and capacity for 200 cycles (Figure 5.10a).
In comparison, the capacity and CE of MnHCF in the EC/DEC electrolyte fluctuate
significantly within 200 cycles with an average CE of below 95% (Figure 5.10b). We
also compare the mean discharging potential, i.e., the voltage value at half discharge
capacity, of MnHCF in the two electrolytes. The value gradually increases in DiDBE-
D electrolyte due to reduced polarization (inset of Figure 5.10a). It maintains a high

value of 3.83 V after activation, compared to ~3.77 V for the EC/DEC (Figure 5.10c).
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Figure 5.10. (a) Cycling performances of MnHCF in the DiDBE-D electrolyte with
corresponding profiles in specific cycles. (b) Cycling performance of the MnHCF
electrode in EC/DEC electrolyte. (c) The mean voltage evolution upon cycling in
different electrolytes.

Apart from the electrochemical performance, thermal stability is also crucial to the
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practical application. Thermogravimetric analysis (TGA) measurement was thus
conducted on each electrolyte to assess the thermal stability. Compared to the G2
electrolyte that loses most weight (70wt.%) at below 150 °C (Figure 5.11a), both
DiDBE and DiDBE-D electrolytes exhibit much-enhanced stability with over 83 wt.%
remaining at 200 °C. This also outperforms the common ester-based electrolyte: the
EC/DEC electrolyte starts to lose weight as early as 71 °C. Besides the electrolytes, we
also examine the thermal stability of 3rd-cycled MnHCF electrodes in EC/DEC and
DiDBE-D electrolytes at 25-250 °C through differential scanning calorimetry (DSC)
(Figure 5.11b). A broad exothermic peak with 141 J g* is found from 75-150 °C for
MnHCEF cycled in the EC/DEC electrolyte, arising mainly from the CEI degradation®®.
In contrast, the thermal reaction is calmer for MnHCF cycled in the DIDBE-D
electrolyte, characterized by two exothermic peaks with a cumulative thermal energy

of 42.5 ] g%, less than one-third of that in the EC/DEC electrolyte.
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Figure 5.11. (a) Comparison of the remaining weight of different electrolytes at 150 °C

based on TGA measurement. (b) DSC curves of cycled MnHCF.
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The morphology and structure of cycled MnHCF were examined through high-
resolution transmission electron microscopy (HRTEM). Although the bulk parts of
cycled MnHCF in both electrolytes retain the original structure with clear lattices of
(002) and (022) planes, there is a significant difference in the CEIl. A conformal
amorphous CEI with a thickness of 3 nm covers the MnHCF particles cycled in the
DiDBE-D electrolyte (Figure 5.12a). In sharp contrast, for the one cycled in EC/DEC
counterpart, homogenous and continuous CEIs are barely observed but it is common to
capture unevenly aggregated crystals on the MnHCF surface (Figure 5.12b). Based on
the inset FFT pattern, these crystals can be assigned to orthorhombic K>SO4 with the
space group of Pnam (62).

We further use the XPS to probe the chemical composition of the CElIs in the two
electrolytes. The prominent C 1s spectra (Figure 5.12c) suggest significant amounts of
organic species derived from solvent decomposition. A large proportion of C-O is
observed in both C 1s and O 1s spectra of electrodes cycled in both electrolytes (Figure
5.12d). The C-O bond in EC/DEC is assigned to the potassium ethylene decarbonate?®.
Instead, the one in DiDBE-D counterpart suggests the presence of PEO-like polymer
species®* 2% griginating from DiDBE decomposition, which features a high flexibility
to retain an intact CEl in HRTEM. Furthermore, the ROSO»- peak related to S-

containing organics is outstanding in the S 2p spectrum (Figure 5.12e) on the surface
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of the DiDBE-D sample, whose intensity is over two times that of the EC/DEC one.
The pronounced S-F peak in the F 1s spectrum (Figure 5.12f) further confirms more
S-containing organic species in the CEIl formed in DiDBE-D, which mainly comes from
the DTD decomposition. Such a high content of S in CEl is expected to inhibit the Mn?*
dissolution of the cathode through complexing them with organic -OSO2- group?®2. This
is evidenced by the weaker Mn signal on the 150th-cycled separator from inductively
coupled plasma-mass spectrometry (Table 5.3).

Table 5.3. ICP-MS result of Mn residue proportion at the separator in MNnHCF||K cells

with DiDBE-D and EC/DEC electrolytes after 150 cycles.

Utilized electrolyte Mn residue proportion on the separator

(mg kg™)
1M KFSI/ECDEC 1.18
1M KFSI/DIiDBE-D 0.12

5.2.3 Enhanced Stability of Modified Electrolyte against K Anode

The electrolyte chemistry would also greatly impact the stability of the K metal anode.
We first evaluate the long-term plating/striping behaviors in K||AI-C cells (Figure
5.13a), the stability is poor in the EC/DEC electrolyte and the CE fluctuates severely
after only 30 cycles with an average CE of 96.5%, whereas the DiDBE-D electrolyte
enables the K||AI-C cell with a high average CE of 98.8% during 120 cycles at 0.5 mA

cm2-1 mAh cm. The performances of K||K symmetric cells in different electrolytes
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are also assessed (Figure 5.13b). Despite the relatively great voltage hysteresis in

DiDBE-D at the initial cycles, it undergoes a gradual reduction in voltage polarization

and a steady cycling for over 700 h. In striking contrast, a noticeable surge in voltage

hysteresis appears from 200 h for the DiDBE electrolyte (Figure 5.13c), suggesting the

positive effect of the DTD additive on the K metal anode. The K||K cell in EC/DEC

witnesses a continuous increase in voltage polarization and fails with a lifespan of only

100 h (Figure 5.13b). It is worth mentioning the DTD addition in the EC/DEC

electrolyte does not bring a positive effect (Figure 5.13d), and the synergistic effect

could only be realized between the DIDBE and DTD.
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Figure 5.12. HRTEM images of MnHCF cycled in (a) DiDBE-D and (b) EC/DEC

electrolyte with corresponding FFT in the selected square area. XPS spectra of (c) C s,
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Figure 5.13. (a) Long-term CE tests of K||AI-C cells. Cycling performances of K||K
cells at 0.5 mA cm™ and 0.5 mAh cm™ in (b) DiDBE-D and EC/DEC, (c) DiDBE, and
(d) EC/DEC-D electrolytes.

The morphologies of plated K were captured through atomic force microscopy
(AFM) in the Ar-filled glove box (Figure 5.14). R, is the arithmetic mean of the
observed surface height departure from the mean plane in absolute terms, representing
the surface roughness of plated K. To guarantee the data credibility, three areas of about
100 pm? without any overlap were selected for each sample for R, calculation. R, of the
deposition surface reduces in the order of EC/DEC, DIiDBE, and DiDBE-D electrolyte
from 124, 117 to 71 nm, which can also be reflected by the flatter surface of plated K
in DIDBE-D electrolyte compared to the irregular chunks-rich surface in EC/DEC
electrolyte (Figure 5.14a-c). The detailed surface changes in height are visualized in
Figure 5.14d-f. In contrast to the significant fluctuation within +300 nm in the

EC/DEC electrolyte, a smoother K plating surface with +150 nm height change is
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generated in the DIDBE-D electrolyte, accounting for the longer cyclic life of K||K cells.
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Figure 5.14. (a-c) Three-dimensional 10th-plated K topographic images in different
electrolytes from AFM. (d-f) Corresponding sectional height curves of plated K on Al-
C electrode.

To explore the underlying mechanism, we measure the mechanical properties of
SEI on the K anode through the AFM-based nanoindentation test®? (Figure 5.15). For
each sample, over 70 testing positions were tested for calculating Young’s modulus E,
elastic strain limit &y, and the maximum energy of elastic deformation U (UxcE £y°)1%,
In the first step (Figure 5.15a), a maximum force of 30 nN was set to obtain as much
force-displacement data as possible within the elastic region of SEI with the reversible
deformation. For the second step (Figure 5.15b), 900 nN was set as the maximum force
to deform the SEI and collect the elastic strain limit of SEls. The SEI generated in the
EC/DEC electrolyte (Figure 5.15c-d) possesses a high E of 873 MPa but a lowey of

0.255. In sharp contrast, the DiDBE-D electrolyte induces an SEI with a higher &y of
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0.306 and a lower E of 538 MPa. The U value, which combines the effect of Young’s

modulus and maximum elastic strain, is adopted to predict the stability of SEI during

repeated K plating/stripping. It shows a higher value of 58.3 pJ in the as-developed

electrolyte than 34.7 pJ for the benchmark carbonate counterpart (Figure 5.15d).
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Figure 5.15. Typical force-displacement curves at different regions for (a) the elastic
region obtained with a small force of less than 30 nN and curves for (b) the plastic
region obtained with a larger load, about 900 nN. Box charts with the distribution curve
for (c) Young’s modulus E, (d) elastic strain limit &y, and (e) U values of elastic
deformation of more than 70 testing positions.

XPS measurements in different depths were performed to explore the
compositional reasons for the distinct mechanical response. There is not much
difference in the overall C content (Figure 5.16) but with distinct compositions. Similar
to the CEls, a large proportion of the C-O bond corresponding to the PEO-like

[CH2CH20]n organic components'® is presented in the DIiDBE-D sample. They are
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generated by the DIDBE reduction, where the possible formation mechanism is

proposed in Figure 5.17.
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Figure 5.16. C 1s XPS spectra of plated K anode cycled in (a) DiDBE-D and (b)

EC/DEC electrolytes. (c) C atomic percentage of different samples.
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Figure 5.17. Decomposition mechanism of DiDBE. Reproduced with permission'*.
Copyright 2019. Royal of Society Chemistry.

The species maintain after the sputtering in the C 1s and O 1s spectra (Figure
5.18a), indicating they are distributed throughout the SEI. These oligomers possess a
high elasticity?® for realizing outstanding mechanical stability as measured in the
nanoindentation test. It is also noticed that the S-O peak dominates in O 1s spectra for
the DIDBE-D sample compared to the EC/DEC one (Figure 5.18b), which arises from
the decomposition of either S-containing solvents or salts. S 2p spectra (Figure 5.18c-

d) are analyzed to further unveil this component. The presence of the ROSO»- peak in
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the DIDBE-D sample steadily rises with sputtering times and exhibits a significantly
greater intensity, indicating more S-containing organic species ROSO:2K in the SEI
from the decomposition of DTD?% (Figure 5.19). These species with high polarity and
ionic conductivity can promote ionic diffusion within SEI2%2%7 which explains the

higher lo calculated from DIDBE-D Tafel curves.
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Figure 5.18. (a-b) O 1s spectra and (c-d) S 2p spectra of 10™-plated K on Al-C current

collectors in DiDBE-D and EC/DEC electrolytes.
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Figure 5.19. Proposed reduction mechanism of DTD. Reproduced with permission®!.
Copyright 2021. Wiley-VCH.

5.2.4 Performance of K||MnHCF Cells Under a Harsh Condition

Having confirmed the beneficial impact of DIiDBE-D electrolyte on both MnHCF
cathode and K anode, we analyze the cycling performance of K||MnHCF cells under a

more challenging condition with a negative/positive (N/P) capacity ratio of 4 (Figure
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5.20a). The CE of the cell in the EC/DEC electrolyte continuously fluctuates at around

80%, and its capacity suddenly degrades after 150 cycles (Figure 5.20b).

Encouragingly, the K|[MnHCF cell in the DIDBE-D electrolyte demonstrates a high

ICE of 90.9% and delivers a steady capacity in a longer lifespan of 200 cycles with a

mean voltage of over 3.81 V and ACE of over 99.4%, resulting from the concurrent

enhancement in both cathode and anode.
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Figure 5.20. (a) The cycling performance of K||MnHCF cell with an N/P ratio of 4 in

different electrolytes with (b) corresponding voltage profiles at the first cycle and 165th

cycle.

5.3 Summary

We demonstrate that extending the terminal alkyl chain of ether could effectively

reduce solvent reactivity through the steric hindrance associated with large-sized end

groups. Consequently, it weakens the K ion-solvent interaction evidenced by the lower

solvent proportion in the K ion solvation shell, which alleviates the solvent

decomposition. The oxidative stability could be boosted to 4.6 V through an S-
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containing additive, which also suppresses the corrosion of the Al-C current collector

and Mn dissolution from the cathode. Delightedly, such an electrolyte benefits the

mechanically stable SEI on the K metal anode as well. The decomposition of DiDBE

gives rise to the formation of oligomers in the SEI, which are characteristic of high

elasticity. Besides, the presence of S-rich species in SEI contributes to fast kinetics for

homogeneous K deposition, explaining the higher Coulombic efficiency and longer

cyclic life of K metal anode in DiDBE-D electrolyte. The cumulative ameliorations on

the cathode and anode interphases allow the stable cycling of MnHCF||K cell with a

limited K excess. This study provides an effective strategy to design the non-fluorinated

ether electrolyte toward high-potential PMBs by modulating the solvation structure and

the resulting interphases.
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Chapter 6. Conclusion and Future Plan

6.1 Conclusion

PIBs have drawn much attention recently owing to their low K redox potential and
abundant resources. However, the related research into both electrodes and electrolytes
is still in its infancy with some vague underlying mechanisms. The unstable interphases
also hamper the development of PIBs. This thesis is committed to boosting the
interfacial stability at both the anode and cathode. The hard carbon anodes are firstly
explored by clarifying the charge storage mechanism at the low voltage, followed by
boosting the kinetics through regulation of the interfacial behavior. The carbon material
is also applied as a coating on the Al current collector to tailor the SEI on the K metal
anode. Lastly, electrolyte engineering is conducted to concurrently stabilize SEI and
CEI for realizing high-energy potassium full cells. Three major findings are concluded

as follows:

(1) We explored the K ion storage performance and the associated charge storage
mechanism in biomass-derived hard carbon. It is found that the pore filling of K ions is
partly responsible for the capacity of the low-voltage region, evidenced by the presence
of quasi-potassium nanoclusters after fully discharging. The slow kinetics could be
promoted by optimizing cycling protocol and electrolyte formulations.

To boost the unsatisfactory rate performance of hard carbons, we developed a
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cyclic ether THF with weak K-solvent interaction owing to low polarity and high dipole
moment/dielectric constant (s/¢&) ratio. Such weak solvent does not only avoid the co-
intercalation with K ion that occurs in the most widely investigated DME electrolyte
but enhances the K ion insertion owing to the facile de-solvation process. Most
importantly, an inorganic-rich SEI from more FSI-decomposition benefits the charge
transfer. Consequently, the CNFs show superior rate capability (143 mAh gtat 1.5 A
g}) and cyclic performance in the THF-based electrolyte even at 0 °C.

(2) We applied the carbon-based coating to manipulate the SEI on K metal anodes by
altering the extent of the electrolyte decomposition. A dual-modification approach
consisting of CNF and Ni (CNFNi@Al) is adopted to achieve advanced potassium
metal anodes through a synergy between stable interphase and nucleation. Firstly, the
as-designed current collector features a reduced Fermi level due to an elevated work
function, inducing the formation of a thin inorganic-rich SEI with superior mechanical
properties to avoid SEI fracture during volume expansion. Secondly, nickel species
endow the current collector with a high affinity towards K, promoting the nucleation
and planar growth behavior of K embryos. As a result, an anode-free
MnHCF||CNFNi@ALl cell can be realized with 89% capacity sustained after 50 cycles

at 100 mA g

(3) We developed a novel electrolyte by extending the terminal alkyl chain of ether to
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reduce solvent reactivity through the steric hindrance and alleviate the solvent

decomposition at high voltages. The oxidative stability can be boosted to 4.6 V with

the assistance of an S-containing additive, which also suppresses the corrosion of the

Al-C current collector and Mn dissolution from the cathode. Delightedly, such an

electrolyte benefits the mechanically stable SEI with high elasticity on the K metal

anode as well. The cumulative ameliorations on the cathode and anode interphases

allow the stable cycling of MNnHCF||K cell with a limited K excess.

6.2 Future Plan

Upon completion of this thesis, there are still great obstacles in PIBs in both the

electrodes and electrolytes. Two potential research directions are proposed as follows:

(1) Improving the performance of PIBs at a wide temperature. Wide-temperature PIBs

have been rarely reported, due possibly to the slow K ion transfer kinetics at the

interface and within the electrodes. While novel electrodes are being intensively

explored, electrolyte engineering is also crucial. Solvents with a larger liquid range

(large difference between the melting point and boiling point) would help retain a

reasonable ionic conductivity at a super low temperature and thermal stability at a high

temperature. Apart from the electrolyte itself, the resulting SEI/CElIs play vital roles in

the stability and kinetics. Simutaneously building SEI/CEI at a wide temperature

remains challenging.
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(2) Pursuing high-energy cathode materials. Note that the iron-based Prussian blue
FeHCF utilized in Chapter 4 exhibits relatively great cyclic stability with an average
discharging potential of 3.5 V but delivers only about 60 mAh g! capacity. The
manganese-based Prussian white (MnHCF) in Chapter 5 displays a higher capacity of
120 mAh g! with an elevated potential of 3.8 V while suffering from poor cycling
performance. Other high-voltage polyanion type KVPF witnesses a poor rate
performance due to limited electric conductivity. In addition, it requires a super-high
charging voltage of up to 5 V, which surpasses the oxidative stability of most
electrolytes. Another issue that has been largely ignored is the low density of these
polyanion and Prussian cathodes compared to layered oxides, which may cause a

penalty on the volumetric energy density of PIBs.
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