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Abstract

Net-zero carbon dioxide emission demands clean renewable energy, while harnessing
it requires electrochemical storage devices with high energy density, safety and affordability.
To achieve decarbonization, much effort is being devoted to new battery technologies beyond
lithium-ion batteries (LIBs), which suffer from limited lithium resources and low safety.
Rechargeable batteries based on divalent metal anodes (Zn, Mg and Ca) are promising systems
due to their high abundance, high volumetric capacity and potentially high safety. Zn anode
has a high standard redox potential (-0.76 V vs. standard hydrogen electrode (SHE)), resulting
in its relatively good compatibility with aqueous electrolytes. Such inherent safety and
potential low-cost make aqueous Zn metal batteries (AZMBs) desirable candidates for small
and large-scale stationary grid storage. Mg or Ca anode, on the other hand, has a much lower
standard redox potential (-2.37 V or -2.87 V vs. SHE, respectively) that is even comparable to
lithium (-3.04 V vs. SHE). Therefore, high-voltage rechargeable Mg or Ca metal batteries
(MMBs or CMBs) are potential alternatives to LIBs in a variety of areas ranging from portable
electronic devices to electrical vehicles. However, the study of these divalent metal batteries
is still at the early stages. Among many unaddressed challenges for practical divalent metal
batteries, designing better electrolytes is one key to their successful commercialization. This
thesis presents a comprehensive investigation on designing new electrolytes for both AZMBs
(chapters 3, 4 and 5) and MMBs (chapters 6 and 7), by tuning the solvation structure of Zn>"
or Mg?" ions and their interaction with solvents or anions. A series of electrolytes with
precisely controlled interfacial electrolyte/electrode chemistry are developed to achieve
rechargeable AZMBs and MMBs under practical conditions.

Chapter 3 reports a novel additive -  N,N-dimethylformamidium
trifluoromethanesulfonate (DOTY) - in a low-cost aqueous electrolyte that enable near 100%
coulombic efficiency of Zn plating/striping at a combined high current density of 4 mA cm™
and areal capacity of 4 mAh cm™ over long-term cycling. The water-assisted dissociation of
DOTT into triflic superacid creates a robust nanostructured SEI - as revealed by operando

spectroscopy and cryo-microscopy - which excludes water and enables dense Zn deposition.
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Zn||Zno25V205-nH>0 (ZVO) full cells based on this modified electrolyte retain ~83% of their
capacity after 1000 cycles with mass-limited Zn anodes. By restricting the depth of discharge,
the cathodes exhibit less proton intercalation and LDH formation with an extended lifetime of
2000 cycles.

Chapter 4 presents the electrochemical degradation mechanism of LiV2(POs)3 (LVP)
as a host cathode in AZMBs. Phase conversion of LVP induced by H' intercalation is observed
in 4 m Zn(OTf), whereas dominant Zn?' insertion is confirmed in ZnCl, water-in-salt
electrolyte (WiSE). This disparity is ascribed to the complete absence of free water and the
strong Zn**-H»O interaction in the latter that interrupts the H.O hydrogen bonding network,
thus suppressing H' intercalation. Based on this strategy, a novel PEG-based hybrid electrolyte
is designed to replace the corrosive ZnCl, WiSE. This system exhibits an optimized Zn?"
solvation sheath with a similar low free water content, showing not only much better
suppression of H' intercalation but also highly reversible Zn plating/stripping with a CE of
~99.7% over 150 cycles.

Chapter 5 reveals the competition between Zn>" vs proton intercalation chemistry of
typical ZVO cathode using ex-situ/operando techniques, and alleviate side reactions by
developing a cost-effective and non-flammable hybrid eutectic electrolyte. A fully hydrated
Zn*" solvation structure facilitates fast charge transfer at the solid/electrolyte interface,
enabling dendrite-free Zn plating/stripping with a remarkably high average coulombic
efficiency of 99.8% at commercially relevant areal capacities of 4 mAh cm and function up
to 1600 hours at 8 mAh cm™. By concurrently stabilizing Zn redox at both electrodes, we
achieve a new benchmark in Zn-ion battery performance of 4 mAh cm anode-free cells that
retain 85% capacity over 100 cycles at 25 °C. Using this eutectic-design electrolyte, Zn||lodine
full cells are further realized with 86% capacity retention over 2500 cycles. The approach
represents a new avenue for long-duration energy storage.

Chapter 6 reports a low-cost inorganic membrane that forms an effective protection
film on the Mg surface to stabilize Mg plating/stripping. It significantly reduces the population
(and hence decomposition) of free diglyme (G2) molecules at the Mg/interface, while allowing

facile transport of Mg?" cations, leading to dendrite-free Mg deposition in a magnesium
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tetrakis(hexafluoroisopropyloxy)borate/G2 electrolyte. We demonstrate very stable Mg
plating/stripping performance with a 750-fold extended lifetime (over 6000 hours) with a high
coulombic efficiency of ~98%. The prototype Mo03S4 cathode paired with inorganic membrane-
protected Mg anode shows 91% capacity retention over 200 cycles. More importantly, this
membrane also protects soluble species in a high-voltage organic polymer cathode from being
reduced at the anode via shuttling, achieving a full cell with a 3.5 V cutoff voltage and 1.4 V
average discharge voltage. This results a high specific energy density of 320 Wh kg! and
power density of 1320 W kg™! based on cathode mass.

Chapter 7 report a new and easily accessible co-ethereal phosphate electrolyte system
for high-voltage rechargeable MMBs, which very effectively solves the difficulty of ion pair
dissociation and facilitates fast nanoscale Mg nucleation/growth for the first time, enabling
facile interfacial charge transfer at current densities up to 10 mA cm™. Dendrite-free Mg
plating/stripping is achieved for over 6000 hours (8.3 months) at a practical areal capacity of
2 mAh cm™. The four-volt oxidative stability of these electrolytes - in conjunction with a
polyaniline cathode with an upper potential of 3.5 V and a Mg metal anode - enables cells with
stable cycling at a 2C rate for over 400 cycles at 25 °C. We believe our work opens up new
frontiers in developing low-cost and fast-charging MMBs with long life and high energy

densities.
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The published anode data were evaluated based on asymmetric cells in terms of current density (top x
axis), areal capacity (heatmap), cumulative capacity (right y axis), and coulombic efficiency (size of
star). Cumulative capacity is calculated based on the areal capacity and the reported cycle numbers of
Zn plating/stripping. Adapted from Ref. 10. Copyright @ 2022 Elsevier Inc. ........ccccceverienincnnnne. 14
Figure 1.10 (a) Specific energy density (left y axis) as a function of N/P ratios (bottom x axis). The
required cathode areal capacity and mass loading at different N/P ratios was further calculated for
reference (top x and right y axis). (b) Volumetric energy density as a function of N/P ratios............. 17
Figure 1.11 Electrochemistry of MoeSs positive electrode tested with a Mg negative electrode and 0.25
M Mg(AICI,BuEt), in THF electrolyte . Adapted from Ref. 39. Copyright @ 2000 Spinger Nature. 19
Figure 1.12 (a) Crystal structure of the Chevrel phase showing the Mo¢Ts blocks and three cavities
available for ion insertion. Adapted from Ref. 43 Copyright @ 2006 American Chemical Society. (b
and c¢) Electrochemistry of “soft-anion” (b) thiospinel Ti,S4 and (¢) layered TiS; positive electrodes
with Mg negative electrodes and all-phenyl complex electrolyte. Adapted from Ref. 44 Copyright @
2016 Royal Society of Chemsitry, and Ref. 45 Copyright @ 2016 American Chemical Society. ...... 20
Figure 1.13. The spinel crystal structure where the ‘A’ atoms occupy the tetrahedral sites, and the ‘B’

atoms occupy the octahedral site. Adapted from Ref. 46. Copyright © 2015 Royal Society of Chemistry.

Figure 1.14 (a) The voltage profile of a Mg—PTO cell. (b) Reductive enolization of PTO to Mg,PTO
and Mg,PTO. The accompanying photographs of DME solutions of the electrodes at the corresponding
states indicate the solubilities and colors of the intermediates. Adapted from Ref. 51. Copyright @ 2018
SPIINEGET NALUTE. ...vveviieiiieiieieeseeete et et et estestesebesteeseesseesseesssesnseasseesseesseesssesssesnsesnsasssessseesseennsennns 23
Figure 1.15 Cyclic voltammograms of 0.25 M BEC and 0.4 M APC electrolytes measured with Pt
electrodes at 25 mV s, Adapted from Ref. 53. Copyright @ 2007 The Electrochemical Society. ....24
Figure 2.1 Schematic of Bragg’s law. Adapted from Ref. 68. ..........cccoveiiiiiiiiiiiiicececeeeeeee, 32
Figure 2.2 Schematic diagram of different types of interaction between the incident electron beam and
specimen. Adapted from Ref. 69. Copyright @ 2018 Springer Nature...........cccoeeveevrieveenienreereennenn 33
Figure 3.1 CE of Zn Cu asymmetric cells in 2 M ZnSOQj electrolyte s with different concentration of
DOTfat 1 mA cm™ and 0.5 mAh cm™ The initial CE decreases as the concentration of DOTf increases
from 50 mM to 100 mM. However, the average CE in both electrolytes for a total 400 cycles is ~99.4%.

Hence, the final concentration of DOTTf was selected as 50 mM in this Work. .........coecvvvvvvviveriiiinnennn. 42
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Figure 3.2 (a, b) CE evolution on cycling Zn||Cu asymmetric cells under different conditions: (A) 1 mA
cm? and 0.5 mAh cm?, (B) 4 mA ¢m™? and 4 mAh cm?. Slight variation (+ 0.1%) in CE is to be
expected. (¢) Voltage profiles of the Zn||Cu cell in 2 M ZnSO4 - 50 mM DOTf at 4 mA cm? and 4 mAh
cm?2. (d) Galvanostatic Zn stripping/plating in Zn||Zn symmetric cells at 4 mA cm™ and 4 mAh cm™.
(e) Comparison between the Zn plating/stripping performance of asymmetric cells in this work and that
reported based on four critical parameters: Coulombic efficiency, current density, areal capacity and
cumulative capacity. Only electrolytes that have demonstrated an average CE of >99% for at least 200
CYCLES AI'C SCIECTIEA. ..oviiiiiiiiiieie ettt ettt e b e eav e e be e be e tbestbeeabeesbeesbeesbaesteessnesrseenveenns 43
Figure 3.3 . Voltage profiles of Zn||Cu asymmetric cells in different electrolytes at 1 mA cm™ and 0.5
mAh cm?. (a) 2 M ZnSO04-50 mM DOTTE; (b) 2 M ZNSO4 ..c.veeeeeeeeeeeeeeeeeeeeeeeeee e 44
Figure 3.4. CE of Zn||Cu asymmetric cells in different electrolytes at 10 mA cm?and 10 mAh cm™. 44
Figure 3.5. Impedance studies of the Zn symmetric cell. (a) Voltage profiles of Zn||Zn symmetric cell
with the addition of 50 mM DOTTf at 4 mA ¢m™ and 4 mAh ¢m™ and corresponding (b) Nyquist plots
at Oh, 20h, 40h, 60h, 80h, 100h and 120h. EIS was conducted after each 10-hour Zn plating/stripping
cycle. The stable and non-zero resistance during Zn plating/stripping indicates the absence of soft
SHOTES. -ttt ettt et h e ettt b ettt h e e bt bt et b e e a et eb e et e eh e ea b e bt eae et e ebeeatenees 45
Figure 3.6 The Zn plating/stripping electrochemistry of Zn||Cu asymmetric cells at a current density of
2 mA cm™ and areal capacity of 1 mAh cm™?. (a) CE evolution as a function of cycle numbers in
different electrolytes; Voltage profiles in (b) 2 M Zn(OTf), - 10 mM DOTf and (c) 2 M Zn(OTf),...46
Figure 3.7 SEM images of plated Zn in (a-b) 2 M ZnSO4 and (c-d) 2 M ZnSO4 — 50 mM DOTf at 1 mA
emM 2 and 0.5 MAR CIM 2. 1.iiiiiiiiice ettt sttt bbb bbb s esesesesesnsnns 47
Figure 3.8 Morphologies of plated Zn on Cu after 10 cycles at 4 mA cm 2 and 4 mAh cm 2. (a—d) SEM
images of plated Zn in 2 M ZnSO4-50 mM DOTY: (a and b) top view and (¢ and d) cross-sectional view.
(e-h) SEM images of plated Zn in 2 M ZnSOs: (e and f) top view and (g and h) cross-sectional view.
Images shown and indicated thicknesses are representative of the average deposition layers............. 47
Figure 3.9 "TH-NMR spectrum of the modified electrolyte and 2 M ZnSOs - 50 mM DMF ................ 48
Figure 3.10 NMR studies for the 2 M ZnSO4-50 mM DOTT electrolyte. (a) Comparison of the IH-NMR
spectra of 2 M ZnSO, with 50 mM DOTf and 50 mM DMF-HOTY. (b) The HSQC 2D spectrum of the
DOT{ modified electrolyte. The 1H and 13C patterns are shown on the horizontal axis and the vertical

AXAS, TESPECTIVELY . .eeiiiiiiiiii ettt et e et e et e e et eeetbeesabeeessaeessbaeessseesseeassaeensseensseennses 49
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Figure 3.11 The Zn plating/stripping chemistry of different electrolytes at a current density of 4 mA
cm-2 and areal capacity of 4 mAh cm-2. (a) CE evolution as a function of cycle number in different
electrolytes. Surface morphologies of the 10th plated Zn on Cu in (b) 2 M ZnSO4 — 50 mM HOTf and
(c) 2 M ZnSOs4 - 50 mM HOTTf - 50 mM DMEF. The longer cycling life and slightly denser surface
morphology in 2 M ZnSO4 - 50 mM HOTT - 50 mM DMF show that DMF plays a key role in improving
thE ZN STADILILY . ...vveviiieiiciieie ettt et ettt ettt e st e e eb e et e ete e teesbeeetaeeabeesbeesbeesbaesssessseesseenseesreesseens 50
Figure 3.12 BC-NMR spectra of 200 mM DOTT before (red curve) and after spiking with HCOOH
(blue curve). The peak at 6= 165.5 ppm corresponds to the carbonyl hydrogen of HCOOH, while the
peak at 6= 164.8 ppm corresponds to the carbonyl hydrogen of DMF. .........cccccoeeviiiiiiiiciiiieie, 51
Figure 3.13 'H-NMR spectra of aqueous solutions as labelled. ..............ccocevevevereeereeereeeeeeeceeeene. 52
Figure 3.14 (a) XPS spectra for 1st plated Zn on Cu in 2 M ZnSOs-50 mM DOTTf at 4 mA c¢cm 2 and 4
mAh cm 2. (b and ¢) Operando SEIRAS of both plating and stripping process on Au in (b) 2 M ZnSOs-
100 mM DOTf and (c) 2 M ZnSOs at 4 mA cm 2 for 30 MiN. ......c.oveveveveieieeeeeeeeeeeeeeeee e 53
Figure 3.15 F1s XPS spectrum of 1st Plated Zn on Cuin 2 M ZnSOs4 - 50 mM DOTT..........ccceee. 54
Figure 3.16 Electrochemistry of 2 M Zn(ClO4), - 50 mM DOTT at 4 mA cm.; and 4 mAh cm.,. (a) CE
evolution of Zn||Cu cell as a function of cycle number. XPS for Ist plated Zn: (b) N 1s, (c) S 2p and (d)
Cl 2p. The sulfide region is obscured by the background noise, suggesting either an insignificant
amount of (or no) ZnS is formed on the Zn Surface. ..........ccoeeeeiieiiiieiiiee e 55
Figure 3.17 pH evolution of 2 M ZnSO4 - 50 mM DOT( during Zn plating/stripping. (a) pH changes as
a function of cycle number in a beaker cell with 5 ml electrolyte and 16 cm? Cu and Zn electrode at 4
mA cm™ and 4 mAh cm™. Images of the pH paper contacted with glass fibre separators (b) after initial
soaking with 100 uL electrolyte, (c) after soaking with the electrolyte after the first cycle and (d) after
soaking with the electrolyte at the 10th cycle at a current density of 4 mA ¢cm™ and areal capacity of 4
mAh cm™. The pH increases to 4~35 after the first plating/stripping and stabilization in this range after
subsequent cycles indicates that the SEI mainly forms during the initial cycles. ........ccccovverviereannenne. 56
Figure 3.18 XPS spectra of (a-b) bare Zn soaked in 50 mM DOTT: (a) N 1s (b) S 2p; and (c¢) S 2p

spectrum of 1st plated Zn layer on Cu in 2 M ZnSOs at a current density of 4 mA cm™ and areal capacity

OF 4 AR CINZ. ..ottt ea ettt ettt ettt et et ettt a et eanesanas 57
Figure 3.19 . XPS spectra of bare Zn metal soaked in 2 M ZnSQO4 - 50 mM DOTY. (a) N 1s spectrum.
(o) BRI oIS o o134 s OSSP USP 57
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Figure 3.20 XRD of plated Zn on Cu after 10 cycles in different electrolytes under different cycling
(4707016 113 o) 0 - F OO OO ST USRS 58
Figure 3.21 Structural and compositional mapping of the SEI formed in 2 M ZnSO4-50 mM DOTT (a
and b) Dark-field and HAADF images showing the conformal and porous structure of the SEI. (c and
d) EDS-based spectral imaging of the SEI with the corresponding multivariate spectral components:
Zn deposit, red; interphase and nanosheets, green; carbon cap, blUe. ..........ccceeevieviievieiienieeieereeieen, 60
Figure 3.22 Nanoscale nucleation and growth of plated Zn. (a) The first plating voltage profiles of
Zn||Cu cells at 4 mA cm 2 and 4 mAh cm? with a magnified view of initial nucleation process. (b-m)
Ex situ SEM images of plated Zn on Cu in 2 M ZnSO04-50 mM DOTT (b—g) and 2 M ZnSO4 (h—m)
after: (b and h) 0.1 mAh cm™2, (c and i) 0.5 mAh cm™2, (d and j) 1.0 mAh cm ™2, (e and k) 2.0 mAh cm 2,

(fand 1) 3.0 mAh cm™2, and (g and m) 4.0 MAR CIM 2. ..ot 61
Figure 3.23 Illustration of SEI formation and its role in tuning Zn nucleation and growth (a) 2 M ZnSO4
electrolyte. (b) 2 M ZnSO4-50 mM DOTE €lectrolyte. .......ccveevvieiiiiiieciieciecieeieereereeee e 62

Figure 3.24 Electrochemistry of Zn||Zno.2sV20s-n1HO full cells between 0.5 and 1.4 V. (a and b) Rate
performance of full cells in different electrolytes: (a) specific capacity as a function of cycle numbers
and (b) corresponding charge-discharge curves at different current densities. (¢ and d) The voltage

profiles of full cells (c¢) in 2 M ZnSO4 and (d) 2 M ZnSO4-50 mM DOTfat 5 C (N:P =~ 2.5). (e) Long-

term stability of full cells in different electrolytes at 1.5 A g ! (N:P = 2.5). The Zn anode was deposited

ONL U FOTL ettt ettt et e b e bt e s bt e et e et et e e beesbeesaeesneesateenee 64
Figure 3.25 Characterization of Zn0.25V205-nH20 nanobelts.(a) XRD pattern and (b) SEM
morphology of Zn0.25V2O05-NH2O0 .....c.ooiiiiiiiiiciie ettt ettt e e ite e sreeetaeessbaeessaeessseeans 65

Figure 3.26 Long-term cycling of Zn||Zn0.25V205-nH20 full cell in 2 M ZnSO4 in the voltage range
of 0.5 V -1.4V at 5 C with unlimited Zn. The cell retains ~ 78.8% of its initial highest capacity after
1000 cycles, no less than the previous reported value.This confirms the high cycling stability of
Zn0.25V205-nH20 cathode and enables us to further explore the Zn reversibility in the modified
CleCtrolyte In ULl COLIS. .o.uvviiiiiieiieeee et e et e e b e e e bb e e sbeeeareeertaeeesseeenens 65
Figure 3.27 H'/Zn*" Intercalation of Zn||Zny»5V20s-nH>O full cells in 2 M ZnS04.50 mM DOTT. (a)
The first voltage profiles of full cells at different discharge states and corresponding schematic
illustration of H/Zn?" intercalation into the lattice (a, b, and ¢ indicate the open circuit voltage, 0.7 and
0.5 V). (b) Long-term stability of the full cell between 0.7 and 1.4 V at 1.5 A g'! (N:P =~ 5.2, the areal
capacity of deposited Zn on Cu is the same as that in 0.5—1.4 V).......ccccceeviiiiiiiiniiecieeee e 66
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Figure 3.28 Comparison of the XRD patterns of Zng25V20snH>O electrodes discharged to different
lower cutoff voltages in 2 M ZnSO4 - 50 MM DOTT. ...ccuviiiiiiiiceece et 67
Figure 3.29 Cycling stability of ZVO in 2 M ZnSO4 — 50 mM DOTf at 0.6 A g™ (2C rate) with a.... 68
Figure 4.1 (a) Rietveld refinement of XRD patterns of sol-gel prepared LizV2(POs)s (inset shows the
SEM image of pristine Li3;VP powder) and (b) electrochemically oxidized LiV2(POs); (inset shows the

corresponding charge-discharge curve in 4 m Zn(OTf)z at C/20).....ccoviviiciieiiiiieieeceecee e 74
Figure 4.2 TGA of sol-gel synthesized LizVa(PO4)3 ..cccueeviiiieiieiiiiiie ettt eve v 77
Figure 4.3 Charge—discharge curves of LVP during different cycles and corresponding capacity
retention at 1 C (= 136 mA g ') in (a, b) 4 m Zn(OTf), and (¢, d) 29 m ZnCl, WiSE. ........ccccocveueee. 78
Figure 4.4 Charge-discharge capacity of LVP as a function of cycle number in a) 4 m Zn(OTf); at a
rate of 10 Cand b) 29 m ZnCly at a 1ate 0f 5 C.ueovriiviiiiieiieeeeee et 79

Figure 4.5 (a) XRD patterns of fully charged LVP electrodes at C/5 after different cycles and (b)
corresponding SEM images and P:V ratios collected by EDX at the 2nd (I, IV), 5th (IL, V), and 20th

(1L, VI) cycle. (c) XRD patterns of LVP electrodes soaked in various electrolytes for 24 h. ............. 80
Figure 4.6 EDX of fully charged LVP electrodes at C/5 during different cycles in (a) 4 m Zn(OTf), and
(o) A 11 1 L USSP 81

Figure 4.7 XRD patterns of fully charged LVP on the 20th cycle. The difference between this pattern

and reference Lig97V30g can be ascribed to the formation of multiple VOx phases with various amounts
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Figure 4.8 XRD patterns of (a) fully charged LVP on the 20th charge and (b) pristine LVP soaked in 4
m Zn(OT1E)2 + 0.2 M H3PO4 101 24 NOUIS.......oiiiiiiiie ettt ettt eeaae e eree e 82

Figure 4.9 (a) Rietveld fit result of the 2nd fully discharged LVP electrode in 29 m ZnCl, at C/40. (b)
Ex situ XRD patterns of LVP during the 2nd cycle and (¢) corresponding charge—discharge curve in 29
10 11 () G L TR USSP 83
Figure 4.10 (a) EDX of fully discharged LVP electrodes on the 2nd discharge at C/40 in 29 m ZnCl,
and (b) corresponding charge-diSCharge CUIVE..........cccviiiiiiieciieiiceeeeceeere e st ve e 84
Figure 4.11 Electrolyte ionic conductivity and viscosity of 2 m Zn(OTf), with different weight ratios
10} i o 2 TSRS 87
Figure 4.12 FTIR spectra of 2 m Zn(OTf), hybrid electrolytes with various weight ratios of PEG in
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Figure 4.13 Electrolyte structure in 29 m ZnCl,, 4 m Zn(OTf),, and 70PEG electrolytes. (a) Typical
Zn** solvation structures. 29 m ZnCl, WiSE resembles a disordered crystal due to the relative scarcity
of water molecules. Zn*" is most commonly coordinated to 3 OTf and 3 H,O in 4m Zn(OTf),, whereas
in 70PEG the solvation shell typically comprises 4 OTf and 2 H,O. (b) Simulation snapshots showing
only the water molecules. (¢) Distribution of water populations. (d) Water molecules absorbed into the
PEG-rich region of the 70PEG €lECtIOLYLE. ...coviiviiiiiiiiiiieiicie ettt cteectre e et veesereseneeaveesveeveens 88
Figure 4.14 Frequency of occurrence of different solvation environments around Zn?", as obtained from
MD simulations. The Zn?" coordination number was always found to be six, but the number of water
and triflate molecules (indicated by the x axis labels) varied, shifting from more waterrich shells in 4
m Zn(OTf), to more OTF- rich shells in 7TOPEG. .......cccooiiiiiiiieiiiece e 89
Figure 4.15 Radial distribution functions for H,O, CI', OTf and PEG coordination to Zn>* obtained
frOM MDD SIMUIATIONS. ...veeeieiieiieiei ettt ettt ettt et e et et e st e e st e seeseenseeseensaseeneenseeneeaseees 90
Figure 4.16 (a) CE evolution over 150 cycles in 70PEG of Ti||Zn asymmetric cell at 1 mA cm for 1
mAh cm (Inset = magnified view from 50th to 150th cycles) and (b) corresponding charge—discharge
curves. (c¢) XRD patterns of 2nd fully discharged LVP electrodes in 29 m ZnCl, and 70PEG at C/40
with corresponding EDX ratios of Zn, P and V. (d) GITT profiles and resulting diffusion coefficient
data for LVP in 70PEG at C/40; cells were first discharged prior to charge. (e) Capacity retention of
LVP in 70PEG at C/2 and C/5 (INSEL). ..eccveeevieriieriieniierieeieeieesieesieesteeseaesssessseesseesseesseesssesssesnsesssessseens 91
Figure 4.17 Charge-discharge curves of Ti || Zn asymmetric cells at 1 mA ¢m™ for 1 mAh cm? in (a)
OPEG, (b) 20PEG, (c) SOPEG and (d) 8OPEG. ....c..cociiiiiieierieeieeeteeeeese e 92
Figure 4.18 (a) Voltage profiles of Zn stripping/plating in a Zn || Zn symmetric cell at 0.5 mA cm™ for
1 mAh cm™; SEM images of Zn in a Zn || Zn symmetric cell after 10 stripping/plating at 1 mA ¢cm™ for
1 mAh cm? in (b, ¢) OPEG, (d, €) 20PEG, (f, g) 50PEG and (h, i) 70PEG............cccceeverererererrrrennnns 93
Figure 4.19 LSV curves of different electrolytes at a scan rate of 1 mV s! based on three electrode cells
with Zn as the reference electrode and Ti as both working and counter electrode..........c..cccoevvveneneen. 94
Figure 4.20 In-situ optical microscopy studies of Zn plating in Zn||Zn symmetric cells in (a) OPEG and

(b) 70PEG at a current density of 5 mA c¢cm™ (based on the cross-sectional area of Zn foil electrode);

(c) picture of the transparent cell in the optical MICTOSCOPE. .....ecvvierrierireriiiieeieere et esree e stre e e e 94
Figure 4.21 (a) Charge-discharge curves of LVP in 70PEG at C/40 and (b) corresponding EDX data
ANA SEM IIMAZE. ..oveiiviiiiiieiie ettt st et e et e e rteesteestaestbeetbeesbeesbeesssessassseasssasseesseesassseesssesssesssesnns 95
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Figure 4.22 GITT profile of LVP/4 m Zn(OTf), at C/40. The cell was first run for 64 cycles to reach
maximum capacity at C/5 prior to the GITT measurement. ..........ccevcvereerereerieereereereesre e eeeeseesieens 95
Figure 4.23 Charge-discharge curves of LVP at (a) C/5 rate and (b) C/2 rate in 70PEG .................... 96
Figure 5.1 (a) Price and flash points of various nonaqueous solvents: methanol, sulfolane, ethylene
glycol (EG), propylene carbonate (PC), dimethyl carbonate (DMC), trimethyl phosphate (TMP), and
succinonitrile (SCN). (b) FTIR spectral evolution of different electrolytes. (¢) Evolution of ionic
conductivity, viscosity, and pH at various weight ratios of sulfolane. (d, €) XANES (d) and EXAFS (e)
spectra of different electrolytes. (f) Proportion of fully hydrated Zn?>* (filled bars) and free water
(hatched bars) from classical MD simulation of bulk electrolytes. (g) DFT-computed reaction energies
to form fully hydrated Zn?* from other cluster types (Zn*-4H,O-20Tf", left, or Zn>"-4H,O-10Tf-1SL,
right). (h) Simulated XANES spectra associated with different solvated cluster types. .................... 103
Figure 5.2 Pictures of prepared hybrid eutectic electrolyte. (a) 0SL/2 m Zn(OTf), and 70SL/2 m
Zn(OTf), shows similar colorless electrolyte with all salts fully dissolved. (b) 70SL/0.5 m ZnSO4shows
a cloudy mixture, indicating very limited solubility of ZnSOs. (¢) Pure SL shows slightly yellowish
color due to the unknown industrial impurity, which could have a possible but minor effect on
electrolyte properties considering its very low quantity (<1% in pure SL). All electrolytes were stirred
at room temperature for at least 4 hours to fully mix solvents and salts. ...........ccoceeceririnnininenne. 104
Figure 5.3 DSC curves with labeled melting points of various electrolytes. Data were collected from -
100 °C to room temperature with a heating rate of 10 °Cmin ™. ..........ccovvvivieieiireieeeeeeeeee 105
Figure 5.4 (a) 'H-NMR spectra of different electrolytes. (b) water retention of different electrolytes as
a function of time on exposure to OPen atMOSPRETE. ......cceevvieiiiiiiiiietiee et seee s 105
Figure 5.5 (a, b) Voltage profiles of ZVO during the first cycle (a) and corresponding EDS-derived
elemental ratio of Zn, V, and S at different electrochemical states (b). The error bars are derived from
the mathematical average of the EDX ratios in three different areas of each electrode. (¢) Zn 2p and O
1s XPS spectra of pristine ZVO and discharged ZVO in OSL and 70SL. (d—f) Operando XRD patterns
of ZVO in 70SL (d), OSL (e), and 2 m ZnSOx4 (f). (g—i) GITT voltage profiles of ZVO and corresponding
average diffusion coefficients in 70SL (g), OSL (h), and 2 m ZnSO4 (1).....coveevverreeieereereeieesirenen. 107
Figure 5.6 XRD patterns of the first discharge of ZVO in different electrolytes at 0.5C. ................ 108
Figure 5.7 Voltage profiles of ZVO with/without holding the potential at the fully charged state in
70SL. The cell that was initially discharged to ~ 0.6 V and achieved ~ 0.8 electron transfer (i), however,

only ~ 0.5 electron transfer was obtained on charge. In subsequent cycles, without holding the potential

XX1


file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400759
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400759
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400760
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400761
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400761
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400761
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400761
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400761
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400761
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400761
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400761
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400762
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400762
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400762
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400762
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400762
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400762
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400763
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400763
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400764
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400764
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400765
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400765
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400765
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400765
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400765
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400765
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400766
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400767
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400767
file://Users/mac/My%20Drive/Presentations/PhD%20defence/PhD%20thesis%20-%20final.docx#_Toc156400767

at 1.4 V at the end of charge (iii), the electron transfer for each redox process (in the voltage range of
0.5 - 1.4 V) was only ~1.0. However, after holding the potential at the fully charged state for two hours
(ii and iv), a much higher electron transfer of ~1.6 was obtained on subsequent discharge. These results
indicate that Zn-ion diffusion is limited in the ZVO host, especially in the charged state................. 109
Figure 5.8 XRD patterns of dry and wet ZVO electrodes. Upon immersion in the aqueous electrolyte,
the interlayer distance increases from 10.5 A to 12.9 A. The difference is 2.4 A, which is in excellent

accord with values of 2-2.5 A reported for water intercalation in other layered oxides or hydroxides.
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Figure 5.9 Glass fiber separators in ZVO||Zn cells after (a) 120 cycles at 0.5C in OSL and (b) 4000
cycles at 10C in OSL and (c) 350 cycles at 0.5C in 7OSL. .....cccoeoviiiieiieiieieecie e 111

Figure 5.10 (a) STEM-HAADF images showing the nanobelt-like morphology for the pristine (top)
and discharged (bottom) ZVO. (b) EDS chemical maps showing the distribution of Zn, V, and O across
the nanobelts in the pristine and discharged ZVO samples. (c¢) Integrated EEL spectra showing the
changes in the fine structure of V L, O K, and Zn L edges for the pristine and discharged ZVO samples.
(d) Atomic-resolution HAADF images showing various crystal structure orientations for the discharged
ZVO samples. The scale bars correspond to 500 and 1 nm for (a) and (d), respectively................... 113
Figure 5.11 The second voltage profiles of Cu||Zn cells at different current densities in (a) 70SL and
[0 LIS ] OO OO OSSPSR 114
Figure 5.12 (a) Coulombic efficiency of Zn||Cu cells at 2 mA cm 2 with a capacity of 4 mAh cm™2. (b)
Galvanostatic Zn stripping/plating in Zn||Zn symmetric cells with 70SL at 2 mA cm 2 with a capacity
of 8mAh cm™. (¢) Arrhenius plots of inverse Rer (Rer ') values at different temperatures (from 40 to
70 °C) for the working electrode in a three-electrode cell with Zn as working, counter, and reference
electrode; (d, e) In In-situ optical microscopy images showing the Zn plating process in 70SL (d) and
OSL (e) at 5SmA cm2. (f, h) High-resolution depth-profiling XPS spectra of Cu electrodes with
deposited Zn after 5 cycles at 2 mA cm 2 (4 mAh cm2) in OSL (f) and 70SL (h). (g, i) TEM images of
the interfaces on the deposited Zn surface in OSL (g) and 70SL (1)....cccevveevieeiieevieerieereeeieeeeeeeveene. 115
Figure 5.13 Coulombic efficiency of Zn||Cu cells at 2 mA cm™? with a capacity of 4 mAh cm? in
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Figure 5.14 Voltage profiles of Zn stripping/plating in Zn||Cu asymmetric cells at 2 mA cm? with a
capacity of 4 mAh cm?, in (a) 70SL and (D) OSL. ......c.ooveveveeeieieeeeeeeeeeeeeeeeeeee e 116
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Figure 5.15 Galvanostatic Zn stripping/plating in Zn||Zn symmetric cells with 70SL at 2 mA ¢cm™ with
a capacity of (a) 4 mAh cm? and (b) 12 MAh €M™, ......oooviiiiieecee e 117
Figure 5.16 Galvanostatic Zn stripping/plating in Zn||Zn symmetric cells with OSL at 2 mA cm? with
a capacity of (a) 4 mAh cm?, (b) 8 mAh cm™? and (¢) 12 mAh cM™........cooovvvivirieieieeeeeeeeeeieas 118
Figure 5.17 Nyquist plots of Zn || Zn symmetric cells in 70SL after cycling for different time periods
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Figure 5.18 EIS fitting of charge transfer resistance in three-electrode Zn symmetric cells in (a) OSL
and (b) 70SL at various temperatures. The data were fit (shown by the line) with (¢) the indicated
CUIVAIEITE CITCUIL. 1.vveviiitiieiieti et eeite et e et et eesteesteesteeetbeesbeesbeebeesssessseesseesseesseeseesssesssesssessseessesnssensns 120
Figure 5.19 Transference number measurements using Zn//Zn symmetric cells following a constant
polarization of 5 mV for 1200 s. (a) OSL, (b) 70SL (Insets are the corresponding initial and final EIS
plots). The transference number of Zn?* cation (t+) was determined by Equation 5.1:3%3............... 121
Figure 5.20 (a) Linear sweep voltammetry (LSV) curves of different electrolytes. (b) Gas
chromatograph response for HER in different electrolytes, which was collected after plating at 4 mA
cm? for 20 min in Zn||Cu aSyMMELIiC CEIIS .......orvrviviriieeereecieieeeeeeeeeee et 122
Figure 5.21 SEM images and corresponding EDX maps of (a, b) pristine Zn and Zn soaked in (c, d)
70SL and (e, f) OSL for 8 days. Although the soaked Zn in both electrolytes show the formation of ZnO
on the surface, Zn in 70SL shows much smoother surface and less ZnO, indicating the better
compatibility due to the much lower free water in 70SL. ......cccoviiiiiieiiiiiieeece e, 123
Figure 5.22 XRD of deposited Zn on a Cu substrate after 5 cycles in different electrolytes at 2 mA cm’
2 and 4 mAh cm? in different €leCtrOlYIES. .........oveveveeieeeeeeeeeeeeeeeeeeeee et et eseeeenee 124
Figure 5.23 Top and cross-sectional (a, b, d, ¢) SEM images and (e, f) corresponding EDX mapping of
deposited Zn on Cu substrate after 5 cycles in (a-¢) 70SL and (d-f) OSL at 2 mA cm™ and 4 mAh cm?.

Figure 5.24 (a) Discharge capacity of ZVO as a function of cycle number in different electrolytes at
0.5 C. (b) Long-term cycling performance of high-loading ZVO in 70SL at 0.15 C and a controlled N/P
ratio of 1.08. (¢, d) Schematic of an anode-free Zno25+xVO|/Cu cell with 70SL (c) and corresponding
cycling performance at 0.15 C (d). (e) Discharge capacity of activated carbon (AC) electrodes as a
function of cycle numbers in different electrolytes with the addition of 0.5 m KI at 0.5 C (unexpected
power shutdown at 770th cycle). (f) Long-term cycling performance of high-loading AC in
70SL +0.5m KI at 0.2 C at a controlled N/P ratio of 2.15. . .cooiiiiiiieeeeeeee e 126
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Figure 5.25 Voltage profiles of ZVO in different electrolytes at 0.5C in (a) OSL and (b) 70SL. ...... 127
Figure 5.26 The discharge capacity of a ZVO||Zn full cell as a function of cycle number in OSL at 10C.

Figure 5.27 SEM images of the high-loading and freestanding ZVO cathode (a) and a magnified view
of the indicated reZION (D). ..cciiiiiiiiciicieecee et v e te e st stbe e abeeabeenbe e ta e treeenas 128
Figure 5.28 Voltage profile of high-loading ZVO in 70SL at 0.15C with a controlled N/P ratio of 1.08.

Figure 5.29 Voltage profiles of activated carbon (AC) electrodes in different electrolytes with the
addition 0f 0.5 M KT @t 0.5C .......ooiieee ettt ettt ettt e ae e e 130
Figure 5.30 The cycling stability of AC electrodes in 70SL with the addition of 0.5 m KI at 10C... 130
Figure 5.31 Voltage profiles of high-loading AC in 70SL with addition of 0.5 m KI at 0.2 C at a
CONtrolled N/P 1atio OF 2.15. .o.eieieeeeeee ettt ettt e ee et esaeenee e 131
Figure 5.32 SEM images of the high-loading and freestanding activated carbon cathode (a) and a
magnified view of the indicated region (D). .......cccvevierierieriirie et 131
Figure 6.1 Illustration of the functionality of the zeolite membrane. Inhomogeneous Mg deposition with
pronounced solvent (G2) decomposition on a bare Mg/electrolyte interface (left), and uniform Mg
deposition with suppressed G2 decomposition in the presence of 3A zeolite membrane on the Mg
b Yot 0 0 113 USRS 135
Figure 6.2 Characterization of the zeolite membrane. (a) SEM images of the zeolite membrane. (b)
FTIR spectra at different concentrations of Mg(B(Ohfip)s)./G2 electrolyte and zeolite-modified 0.25M
electrolyte. (c) Variable temperature solid-state Mg MAS NMR spectra of zeolite/0.25M. (d and ¢)
Galvanostatic Mg plating/stripping of Mg|[Mg symmetric cells with bare Mg and zeolite/Mg at 0.1 mA
cm? (0.1 mAh ¢cm™), and (e) magnified voltage curves. (f) Nyquist plots of symmetric cells at open
circuit with zeolite/Mg and bare Mg. (g and h) Nyquist plots of symmetric cells with zeolite/Mg after
plating/stripping for different hours at 0.3 mA cm? (0.3 mAh ¢cm™): The evolution of (g) interfacial
resistance fitted (shown by line) with the indicated equivalent circuit and (h) bulk ion transport..... 139
Figure 6.3 Nyquist plot of ionic conductivity measurement of zeolite/0.25M. To prepare zeolite/0.25M,
zeolite membrane was soaked in 100 uL electrolyte overnight. After wiping residual surface electrolyte,
stainless steel was used as current collector for EIS measurements............ccocceeevveeieneececieneeieeene. 140
Figure 6.4 FTIR spectra of Mg(B(Ohfip)4)./G2 electrolytes at different concentrations, and zeolite-
MOAified 0.25M CIECIIOLYLE. ....viivviiiiiiiieitie ettt e e s e e etaeeabeeabeesveesbeebsesnenenas 141
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Figure 6.5 Nyquist plots of symmetric cells with bare Mg after plating/stripping at different times. 143
Figure 6.6 Electrochemical studies of Mg plating/stripping. (a and b) Evolution of coulombic efficiency
on cycling in Cu|[Mg and Cul|zeolite/Mg asymmetric cells and (b) corresponding voltage profiles of
Cu||zeolite/Mg. The zeolite/Mg was activated in a symmetric cell for 20 cycles prior to being coupled
with Cu. (¢) Modified Aurbach measurement40 of coulombic efficiency in a Cul|zeolite/Mg cell. (d)
Long-term cycling of Mg|[Mg and zeolite/Mg||zeolite/Mg symmetric cells. Cycling conditions are at
0.3 mA cm? with a stripping/plating capacity of 0.3 mAh M. .......c.ccoovevvveieeeeeeeeeeeeeeeee e 144
Figure 6.7 Voltage profiles of (a) Cu|[Mg and (b) Cu||zeolite/Mg asymmetric cells at 0.3 mA cm™? and
0.3 mAh cm™. The zeolite/Mg electrode was activated in a symmetric cell for 20 cycles prior to being
COUPLEA WIH ClULuiiiiiiiciiicieceee ettt et ettt tb e s ta e e av e et e e teesbaesbbeeabeeabeenbeesseenssenenas 145
Figure 6.8 Long-term cycling of Mg||[Mg and zeolite/Mg||zeolite/Mg symmetric cells at 0.5 mA cm™
aNd 0.5 MAR CINZ. ..ottt sttt ettt et ettt et et ettt anananas 146
Figure 6.9 (a, b, d, ¢) SEM and (¢, d) corresponding EDX images of Cu electrodes with deposited Mg
at a current density of 0.3 mA cm™ (0.3 mAh cm™): (a-c) zeolite-protected Cu and (d-f) bare Cu. Please

note the zeolite membrane was removed prior to image the Mg morphology on zeolite-protected Cu.

Figure 6.10 (a) Voltage profile of a Mg symmetric cell with a zeolite 4A/Mg anode and (b-d)
corresponding SEM images of the poorly plated Mg.........ccccovcuiriiiiiienienieniecie e 148
Figure 6.11 (a-f) SEM images of Mg metal deposited at a current density of 0.3 mA cm™ (0.3 mAh cm®
2) after 10 cycles using (a-c) zeolite/Mg and (d-f) a bare Mg anode. ...........cccoeveveveveeeverererererereeeenan. 148
Figure 6.12 (a and b) Depth-profiling XPS spectra in the C 1s and O 1s regions for Mg plated on the
10th cycle on (a) bare and (b) zeolite-protected anodes at 0.3 mA ¢cm™ (0.3 mAh cm?). (¢) The relative
fractions of different species identified on the cycled electrodes. The peaks of C=0 and C-O in the Cls
and Ols spectra correspond to polymeric/organic decomposition products from the G2 solvent..... 149

Figure 6.13 XPS Fl1s, Bls and Mg 1s spectra of deposited Mg metal on (a) bare Mg and (b) zeolite/Mg.

Figure 6.14 Proposed mechanism of suppressed G2 activity and Mg?* diffusion pathway. The decreased
free G2 in the zeolite membrane is due to surface adsorption by methoxy groups of G2 on zeolite. Mg>*
can diffuse either through surface adsorbed G2 along zeolite surface, or through the pores in the zeolite

crystals with the assistance of transport via H>O molecules which reside within the cages. ............. 151
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Figure 6.15 (a) TG analysis of zeolites 3A and 4A. Zeolites 3A-H,O and 4A-H,O were prepared by
soaking zeolite 3A or 4A powder in H,O overnight, then filtering the suspension and drying it at 60 °C.
3 Zeolites 3A-H,O-G2 and 4A-H,0-G2 were prepared by soaking Zeolites 3A-H,0O and 4A-H,0 in G2
overnight, followed by washing by THF three times, and drying the suspension at 60 °C. Before and
after soaking in G2, zeolites 3A-H>O and 4A-H,O show similar weight loss in both the 100-175 °C
region and 175-300 °C region, indicating G2 is not exchanged into either 3A or 4A zeolite. Inset shows
the electrostatic surface of G2 calculated by DFT (http://atb.ug.edu.au), indicating a cross-sectional
dimension of ~ 4.5 A. (b) TG analysis of zeolite 3A powder after mixing it with G2 overnight. Before
the TGA measurement, the sample was washed with THF three times to remove any residual surface
solvent and dried in 60 °C overnight. (¢) TGA analysis of zeolite 4A powder after mixing it with G2

overnight. Before the measurement, the sample was washed with THF three times to remove any

residual surface solvent and dried at 60 °C OVEINight. .........ccccveeviieiiiieriiecie e 152
Figure 6.16 (a) XRD and (b) EDX mapping of Mo3S4 crystallites. (¢c) CV curves at 0.01 mV sand (d)
voltage profiles at C/20 of bare Mg|[Mo03S4 (Inset shows the corresponding dQ/dV curve). ............. 154

Figure 6.17 Electrochemical performance of full cells. (a) CV curves of Mo3S4 cathodes with bare Mg
and zeolite/Mg at a scan rate of 0.1 mV s, (b) Voltage profiles of Mo3S4|| zeolite/Mg at different rates
(1C = 128 mAh gumossa ™). (¢) Discharge capacity and corresponding coulombic efficiency of a M03S4
cathode with bare Mg and zeolite/Mg as a function of cycle number at C/5. (d) First cycle of PANI||Mg
and PANI|| zeolite/Mg at C/10 (1C = 250 mA gpan™’). (e and f) SEM images and element ratios
measured by EDX of (e) bare Mg and (f) zeolite-protected Mg that were retrieved from full cells after
the initial charge. (g) Voltage profiles of PANI|| zeolite/Mg at different rates. (h) Discharge capacity
and corresponding coulombic efficiency of PANI|| zeolite/Mg and PANI|Mg as a function of cycle
number at a 2C rate. Prior to rate and long-term cycling measurements, all Mo3S4 and PANI cathodes
were activated at C/20 and C/10, r€SPECHIVELY. ..vovviirieiiiiie ettt ettt ereesveesreesaneeereeaveeas 155
Figure 6.18 First cycle voltage profiles of Mo3S4||Mg at rates of C/20, C/10 and C/5 in the voltage range

Figure 6.19 EDX of pristine, charged and discharged PANI (with a zeolite/Mg anode) at C/10. ..... 157
Figure 7.1 Electrolyte design principles. (a) In a conventional Mg(TFSI),/DME electrolyte, the high
content of CIPs leads to the formation of transient [Mg*-TFSI] clusters which are easily reduced during
Mg plating. This results in a thick passivation layer consisting of inorganic MgF,, MgS and polymeric

organic species. The strong Mg?"-DME interaction also induces slow desolvation of Mg?*. (b) With the
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presence of the TEP additive in Mg(TFSI),/DME electrolyte, the CIPs are significantly interrupted with
consequently much less decomposition of the TFSI" anion. Slow desolvation of the Mg?* solvation
sheath is still an issue, nonetheless, leading to large Mg crystal deposits. (¢) The adoption of co-ethers
changes the solvation structure of Mg*", leading to a more facile desolvation process that allows the
formation of dendrite-free, nanoscale Mg nucleation and growth. ..........c.ccccceevveiiiiiviieiicniccieeieee, 160
Figure 7.2 (a, b) The 10" voltage profiles of Mg|[Mg symmetric cells with different electrolytes at a
current density of 0.1 mA cm? for 1.0 h, with (b) the magnified views of circled regions. (¢) Rate
performance of Mg||Mg symmetric cells. The areal capacity was fixed at 0.1 mAh cm?, and the
stripping overpotential at the central point was collected. (d) Long-term stability of Mg plating/stripping
in different electrolytes at 2 mA c¢cm™ (2 mAh cm™). The rectangular profile with an overpotential of
0.5 V in the symmetric cell at ultra-long cycling times is characteristic of a low energy for nucleation
of Mg on Mg metal that is not fully stripped on the previous cycle and after thousands of hours,
accumulates. (e) Voltage profiles of Mg||Au asymmetric cells with different electrolytes at 0.5 mA cm’
2, (f) Nyquist plots of the Mg||[Mg symmetric cell after 10 cycles in TEP-based electrolytes. The data
were fit (shown by line) with the indicated equivalent CIrCUit. ..........ccoceeveerieeriieecieeieeeeeeee e 165
Figure 7.3 The rate performance of Mg(TFSI),/DME in Mg symmetric cells. (a) Mg stripping
overpotentials at different current densities; (b) selected voltage profiles at 0.2-10 mA cm™ with a fixed
areal capacity 0f 0.1 MAR CINZ.......c.oiiiieeiieeeeeeceeee ettt ettt aeanene 166
Figure 7.4 Selected voltage profiles of TEP-based electrolytes at different current densities in Mg
symmetric cells: (a) Mg(TFSI)./DME:TEP; (b) Mg(TFSI)2/CEPE. ......ccooiiiiiieieieeeee 166
Figure 7.5 Nyquist plot of a Mg||Mg symmetric cell in Mg(TFSI)./CEPE after 7000 hours at 2 mA cm’
2 and 2 mAh cm™. The measurement was conducted immediately after cycling to prevent the potential
overlook for any soft short, because resting the cell may cause the soft short can not be discovered as
demonstrated in previous work.”> The exhibited charge transfer resistance of around 400 Q confirms
the absence of any (SOTt) SHOIt........cccuiiiiiiiiii et eeene s 167
Figure 7.6 The ionic conductivity of different electrolytes measured in Pt||Pt symmetric cells using 1
M LiPFg in EC/DMC (10 mS cm) as the reference electrolyte. ..........coovvvevevevvevereeeeveeeseneeeeennns 168
Figure 7.7 Nyquist plots of a Mg||Mg symmetric cell after 10 cycles in Mg(TFSI)./DME. The data were
fit (shown by line) with the indicated equivalent CIrCuit. .........cccoeeevieririieninieieneeee e 169
Figure 7.8 (a, b) The initial five plating profiles of Mg(TFSI)./DME in Mg||Mg symmetric cells with
different DME:TEP ratios at a current density of 0.1 mA c¢m™ (b) corresponding Raman spectra of
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different electrolytes in the 700-770 ¢cm™ range (the overall fit (black) has three components: TEP-
green, SSIPs-pink and CIPs-blue). All fits were based on a Lorentzian peak function with coefficient
of determination R? > 0.997. (¢) The Mg plating overpotential and the ratio of CIP content as a function
of DME:TEP ratio. (d, €) SEM images and EDX mappings of plated Mg in (d) Mg(TFSI)./DME:TEP
and (e) Mg(TFSI),/DME. (f) DFT calculations of C-S bond dissociation energies of [Mg?*-TFSI'] and
transient [Mg"-TFSI'] CIPs in different coordinating environments with the explicit solvent coordinated
structure SHOWN 0N the TIGL. ....ocviiiiiiiiiccec et st e e e veebe e te e eaesenas 170
Figure 7.9 Unpaired electron spin densities and electronic energies for potential products after
dissociation of partially reduced CIP. (a) radical with 1 unpaired electron; (b) radical with 2 unpaired
electrons; (¢) radical with 0 unpaired electrons. The lowest energy radical (c¢) is assumed to be the
dissociation product for the BDE calculations of the partially reduced CIP.........c...ccccoveevvvirvrennnnen. 172
Figure 7.10 Galvanostatic cycling of Mg symmetric cells with different phosphates. (a)
Mg(TFSI),/DME; (b) Mg(TFSI),/DME:TMP; (c) Mg(TFSI),/DME:TEP; (d) Mg(TFSI)»/DME:TPP;
(e) Mg(TFSI),/DME:TBP; (f) Mg(TFSI)o,/DME:TAP. The current density is 0.1 mA ¢m with an areal
capacity of 0.1 mAh cm?. The DME: phosphate ratio is 10:1 in all Cases..........c.coeverererererereeerennnns 173
Figure 7.11 Electrochemical performance of Mg plating/stripping in TMP-based electrolytes. (a) The
20™ voltage profiles of Mg|Mg symmetric cells with different electrolytes at a current density of 0.1
mA cm? for 1 h. (b) Rate performance of Mg||[Mg symmetric Cells. ........cocomvrrrrreereererereeeeerereeennen. 174
Figure 7.12 (a) C NMR spectra of different electrolytes with/out Mg(TFSI), at 298 K. (b) MD
simulations of Mg?" coordination environments in different electrolytes. The y-axis indicates either the
average coordination numbers or the fraction of Mg?* clusters. (¢) DFT calculations of binding energies
of predominant Mg?* solvation shells. (d, €) Variable temperature *'P and '"H NMR spectra in (d)
Mg(TFSI),/CEPE and (¢) Mg(TFSI),/DME:TEP. Smaller peaks that were observed at lower

temperature are indicated by black arrows. (f) Raman spectra of various electrolytes in regions of 775-

050 CIMIT L ottt ettt ettt b et bt et ae et eb et a bbbt ettt e s b st ese e s s eseanane 175
Figure 7.13 3'P NMR spectra of Mg(TFSI),/DME:TEP and Mg(TFSI),/CEPE at 298 K. ................ 176
Figure 7.14 Raman analysis of different electrolytes. (a) Fitted Raman spectra of different electrolytes
in the region of 700-770 cm™. (b) CIP fraction in different electrolytes............cccevveveerreerreeerennnne. 176
Figure 7.16 HSQC plot of Mg(TFSI)/DME:TEP at 263 K with 'H spectra at the top and '3C spectra at
14 0TS <) i PR SUSUUURSRSRRSN 178
Figure 7.15 Variable temperature '"H NMR spectra of Mg(TFSI)o2/DME:TEP..........ccccooevveverrerennan. 178
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Figure 7.17 (a-d) Plated Mg morphologies (insets are the images of representative Mg globules with
estimated thickness from a tilt angle of 60°). (e-f) Schematic illustration of stripping current distribution
on plated Mg. g-h, Fully stripped Mg morphologies in different electrolytes: (a, c, e, g)
Mg(TFSI)./CEPE; (b, d, f, h) Mg(TFSI)»/DME:TEP. All electrodes were retrieved from the Mg|Mg

symmetric cells that were cycled at a current density of 1 mA ¢cm™ and areal capacity of 1 mAh cm™.
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Chapter 1 Introduction

1.1 Electrochemical Energy Storage

The energy consumption caused by the ever-increasing population, economic
development by human society has caused serious energy crises and environmental issues.! To
alleviate the current tense situation, renewable and environmentally-friendly energies such as
solar energy and wind energy gradually became the most promising energy resources in the
past decades. However, these resources are intermittent and dispersed, thus are difficult to
directly support population and industry consumption on a large scale.?

As an effective carrier of energy, electrochemical energy storage systems like
rechargeable batteries are emerging to realize energy transfer from energy-producing
industries to energy-assuming devices. Among all rechargeable batteries, lithium-ion batteries
(LIBs) undoubtedly play a dominant role in a variety of areas ranging from portable electronic
devices to electrical vehicles, due to their high-energy density, high energy efficiency, and
excellent cyclic stability. However, conventional commercialized LIBs are not a promising
candidate for large-scale energy storage, where low operational cost, high safety, and
environmental benignity are highly anticipated.>> * The major concerns also arise from the
safety aspects of traditional LIBs that possibly incurred by lithium dendrite growths caused by
organic electrolytes and the high cost resulted from limited lithium resources. Alternatively,

“beyond Li-ion” battery technologies can provide new opportunities to address these concerns.

1.2 Lithium-ion batteries

A conventional LIB usually has three major components: positive electrode, negative
electrode and electrolyte to separate these two electrodes. A typical commercial battery system
can be represented by a lithium metal oxide cathode and a graphite anode, both of which rely
on reversible Li'-ion insertion/extraction mechanism. Take LiCoO> as a representative cathode
(Figure 1.1),° during the charge process, an external power supply is needed to create an
electric force field between two electrodes, where electrons flow from LiCoO; cathode to

graphite anode. Such a loss of electrons in LiCoO> induces the oxidation of cobalt — the only



elements that can change oxidation states in the cathode — from Co’>" to Co*', where the Li*
ions are extracted from the structure into electrolyte to balance the charge (Equation 1.1). In

meantime, Li" ions from the electrolyte intercalate into graphite anode to compensate the

e =]

(

e i il s s e ot

Separator

Anode Electrolyte Cathode
(graphite) (LiCo0,)

Figure 1.1. Schematic illustration of a conventional lithium-ion battery consists of a graphite anode,
layered LiCoO> cathode, and a porous separator immersed in a liquid electrolyte, respectively. The
electrolyte contains lithium salts dissolved in organic solvents. Adapted from Ref. 5. Copyright @
2013 American Chemical Society.

obtained the electrons (Equation 1.2). At the end of charge, LiCoO; is at a higher chemical
potential compared to that of graphite anode, leading to the spontaneous reaction of the reverse
process named as the discharge process (Equation 1.3 and 1.4). During the whole process,
electrons only travel through the external supplies or powers, while Li" ion only migrates in
the electrolytes. Theoretically, electrolyte as a migration substance for Li" ion transport, do not
participate in the any reaction processes during charge/discharge. However, due to the
electrochemical/chemical instability of electrolyte components on electrode surface —
including both salts and solvents, the chemical/physical properties of electrolytes have great

impacts on battery performance, which will be discussed in detail in this thesis.

During charging:



Positive electrode (Cathode): LiCoO; - x Li" - x ¢ — Li;xCoO2 Equation 1.1

Negative electrode (Anode): Cs +x Li" + x ¢ — LixCs Equation 1.2
During Discharging:

Positive electrode (Cathode): LijxCoO; + x Li* + x ¢ — LiCoO> Equation 1.3
Negative electrode (Anode): LixCs - x Li" - x ¢ — Cg Equation 1.4

In this cell, the layered structure of LiCoO; can be maintained when x < 0.5, meaning
only half of Li" can be extracted during the charge process, resulting in a theoretical specific
capacity of 137 mAh g'!. This is because deeper charging will lead to the structural degradation
of LiCoOs. This low specific capacity of LiCoO, and high toxicity/costs of cobalt, results in
wide academic interests in developing alternative cathode candidates. Among all alternatives,
one of most promising cathodes is LiNijxyMnxCoyO> (NMC) family.® This material is
synthesized by substituting Co with Ni and Mn, while maintaining the original layered
structure of LiCoO,. The highest capacity of this cathode class is around 200 mAh g!, which
is achieved by a NMC cathode with high nickel contents (for example, LiNiosMno.1C00.102).
The major redox couples during charge/discharge are Ni*"#* and Co®"**, while Mn remains on
its 4" oxidation state to stabilize the layered structure during electrochemical process.

As an alternative to graphite anode, lithium metal anode has been widely studied during

the last decade. In fact, the early use of metallic Li as the anode in LIBs dates to 1970s by

[ o Cathode
Cell short circuit

| ” Electrolyte
Aggravated __:* #_ Increased Dendritic Li

. adverse reactions # 4 polarization
]

J V. Dead Li

Pristine Li I Large volume change .Y M

Figure 1.2. Scheme of issues of Li metal anode. Adapted from Ref. 8. Copyright @ 2013 American
Chemical Society.

Stanely Whittingham at Exxon.” However, due to the frequent fire accidents caused by Li
3



dendrite formation, the academic investigation and commercialization of the Li metal anode
was halted. Until in recent years, LIBs based on graphite anode approach the limit of their
theoretical capacities, which leads to the reviving of the Li metal anode that has one magnitude
higher capacity (3860 mAh g!) than that of graphite.® It also has the lowest standard electrode
potential (-3.04 V versus standard hydrogen electrode (SHE)), which in principle provides the
highest output voltage of full cells and thus highest energy density. However, Li dendrite can
be formed during Li plating/stripping that gives rise to several fatal obstacles shown in Figure
1.2, including the cell short circuit indued by penetration of the Li dendrite through the
separator, aggravated adverse reactions between the Li metal and electrolyte at the interface,
evolution of dead Li from dendrites that causes low coulombic efficiency of Li
plating/stripping, increased polarization due to non-homogeneous and porous dendritic
morphology and the consequent large volume change.® The wide use of non-aqueous
flammable electrolyte also increases the public concerns of fire accident once the cell shorts.
Although intense academic efforts have been devoted to suppressing Li dendrite formation, the

commercialization of LIBs based on the Li metal anode is still of in uncertainty.

“Beyond Li-ion” battery technologies are promising to achieve high energy density,
high safety and low cost for electric mobility and grid storage.’ These technologies include
metal-sulfur batteries, metal-O,/air batteries, sodium ion batteries, all-solid-state Li/Na
batteries and multivalent metal batteries. Among these, divalent metal batteries (Zn, Mg and
Ca) show great potential due to their high abundance, high volumetric capacity and potentially
high safety. Their history, current status and challenges for commercialization will be

discussed in detail in the following section.

1.3 Divalent Metal batteries

The limited availability and dendrite growth of the lithium metal anode hinder its
application in commercial LIBs as an energy storage solution for grid applications and as major
power sources for transportation. However, this does not prevent the concept of using the pure
metal anode from being the holy grail for achieving batteries with high energy density and low

cost. Among various alternatives to the lithium metal anode, divalent metal anodes — Zn, Mg
4



and Ca — have attracted wide academic interest, due to their high abundance and high
volumetric capacity (Figure 1.3).> Compared to very limited studies for Ca-based batteries,
considerable efforts have been devoted to realizing high-performance AZMBs and MMBs that

will be discussed in detail in this thesis.
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Figure 1.3. Comparison of volumetric capacity, cost and abundance parameters of candidate metal
anodes for aqueous rechargeable batteries. Adapted from Ref. 3. Copyright © 2018 John Wiley & Sons,

Inc.

1.3.1 Aqueous Zn Metal Batteries

Zinc-based batteries have recently attracted wide attention owing to the high theoretical
volumetric capacity of the Zn anode (5,850 mAh mL™), its high compatibility in aqueous
electrolyte due to its high electrodeposition potential (~-0.76V vs. SHE), and the advantages
of low-cost, high-safety, and eco-friendly operation, resulting in their higher sustainability and
affordability compared to their conventional lithium-ion analogues.> A search with the

5



keyword “zinc batteries” reveals that since 2018, more than 30,700 academic articles have
been published on the subject.! Among these publications, approximately 60% involve
aqueous electrolyte Zn batteries, as their inherent safety and potential low-cost make these

batteries desirable candidates for small and large-scale stationary grid storage.

1.3.1.1 Cathode Materials for Aqueous Zn Metal Batteries

The first aqueous zinc-ion battery was reported by Shoji e al. in 1988, who applied a
mild zinc sulfate aqueous electrolyte, MnO; as the cathode and the metallic Zn as the anode.'!
This discovery brought the boom of research for AZMBs. Typically, the electrochemical
process of AZMBs can be illustrated by Figure 1.4, with zinc stripping/plating at a Zn anode
and zinc-ion intercalation at a cathode.?

Although Zn can exhibit high capacities as anodes, their application is hindered by slow
Zn*" diffusion in the host materials (cathodes) resulting from a much higher polarizing

character, because of the high charge to radius ratio of Zn?" (2 charges to 0.74A) compared to

g
LK

c
¢e

YTXJY LX

/ separator
zinc metal intercalative
anode cathode

Figure 1.4 Scheme of the configuration of aqueous Zn metal battery with zinc anode and zinc-ion

intercalation at cathode. Adapted from Ref. 2. Copyright © 2019 Royal Society of Chemistry.

Li* (1 charge to 0.76A).* Thus, the exploration of new cathode materials with high ion diffusion
6



and good structure stability is appropriate. At present, various types of cathode materials are
reported, including manganese-based compounds, vanadium-based compounds, Prussian blue
analogs, and organic compounds, efc. In general, these cathode materials can be divided into
intercalative-type and conversion-type cathodes that will be discussed below.

Most reported vanadium-based compounds belong to intercalative-type cathodes, and
have been explored as electrode materials for LIBs for many years due to their abundance and
multivalence. In AZMBs, these vanadium-based cathodes can deliver a high discharge capacity

of over 400 mAh g (e. g., V307-H20'?). In addition, V205 with a theoretical capacity of 589
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Figure 1.5 (a) Scheme of intercalation/deintercalation mechanism of Zng25V>0s-nH,O. (b) Rate

capacity at varying C and (c) cycling performance at 8 C of Zng»5V>0s-nH,O. Adapted from Ref. 13.

Copyright @ 2016 Spinger Nature.
mAh g has been investigated as an ideal cathode material for AZMBs. However, the

application of V20Os cathodes is seriously limited by their poor cycling stability owing to their

unstable layered structure.? This is because of the absence of any atoms or molecules in



between layers that can act as “pillars” to hold the structural integrity during electrochemical
cycling. To promote its electrochemical performance, water and metal ions are introduced into
the layered structure of V2Os, to strengthen its structural stability during the electrochemical
process. For instance, Kundu et al. successfully introduced water and Zn>* ions into V20s, to
form Zno25V20s-nH>0, which can transfer more than one Zn>" ion per formula unit, and thus
providing a high capacity up to 300 mAh g™ (Figure 1.5)."* Good reversibility was shown with

a capacity retention of more than 80% after 1000 cycles.

Aside from V»0s, other vanadium oxides and related vanadates have also been widely
studied. For example, Wan et al. reported a sodium vanadate hydrate (NaV30g-1.5H>0) that
exhibited a high reversible capacity of 380 mAh g™! which lasted over 1000 cycles with a
capacity retention of 82%.'* These characteristics were proposed to arise from the similar pillar
effect of hydrated sodium. A combination of ex-situ XRD, FTIR and solid-state 'H NMR
further verified that such excellent electrochemical performance benefited from the
simultaneous insertion/extraction of proton and Zn?*'. Similar proton co-intercalation
mechanism was also reported for various vanadium-based phosphates cathode materials,
including VPO4F'® and VOPO4xH>O'. In this thesis, the side effects of such unusual
intercalation chemistry to practical AZMBs will be presented in detail. Some strategies that

can address this issue will also be included.

Manganese dioxides are another type of materials that are widely reported as cathodes
for AZMBs, and can exist in various crystallographic polymorphs that are constructed from
MnOs octahedra linked by edges and/or corners. These polymorphs include three different
tunnel-type structures (Figure 1.6%): a-MnO> with a tunnel size of 2 x 2 (each side of the tunnel
consists of two MnOg octahedra), B-MnO> with 1 x 1 tunnel size and intergrowth y-MnO> with
both 1 x 1 and 1 x 2 tunnels; layered-type ( 6-) MnO; that can be divided into birnessite-type
(one layer of interlayer water molecules) and buserite-type structure (two layers of interlayer
water molecules); and spinel-type (A-) MnO;. In contrast to vanadium-based materials, most
of these MnO» cathodes undergo conversion reactions during electrochemical processes in

AZMBs. Take a-MnO> for example, at least three different electrochemical charge storage
8



mechanisms have been reported: (i) proton-intercalation induced conversion to MnOOH or
distorted MnO,; (ii) Zn**-intercalation induced conversion to ZnMn,Os; (iii) and the
disproportionation of reduced 0-MnO; to soluble Mn?" in the electrolyte.!” All these different
mechanisms suggest the instability of a-MnO> and some extents of conversion during the

electrochemical discharge process. Strategies of adding a calculated amount of manganese salt
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Figure 1.6 (a-g) Various polymorphs of MnO,. Adapted from Ref. 3. Copyright © 2018 John Wiley &

Sons, Inc.

(MnSOys) to shift the equilibrium of MnO2(s)/Mn?" (aq) can hinder the dissolution of Mn?*,
thus enhance the capacity to 285 mAh g™! and the cyclic stability to 5000 cycles with a capacity
retention of 92%.'® Without such addition of MnSOs, a-MnO; exhibits a capacity of 210 mAh
gl and low stability with only100 cycles at 6 C, which mainly ascribed to the dissolution of
Mn?* caused by Jahn-Teller distortion. It should be noted that a conversion reaction mechanism
involving Zn*" and H" was proposed for the high capacity of 0-MnO in this study. However,

such conversion chemistry means the existence of continuous structure transformation of the



active materials during cycling, which creates stress and strain that may cause the detachment
of electrode from the current collectors. Aside from a-MnQO,, other Mn-based polymorphs
including B-MnO2, y-MnQO., 6-MnO,, Mn>03, ZnMn>04, Mn304, are also reported as cathode
materials for AZMBs.!° Although most of these studies claim that Zn?* insertion/extraction is
the major electrochemistry during cycling, latest investigations suggest that proton
intercalation is a more favorable chemistry in these oxide-based cathode systems,
accompanying with structural degradation or phase transformation.

Other cathode materials that are investigated as Zn*>* host in AZMBs include Prussian
blue analogs (PBAs) and layered sulfides that dominant Zn*" (de) intercalation chemistry is
reported.!” For organic polymer cathode materials, both Zn?*/proton co-intercalation and anion

storage behavior are reported in dilute aqueous electrolytes.?%!

1.3.1.2 Anode and Electrolyte for Aqueous Zn Metal Batteries

Although many cathode materials for AZMBs exhibit higher specific capacity and
superior cycling stability than those reported for LIBs, including aforementioned MnO,'® and
Zno2sV20snH>0', the poor reversibility of the Zn metal anode has impeded
commercialization of AZMBs. Owing to the high activity of H>O, triggering of the hydrogen
evolution reaction (HER) during Zn deposition leads to a local alkaline environment in
common aqueous electrolytes (for example, 2 M ZnSO4).?? This induces the formation of high
surface area zinc layered double hydroxides (LDHs) such as ZnsSO4(OH)s-xH20, and zinc
hydroxide on the Zn surface, resulting in a non-homogenous Zn surface that leads to low
coulombic efficiency (CE) of Zn plating/stripping, aggravated dendrite formation and

accelerated battery failure.?? >
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To overcome these challenges and improve the reversibility of Zn, various intriguing
strategies have been employed, including building three-dimensional (3D) Zn hosts or
employing Zn/substrate surface modification. A 3D metal-organic framework (ZIF-8) exhibits

a high Zn plating/stripping CE of 99% for 200 cycles at a range of current densities and
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Figure 1.7 (a) Coulombic efficiency of Zn deposition on ZIF-8 electrode at different current
densities. (b) Coulombic efficiency of Zn deposition on ZIF-8 electrode at different capacities. (c)
SEM images of Zn deposits at different capacities. Scale bars, 2 mm. (d) Schematic illustration of the

Zn plating. Adapted from Ref. 25. Copyright @ 2019 Elsevier Inc.

capacities (Figure 1.7),%° although scalability of ZIF synthesis is a consideration for large-
scale AZMBs. Archer et al. reported an epitaxial mechanism to regulate Zn nucleation and

growth. Owing to the low lattice mismatch between Zn and graphene, remarkable performance
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based on dendrite-free Zn plating/stripping on a graphene substrate was achieved via “locked
orientation”.?® A similar approach was extended to electrolyte-dispersed C3N4 colloidal
particles which improve Zn electrodeposition to achieve a CE of 99.8%.2" Electrolyte
engineering via tuning the interaction of cation, anion and solvent, is another effective
approach to enhance Zn reversibility and stability. Wang’s group reported a neutral 21 m
LiTFSI+ 1 m Zn(TFSI), water-in-salt electrolyte (WiSE) in which H>O molecules are strongly
crowded by Li" ions,?® thus exhibiting reduced H>O activity and a high CE of 99.7%.
Nonetheless, very significant polarization (around 0.3 V at 0.2 mA cm™) and high cost of the
salt are potential limitations to WiSE systems.

Recently, ZnF>-rich solid-electrolyte interfaces (SEI) formed in-situ on Zn metal were
proposed to enhance Zn reversibility. Wang et al. reported a metal-organic framework layer
filled with a Zn(TFSI)-tris(2,2,2-trifluoroethyl)-phosphate organic electrolyte.”’ Zn anodes
coated with this layer show an average CE of 99.1% for 350 cycles in 1 M Zn(TFSI) aqueous
electrolyte, where a ZnF»-rich SEI in-situ formed on Zn surface was proposed to enhance the
Zn reversibility. Wang’s group further explored the effect of trimethylethylammonium
trifluoromethanesulfonate (Me;EtNOTY) as an additive with 4 m Zn(OTf),, reporting an
average CE of 99.8% for 1000 cycles.*® A ZnF,-SEI formed in-situ on the Zn surface was
proposed to explain such good performance, operating at a current density of 0.5 mA.cm™.
Inspired by the promising properties of a ZnF> rich-SEI, Passerini et al. designed an artificial
porous ZnF> layer on Zn with a thickness of ~1 um that effectively suppressed dendrite
growth.?! Their modeling results remarkably showed that Zn** could diffuse through bulk ZnF»
as a result of Zn**-interstitial defect formation. Zn>*-ion migration via the channels embedded
in this fluoride layer may also play a role. Hybrid solvents with minimal water content are also
proposed to suppress water activity and enhance Zn reversibility. Very recently, Yang et al.
reported a hydrous organic electrolyte prepared by dissolving hydrated Zn(BF4), in ethylene
glycol. *This electrolyte enables the formation of a dense ~ 3 um ZnF» passivation layer that
exhibits a relatively high CE (99.4%) for Zn plating/stripping. Despite the high Zn reversibility
owing to the ZnF»-rich SEI, the low areal capacity (0.5 mAh cm™) achieved in these studies is

less than that of practical Li-ion batteries (at least 3 mAh cm™?).>?
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1.3.1.3 Challenges and Practical Considerations for Aqueous Zn Metal Batteries

Despite tremendous effort and growing enthusiasm worldwide, however, the
commercialization ofAZMBs is still plagued by several obstacles including (Figure 1.8):
(1) Unrealistically High C-Rates and Low Areal Capacities. In LIBs, the C-rate is a
measure of the current density at which a battery is discharged relative to its theoretical (or
maximum) capacity; a 1C rate means that the discharge current will discharge the battery in one
hour. The same terminology is used in the AZMB field. Figure 1.9 summarizes the published

long-term cycling performances of various cathodes at both high rates (> 5 C) and low rates

(0.5 -2 C), and Zn anode studies regarding cumulative capacity at different current densities

Figure 1.8 The commonly reported dilute ZnSO. electrolyte system is chosen as the platform,
illustrating challenges of transition metal (TM) dissolution from the cathode, H> and O, evolution
processes, layered double hydroxide (LDH) precipitation, co-proton intercalation in the cathode,

inhomogeneous Zn deposition (dendrite formation), and limitations of thick SEI formation at the anode.

(0.5 - 40 mA cm™) based on “reservoir free” galvanostatic asymmetric-cell protocols (for

example, Zn||Cu or Zn||Ti).
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In terms of cathode stability, one can easily identify the large gap between low-rate and
high-rate cycling performance, including in cells based on widely studied manganese oxides,

vanadium oxides, and metal disulfides. Most of these cathode materials were reported to show

Anode: Current density (mA cm?)

1 10 100
L 1 L
GOAL a-Mn0, VoPO BT-PTO-COF | 10000 C:anhode ‘
10000 Full-cell current: <1 C 4 Capacity retention
Full-cell capacity: = 3 mAh cm ) o
Naﬂ 14TISZ 33 O 80 /D

e k * 208 7@ (O
R PANI-MnO,
s L

h:
34 o
5 VO, PANI 5
2 ] 297 32 35 I ./ . L1000 E Anode
§ z Stable high-rate > Coulombic efficiency
g performance G
B 1000 * ‘ 31 1 g * i
& 1000 28 Liv,(PO,) k :
I 4 \ Nav,0,1.5H,0 £
- T 7 ?100%
§ 21*ZD 23 5 30 Zn,,V,0,-nH.O E
(]
Zn, .V, 0,-nH0 Na,,TiS, MoS plo 8 600 &
ARG Unstable low-rate ° 2 eeols
. K I, performance = 450 £
/ V.0 4.00 B
y T
PANI-MnO 00 2
* 1@ o 1
] ZnHCF 150 S
1.00 @
CuHCF 050 £
T T 10 0.00

0.1 1 10
Cathode: C-rate

Figure 1.9 The summary of cathode and anode performance in AZMBs. The published cathode data
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Zn plating/stripping. Adapted from Ref. 10. Copyright @ 2022 Elsevier Inc.

very promising long-term cycling stability at high rates from 5 C — 30 C, but poor cycling
performance at low rates from 0.5 C — 2 C. At a similar percentage of capacity retention, the
cycle life achieved in these two scenarios can vary by as much as 10-fold. The source of these
differences are at presently unknown. It may be speculated, for example, that the
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electrochemical/chemical degradation of cathode active materials is much less severe at high
rates, as they spend less time at the potential extremes. Proton (de)intercalation likely
dominates in the bulk at ultra-fast rates, giving rise to “false” high Zn*" capacity. Very fast
cycling rates may also contribute to better performance at the Zn anode. Irrespective of the
source, however, it means that AZMBs that are unable to undergo stable cycling at the
moderate rates used for stationary grid storage (0.25 C —2 C) are of limited practical interest.>*
A more serious concern is that often the high C-rate performance is reported in cells
with areal capacities less than 0.5 mAh cm™. These values are not only quite far below typical
values (e.g., 3 mAh cm™) used for practical LIBs, but the apparent performance benefits
achieved cannot be extrapolated to higher areal capacity electrodes. Specifically, higher
capacities require thick electrodes, and this triggers many other scientific challenges, including
sluggish mass transport, high voltage polarization, contact loss with current collectors, and
crack formation during cycling. Thus, we suggest that follow-up studies of such cells with
practical areal capacity and at reasonable rates are warranted.
(2) Dissolution of cathode active materials. Most cathode studies for AZMBs in the past five
years involving manganese-based and vanadium-based materials suffer from the dissolution of
active materials, resulting in reduced cycle life owing to loss of active material. A promising
direction focuses on Mn?*-salts as electrolyte additives to suppress dissolution of manganese-
based cathodes.!® This approach has been shown to work at high rates (e.g., 92% capacity
retention for 5000 cycles at 5C) but has not yet been evaluated at the more modest rates
demanded in many applications.
(3) Zn** vs. proton intercalation and the precipitation of layered double hydroxides
(LDHs). Compared with organic solvents in nonaqueous electrolytes, water — as the major
solvent for aqueous Zn electrolytes — leads to merits of high ionic conductivity (1 — 100 mS
cm’™), inflammability, low interfacial resistance, and high salt solubility. Nonetheless, water
also causes many undesired side reactions, including proton co-intercalation and the
simultaneous precipitation of layered double hydroxides (LDHs; for example,
Zn4S04(OH)-xH20) on both inorganic* and organic®® cathode interfaces on discharge. Proton

intercalation has also been considered as the origin of ultra high-rate capability of many
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cathode materials, as Zn>" diffusion in intercalation hosts may be too sluggish.*® The insulating
LDHs also increase interfacial resistance and gradually detach off the cathode surface leading
to short cycle life (especially at lower rates). Therefore, understanding the interplay of Zn>" vs.
proton intercalation in specific cathodes and discovering new inorganic/organic cathode
materials with excellent Zn-ion diffusivity and dominant Zn?>" (de)intercalation properties are
necessary.

(4) Challenges ascribed to narrow electrolyte stability window. The thermodynamic
electrochemical stability window of water is 1.23 V and depends on electrolyte pH.? The
oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) occur at higher and
lower voltages, respectively due to overpotentials. These reactions decompose the aqueous
electrolyte solvent. The risk of OER also significantly limits the choice of cathode materials,
resulting in the low-voltage output (< 2 V) of current AZMBs. Thus, new fundamental
approaches are required to enhance the anodic stability of aqueous Zn electrolytes and to
identify suitable high-voltage cathode materials. The existence of progressive HER during Zn
deposition also triggers a local alkaline environment, inducing the formation of LDHs and
Zn(OH)2 on the Zn surface as mentioned. These surface byproducts lead to low coulombic
efficiency and a rough Zn surface, aggravating dendrite formation and decreasing the cycle life
of batteries. Recently, much effort has been devoted to suppressing HER and achieving highly
reversible/stable Zn anodes. Building in/ex-situ surface electrolyte interphases (SEI) — such as
those involving ZnF,*°- appears to be an effective strategy; nonetheless, the understanding of
Zn-ion diffusion through such interphases remains unclear and needs follow-up scrutiny from

a mechanistic point of view.
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(5) Impractical Low-Utilization of Zn Anodes. The often low areal capacity (< 0.5 mAhcm’
2) of cathode materials reported in current AZMBs highlights the low utilization of Zn anodes
in these studies. As the theoretical areal capacity of commonly used Zn foil with a thickness
of 250 um or 100 um is ~1462 mAh cm? or ~585 mAh cm? (based on the theoretical
volumetric capacity of ~5855 Ah L), the Zn utilization in each discharge or charge process is
less than 0.1%. Thus, nearly 100% coulombic efficiency and very promising specific energy
density based only on cathode loading were achieved in most such studies. However, such
conditions are not applicable to practical stationary batteries. In order to evaluate the cycling

performance of AZMBs in a more realistic way, it is important to report both specific and
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volumetric energy density with increased Zn utilization, or controlled capacity ratios between

negative and positive electrodes (N/P ratios).?’

The following equation gives a plausible
estimation of energy densities of AZMBs based on both cathode and anode volumes

(Ecathode+anode) When considering a reasonable N/P ratio:

Qzn X Qcathode ~ X V (1)
Qzn + Qcathode X (5)

Ecathode+anode =

where the Q;, and Q.qtnoqe are the theoretical specific or volumetric capacity of Zn and
cathode materials, respectively. V is the average voltage output of batteries.

According to equation (1), the critical impact of N/P ratios on both energy densities can
be easily seen in Figure 1.10. Considering the same cathode (Figure 1.10a), its specific energy
density at a N/P ratio of one (corresponding to 100% Zn utilization) is nearly twice than that
of a N/P ratio of four (corresponding to 25% Zn utilization). Using a more rigorous protocol
with a N/P ratio of zero - a called anode-less cell configuration - the energy density is around
450 Wh kg™! based on a typical manganese oxide cathode!® (specific capacity of ~300 mAh g°
! average voltage of ~ 1.5 V). In terms of volumetric energy densities, taking Zno25V>0s-nH>0
(n=1)"3 as an example (Figure 10b), its energy density can be as high as 760 Wh L™! in an
anode-free cell. Therefore, screening the intermediate-rate cycle life of a cathode material at

reasonable N/P ratios lower than 3 to fully evaluate its strengths and limitations is important

for practical grid storage.

1.3.2 Non-Aqueous Mg Metal Batteries

Similar to AZMBs, MMBs use Mg metal foil as the anode with desirable
electrochemical properties. These include a high volumetric specific capacity of 3833 mAh
mL!, low standard electrode potential of -2.37 V (vs. SHE), and the less tendency of dendrite
growth on electrochemical plating process compared to Li or Zn.*”*® The low standard
electrode potential of Mg guarantees the potential of building high-energy density MMBs,
however, unfortunately limits the applied electrolyte in the nonaqueous regime. Aiming for
using Mg metal as anode, most studies in MMBs focus on the exploration of new cathode

materials and electrolytes that can sustain reversible Mg plating/stripping process.

18



The first reported prototype Mg battery by Aurbach et al. illustrates a Mg metal anode
with a Chevrel phase MosSs cathode in a Mg organohaloaluminate type electrolyte,>
delivering a specific capacity of ~ 75 mAh g'! at an average voltage of 1.2 V (Figure 1.11).

This work opens up the exploration of a variety of other cathodes and electrolytes for MMBs.

1.3.2.1 Cathode Materials for Mg Metal Batteries

Early exploration of Mg cathode materials starts from the simple transition metal oxide

(eg. V205 or MnO*! in different polymorphs), which showed high capacities and operating
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Figure 1.11 Electrochemistry of MoeSs positive electrode tested with a Mg negative electrode and 0.25
M Mg(AICI:BuEt), in THF electrolyte . Adapted from Ref. 39. Copyright @ 2000 Spinger Nature.

voltages in LIBs as positive electrodes. However, the doubled charges of Mg?* compared to
Li* results in much slower Mg?" diffusion in these solid materials, showing much poorer
electrochemical performance. Strategies including nano-sizing materials or involving solvent
molecules in crystal structures improve the kinetics to some extent,*’ the exhibited

performance of these cathode materials is still very limited.
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Compared to the limited success achieved with oxides, sulfide-based cathode materials
have been extensively studied since the discovery of fast Mg?" solid state diffusion in Chevrel
phase structure.® This is because the softer and more covalent sulfide lattice allows faster Mg**
mobility compared to that in the strong ionic oxide lattice. In Chevrel compounds, the crystal
structure usually consists of multiple MosTs blocks that stack together (Figure 1.12)*. Each

block includes a molybdenum atom sitting in an octahedral site inside a cube of T atoms. The
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Figure 1.12 (a) Crystal structure of the Chevrel phase showing the MosTs blocks and three cavities
available for ion insertion. Adapted from Ref. 43 Copyright @ 2006 American Chemical Society. (b
and c¢) Electrochemistry of “soft-anion” (b) thiospinel Ti,S4 and (¢) layered TiS; positive electrodes
with Mg negative electrodes and all-phenyl complex electrolyte. Adapted from Ref. 44 Copyright @
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stacking of these blocks creates plenty of near empty sites with cavities that can facilitate fast

Mg?" insertion/extraction. Besides Chevrel-type MoeSs, other sulfide cathodes were reported

1** and layered transitional metal sulfides,* where the soft

for MMBs, including thiospine
Mg?*-S bonding was proposed to enhance the solid-state diffusion of Mg?* in these inorganic

hosts. However, these reported sulfides typically exhibit low discharge voltage slightly above
20



1 V vs. Mg**/Mg, leading to the low specific energy density that is incomparable to LIBs and

far below the requirement of practical batteries.

To develop MMBs with high energy density, a series of high voltage cathodes were
studied, where oxides spinel compounds were extensively explored recently. The spinel
structure has a general formula of AB>X4 in which X anions are located in a cubic close packed
lattice and cations A and B occupy tetrahedral and octahedral sites, respectively (Figure

1.13).46 The computation studies revealed that the energy barriers for Mg?" diffusion of spinel-

Figure 1.13. The spinel crystal structure where the ‘A’ atoms occupy the tetrahedral sites, and the ‘B’
atoms occupy the octahedral site. Adapted from Ref. 46. Copyright © 2015 Royal Society of Chemistry.

type M204 (M = Mn, Cr, Ni and Co) are in the range of 600 ~ 800 meV,**’ which
unfortunately are too high for Mg?* ions to diffuse at room temperature, compared to around
500~600 meV of thiospinels.*® As a consequence, these oxide spinels normally require only
nano-sizing treatment to shorten the Mg?" diffusion length so that some limited Mg**

intercalation/de-intercalation behaviors can be achieved.*” Nonetheless, most of these studies
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were conducted with electrolytes that are not compatible with Mg anode, posing more concerns

of their practicability in true MMBs.

In recent years, organic compounds also have attracted much attention as cathode
materials for MMBs. Different from the valence change in transition metal atoms of inorgace
cathodes during Mg?" (de) intercalation, the electrochemical redox reaction of organic
cathodes relies on the charge in charge state of electroactive organic groups,>® where the
sluggish Mg?" diffusion can be obviated to some extent. Therefore, organic cathode material
typically shows much better charge-discharge kinetics. In addition, the abundance and
diversity of organic materials lead to their flexible structure with high tunability, providing
great opportunity to design high-capacity and high-rate organic cathodes. Among many
studied organic cathodes, pyrene-4,5,9,10-tetraone (PTO) is reported as one of most promising
materials (Figure 1.14).%! The charge/discharge process of PTO is a heterogeneous enolization
chemistry involving carbonyl reduction (C=0«>C—O-), where two Mg?* storage can
theoretically provide a high specific capacity of 408 mAh g'. In addition, this cathode is
reported with ultrafast kinetics that can be cycled at a 50 C rate with over 200 mAh g™! capacity
retained. However, due to the low electronic conductivity, these organic materials tend to
require high content of carbon when fabricating the cathode that can significantly decrease the
energy density at cell level. In addition, the half-discharged PTO (MgiPTO) completely
dissolves into ether-type solvents that causes additional concerns of its practicability, although

graphene oxide membrane was proposed to mitigate this issue to some extent.

22



w
T

N
—_

Voltage (V versus Mgz‘/Mg) Q

e

50 100 150 200 250 300
Capacity (mAh g™

-
© T

M
o %o

M
o"%o
=00 =
ol  Bme
p -

o] [e]

Figure 1.14 (a) The voltage profile of a Mg—PTO cell. (b) Reductive enolization of PTO to Mg;PTO

and Mg,PTO. The accompanying photographs of DME solutions of the electrodes at the corresponding
states indicate the solubilities and colors of the intermediates. Adapted from Ref. 51. Copyright @ 2018

Springer Nature.

1.3.2.2 Anode and Electrolyte for Mg Metal Batteries

Grignard solution — with a general formula R-Mg-X with X as halogen and R as an
organic group (alkyl or aryl) — is the first electrolyte reported to achieve reversible
plating/stripping of Mg,’> however, suffers from the very low anodic stability and ionic
conductivities that cannot support any practical cathode materials. Introducing Lewis acids
into Grignard solution was later found as an effective approach to improve the anodic stability
without sacrifice of reversible Mg plating/stripping, where 0.25 M Mg organohaloaluminate
complex Mg(AICLEtBu); (butyl ethyl complex, BEC) in THF was final determined to show
optimum performance with near 100% CE of Mg plating/stripping and >2.1 V (vs. Mg?"/Mg)
anodic stability (Figure 1.15).% Further electrolyte modification on the replacement of alkyl
group with phenyl leads to the all-phenyl complex (APC) electrolyte with a higher anodic
stability of 3.3 V (vs Mg?"/Mg). In all these early electrolyte studies, chlorine was found to be
the only feasible choice for the inorganic ligand to achieve reversible Mg plating/stripping.>*
Other ligands including fluorine or CN either passivate Mg anode or reduce the solution anodic
stability window. However, these complex chlorine-based electrolytes are highly corrosive to

current collectors or battery casings. More importantly, the presence of chlorine still limits the
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anodic stability which is insufficient to achieve high energy density MMBs. These motivations
inspire the intense academic effort to design chlorine-free electrolyte that is compatible with

Mg plating/stripping and anodic stable at a high voltage of 3.5 V (vs. Mg?*/Mg).

Early efforts of designing halide-free Mg electrolyte started from the first report of
Mg(BH4),/LiBH4 hybrid electrolyte that shows 94% CE of magnesium plating/stripping.>> The
electrolyte was reported with a low oxidation stability of only 1.7 V, nonetheless, it lays the
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Figure 1.15 Cyclic voltammograms of 0.25 M BEC and 0.4 M APC electrolytes measured with Pt
electrodes at 25 mV s'. Adapted from Ref. 53. Copyright @ 2007 The Electrochemical Society.

foundation for designing halide-free single-salt electrolyte that is compatible with magnesium
plating/stripping. A follow-up Mg(CB11H12)2 salt was synthesised with a better oxidative
stability of > 3.5 V in single ether solvent (G3 or G4) with 99% CE?°. A bi-solvent blend was
then tailored for this salt to boost the kinetics for magnesium plating/stripping.’! Other
unconventional boron/aluminium-clustered salts reported so far show over 99% CE and > 3.5
V anodic stability.’’>° However, the most reported CE of magnesium plating/stripping in these
electrolytes were based on CV measurements or galvanostatically at low currents and areal

capacities. Achieving reversible plating/stripping with significant quantities of magnesium,
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which can be sustained on long-term cycling, is still a great challenge. More serious concerns
are commercial unavailability of these salts due to the expensiveness of precursors and

complexity of synthetic/purifying routes,**

which are unfriendly to stimulate wide research
or commercialization of MMBs.

Conventional magnesium  bis(trifluoromethanesulfonimide) (Mg(TFSI)2) or
magnesium trifluoromethanesulfonate (Mg(OTf)>)-based electrolyte has over 3.5 V anodic
stability but very poor compatibility with Mg anode due to strong ion pairing, which can only
be improved by adding chlorides as the second salt in earlier studies.’®®! Recently, there is
considerable interest in additive engineering on Mg(TFSI):-based single salt electrolyte.
Impressive studies of using highly polar additives were conducted to enable efficient
magnesium plating/stripping at 98~99.5% CE with at 0.1 mA cm™ and 0.1 mAh cm™2.526 In
contrast, less attention were devoted on Mg(OTf), due to its near zero solubility in ethers (for
example, diethylene glycol dimethyl ether (G2)), which are the only polar aprotic solvents that
are fully compatible with magnesium metal.’® Although similar highly polar additives can
increase Mg(OTf), solubility to some extent*%° the reported reversibility of Mg
plating/stripping is insufficient to support practical rechargeable batteries, where an over
99.9% cycling efficiency of metal anodes is required at a minimum areal capacity of 3 mAh
cm2.967 Therefore, none of reported Mg electrolyte can meet the requirements for practical

MMBs, in terms of low cost, easy-accessibility, high anodic stability, high CE for Mg

plating/stripping at reasonable areal capacity.

1.4 Summary

LIBs based on intercalative graphite anode dominate the energy storage markets of
portable electronic devices and electrical vehicles. However, the uncertainty of employing
lithium metal anode and the ever-increasing shortage/price of lithium cause concerns of safety
and affordability of LIBs. Under this context, alternative electrochemical energy storage
techniques including AZMBs and MMBs are intensively studied, where Zn and Mg metal

anode with high abundance and high volumetric capacity can be directly used.
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One of greatest merits of AZMBs is the use of aqueous electrolyte. The resulting high
affordability, inflammability and environmental-friendly make them excellent candidates for
large-scale grid or mini-grid storage. Although numerous publications and academic efforts
have been devoted into this new rising area, the aforementioned challenges still plague the
commercialization of AZMBs. Some successful and cheerful results were achieved with
conventional aqueous electrolytes in the lab; however, more serious underlying obstacles are
identified when translating these attempts into practical conditions. Due to the high activity of
H>O in conventional aqueous electrolyte, HoO-involved side reactions at both cathode and
anode lead to the quick failure of batteries at practical current densities and areal capacities,
including Zn dendrite, LDHs formation and cathode dissolution. Therefore, it is of vital
importance to develop novel, next-generation aqueous Zn electrolyte that can fundamentally
mitigate or eliminate these undesired reactions, and finally achieve desirable AZMBs that can

function at practical conditions.

Earlier studies of Mg-ion electrolytes focus on the highly efficient chlorine-based or
organborate/aluminate-based electrolytes. Nonetheless, the former suffers from the low anodic
stability and severe corrosion to battery casing/current collector, while the latter is
commercially unavailable due to the very expensive precursor, complex synthesis/purification
procedure. MMBs with both types of electrolytes are unable to compete the state-of-art LIBs
in terms of energy density and affordability. Therefore, it is essential to focus on the discovery
and design of new Mg-ion electrolyte that fulfills the requirements of high anodic stability,

low corrosion and high compatibility with Mg metal anode.

With the discovery of new Zn or Mg electrolytes, it is also important to develop a
comprehensive understanding of electrolyte network of the cation solvation structure and ion-
ion/solvent interaction. These directly influence the interfacial (de) solvation process at the
electrode/electrolyte interface. Due the divalent nature of Zn and Mg, the interfacial chemistry
at both cathode and anode surface is far more important than that in LIBs, which can directly
determine the kinetics of Zn?'/Mg?" diffusion and thus electrochemical redox activity.

Therefore, disclosing the electrolyte network and building its connection to the interfacial
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chemistry at electrolyte/electrolyte interface will be the core in developing efficient

electrolytes for practical AZMBs and MMBs.

1.5 Scope of the Thesis

This thesis presents a comprehensive investigation on the synthesis, characterization,
electrochemical performance of newly designed Zn and Mg electrolytes, understanding the
electrolyte network, Zn**/Mg?" solvation structure and their influence on electrode/electrolyte
interface. All these investigations were aimed to evaluate the newly discovered concepts at
practical conditions to fasten the developments of commercial AZMBs and MMBs.

Chapter 1 gives a general introduction of related research reported in the past in
AZMBs and MMBs. Parts of this chapter have been published as: Li, C., Jin, S., Archer, L. A.,
Nazar, L. F. Towards practical aqueous zinc-ion batteries for electrochemical energy storage.
Joule 2022 6, 1727-1742, Copyright © 2022 Elsevier Inc., reproduced with permission from
Elsevier.

Chapter 2 describes the research experimental methods and characterization
techniques that are employed in this thesis.

Chapter 3 introduces a novel electrolyte additive, N,N-dimethylformamidium
trifluoromethanesulfonate (denoted as DOTY), for an electrolyte based on aqueous 2 M ZnSOs.
Its dissociation in water to neutral ion-pairs (the superacid HOTf + DMF) leads to the
formation of a fluoride-free, Zn**-conducting nanostructured SEI on the Zn surface upon
cycling in an electrochemical cell. The unique interfacial chemistry is understood by using a
comprehensive combination of X-ray photoelectron spectroscopy (XPS), operando surface-
enhanced infrared absorption spectroscopy (SEIRAS) and cryo-transmission electron
microscopy (TEM) studies. We demonstrate the SEI enables water exclusion at the interface,
leading to diminished LDH formation. Along with a nanoscale Zn nucleation and growth
process, this additive promotes a highly dense and dendrite-free Zn plating morphology. The
electrochemistry of Zn||Cu asymmetric cells demonstrates the high reversibility and stability
of Zn anode at both a lab-level capacity of 0.5 mAh cm™ and practical-level capacity of 4 mAh
cm?. The work has been published as: Li, C. et al. Highly Reversible Zn Anode with A
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Practical Areal Capacity Enabled by A Sustainable Electrolyte and Superacid Interfacial
Chemistry. Joule 2022, 6, 1103-1120, Copyright © 2022 Elsevier Inc., reproduced with
permission from Elsevier.

Chapter 4 demonstrates that solvation-structure engineering of aqueous Zn
electrolytes is an effective method to suppress H+ intercalation and realize dominant Zn>*
intercalation. To establish proof-of-concept, we chose LiV2(POs)3 (LVP) as the platform for
the cathode and compared its electrochemistry in two previously reported electrolytes, 4 m
(molality, mol/kg) Zn(OTf), and 29 m ZnCl, “water-in-salt” electrolytes (WiSE), as well as a
newly designed hybrid electrolyte developed by incorporating polyethylene glycol 400 (PEG
400) and water as a co-solvent with Zn(OTf), as the salt. Importantly, we explore the H-
bonding network, free water fraction, Zn>'-solvation structure and their roles in the Zn>" vs.
H" intercalation in all three electrolyte systems, using experimental and computational
methods to understand why the PEG-based hybrid electrolyte exhibits the least H+
intercalation and the most dominant Zn2+ intercalation. The work has been published as: Li,
C., Kingsbury, R., Zhou, L., Shyamsunder, A., Persson, K. A., Nazar, L. F. Tuning the
Solvation Structure in Aqueous Zinc Batteries to Maximize Zn-Ion Intercalation and Optimize
Dendrite-Free Zinc Plating. ACS Energy Lett. 2022, 7, 533-540, Copyright © 2022 American
Chemical Society, reproduced with permission from American Chemical Society.

Chapter 5 elucidates the Zn?* vs. proton intercalation mechanism of a metal oxide
cathode (Znp25V205-nH,O (ZVO)) in various electrolytes by a combination of ex-
situ/operando techniques. A strategy of using sulfolane-based hybrid eutectic electrolyte is
shown to effectively suppress deleterious proton intercalation and cathode dissolution. This is
ascribed to a strong hydrogen-bonded network of sulfolane-water that alleviates water activity.
In addition, a fully hydrated Zn** solvation structure is revealed and induces facile interfacial
charge transfer at the Zn metal surface. Highly stable and reversible Zn plating/stripping is
demonstrated in both Zn||Cu and Zn||Zn cells. Benefiting from both stabilized electrodes in the
hybrid eutectic electrolyte, we report the first practical high-areal-capacity (4 mAh cm-2) Zn
anode-free cell that can run over 100 cycles at 0.15C with ~ 85% capacity retention. The work

has been published as: C. Li, R. Kingsbury, A. S. Thind, A. Shyamsunder, T. T. Fister, R. F.
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Klie, K. A. Persson, L. F. Nazar. Enabling Selective Zinc-lon Intercalation by a Eutectic
Electrolyte for Practical Anodeless Zinc Batteries. Nat. Commun. 2023, 14, 3067. Copyright
© 2023 Springer Nature, reproduced with permission from Springer Nature.

Chapter 6 introduces an inorganic 3A zeolite-based membrane into MMBs to stabilize
the Mg anode for the first time and achieve its excellent performance at high current densities.
To establish proof of concept, we chose a 0.25 M magnesium hexafluoroisoproxy borate
(Mg(B(Ohfip)4)2)/G2 electrolyte as a platform for study. We identified that the short lifetime
of Mg plating/stripping originates from the high activity of free G2 solvent molecules that
reduce on the Mg/electrolyte interface to form a thick surface layer of decomposition by-
products. This induces inhomogeneous Mg deposition and rapid cell failure. By using a low-
cost zeolite film based on 3A molecular sieves as a protective interface on the Mg anode, G2
decomposition is effectively suppressed, generating a smooth Mg plating morphology and a
thinner solid electrolyte interphase (SEI). This is ascribed to the significantly alleviated free-
G2 fraction within this interface revealed by Fourier-transform infrared (FTIR) spectroscopy.
The protected Mg anode thus achieves a 750-fold extended lifetime in Mg||Mg symmetric cells
(over 6000 hours) at a current density of 0.3 mA c¢cm™ and an areal capacity of 0.3 mAh cm™.
Two chemically-different Mg?" environments were revealed by 2>Mg magic angle spinning
nuclear magnetic resonance (MAS NMR) spectroscopy, responsible for two Mg** migration
pathways through the zeolite membrane. A prototype full cell based on a Mo3S4 cathode
exhibits excellent capacity retention of 91% over 200 cycles. We also demonstrate the system
is very stable at a high operation voltage of > 3.5 V vs. Mg?*/Mg with polyaniline (PANI) as
the cathode. By simultaneously suppressing the shuttling of dissolved PANI monomers with
the zeolite membrane, a high energy density up to 320 Wh kgpanr! and power density of 1320
W kgpani! are achieved. The work has been published as: C. Li, A. Shyamsunder, B. Key, Z.
Yu, L. F. Nazar. Stabilizing Magnesium Plating by a Low-Cost Inorganic Surface Membrane
for High-Voltage and High-Power Mg Batteries. Joule 2023, 7, 2798-2813, Copyright © 2023
Elsevier Inc., reproduced with permission from Elsevier.

Chapter 7 designs a new co-ethereal phosphate electrolyte (CEPE) system that enables

fast and highly stable Mg?*/Mg redox activity at the anode and facile anion storage chemistry
29



at the cathode using commercial Mg(TFSI), as salt. A family of methyl phosphates
((CH3)3(CH2)aPO4, n = 0 - 4) with high dielectric constants and donor numbers were selected
as electrolyte additives to interrupt [Mg?*-TFSI'] CIPs (Scheme 1b). This results in suppressed
TFSI” reduction, which limits the thickness of the passivation layer and greatly lowers the
voltage hysteresis for Mg plating/stripping. To further improve the Mg anode reversibility and
stability, different ethers were chosen as co-solvents to tune the Mg?" solvation sheath, thus
facilitating desolvation and nanoscale Mg nucleation/growth (Scheme 1c¢). By combining
advanced spectroscopy techniques, molecular dynamics (MD) simulations, and density-
functional-theory (DFT) calculations, the Mg?* solvation structure and its interaction with
anions or solvents are disclosed in depth. The optimized CEPE electrolytes sustain highly
reversible Mg plating/stripping behavior at a range of current densities. We demonstrate ultra-
stable Mg plating/stripping for over 7000 hours (9.7 months) at a practical current density of
2 mA cm? and an areal capacity of 2 mAh cm™. Importantly, the 4 V anodic stability of these
electrolytes enables polyaniline|[Mg full cells to run up to 3.5 V for over 400 cycles at a fast
2C rate with excellent capacity retention. This work has been published as: C. Li, R. D. Guha,
A. Shyamsunder, K. A. Persson, L. F. Nazar. A weakly ion pairing electrolyte designed for
high voltage magnesium batteries. Energy & Environ. Sci. 2024, 17, 190-204 Copyright ©
Royal Society of Chemistry 2024, reproduced with permission from Royal Society of
Chemistry.

The final chapter summarizes the work of the entire thesis and proposes potential

further directions of electrolyte design of AZMBs and MMBs.
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Chapter 2 Methods and Techniques

2.1 Electrolytes and Electrode Preparation

The aqueous Zn electrolytes studied in Chapter 3-6 are prepared by mixing as-
purchased Zn salts in weighted amounts in either pure deionized water or mixed hybrid
solvents. The mixtures were then stirred until a clear solution was obtained, which was directly
used as electrolytes for further physical or electrochemical characterization. All aqueous Zn

electrolytes preparation was conducted in ambient conditions.

Non-aqueous Mg electrolyte is very sensitive to moisture. All Mg salts were pre-dried
in a vacuum Buchi at around 150 °C for at least three days. The as-purchased nonaqueous
solvents were dried using 3A molecular sieves twice to remove the residual moisture in the
solvent. To prepare Mg electrolyte, weighted amounts of pre-dried Mg salts were dissolved in
solvents under vigorous stirring until a clear solution is obtained. All non-aqueous Mg

electrolytes were prepared inside the glovebox.

AZMBs and MMBs studied in this thesis directly use polished Zn or Mg metal as the
anode, which was pouched into proper sizes before being assembled into the cells. The
cathodes were either prepared by doctor blading the active materials, polyvinylidenefluoride
(PVDF) and carbon black with controlled ratio onto the metal foil or carbon paper; or
fabricating the mixture of active materials, polytetrafluoroethylene (PTFE) and carbon black
into a free-standing membrane. After drying at 60 °C or 100 °C overnight, these cathodes were

pouched into small disks that were used for cell assembly.

2.2 Powder X-Ray Diffraction Techniques

X-ray diffraction (XRD) is a commonly used technique to identify phase composition.

XRD analysis is based on the Bragg’s law, as shown in Equation 2.1:

ni =2d - sind Equation 2.1
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Figure 2.1 Schematic of Bragg’s law. Adapted from Ref. 68.

where 4 is the wavelength of the X-ray, d is the distance between crystallographic planes in the
crystal structures, and 0 is the angle between the incident X-ray beam and the parallel planes,
as shown in Figure 2.1.°% When two parallel X-ray beams are diffracted by two neighboring
parallel planes with a distance of d, the beam going into a deeper plane travels an extra distance
of 2d sin 8. When the Bragg’s law is satisfied, the two parallel beams will be in phase when
they eventually reach the X-ray detector and reflected by the observable intensity of reflected
X-rays. Therefore, d, assigned to plane index, can be directly correlated with 6 which is known
experimentally. As powder sample contains millions of single crystals that are oriented
differently, a series of the 6 detected in powder XRD experiments will give a whole intensity
pattern including all plane indices that satisfied the Bragg’s Law. This pattern can be used to
compare with a comprehensive database to identify the phase component and crystal structures

of target samples.

In this thesis, all powder XRD experiments were conducted using a PANalytical
Empyrean diffractometer using Cu-Ka radiation. In the operando XRD experiments in

Chapter 5, the diffraction patterns were collected continuously when the cell was in
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galvanostatic cycling. By collecting a series of XRD patterns, the evolution of crystalline
phases during electrochemical charge/discharge can be explored. The operando experiments
were performed using a home-made Swagelok-type cell with a glassy-carbon window for X-

ray penetration.

2.3 Electron Microscopy

Advanced electron microscopy studies can provide high-resolution images of
specimens, for example, surface morphology of electrodeposited metal anodes. For typical
scanning electron microscopy (SEM), a high-energy (0.2~40 keV) focused electron beam
generated by an accelerating voltage (5~20 kV) hits the specimen surface, generating a range
of electrons and X-rays (Figure 2.2)% which are detected by the specialized detectors. The
collected electrons are further processed to generate high-resolution images. In addition, the

Electron beam from the source
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Auger electrons
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Figure 2.2 Schematic diagram of different types of interaction between the incident electron beam and

specimen. Adapted from Ref. 69. Copyright @ 2018 Springer Nature.
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emitting characteristic X-rays with different energies can also be detected to identify the
elements existed in the specimen, called energy dispersive X-ray spectroscopy (EDX). For a
transmission electron microscopy (TEM) or scanning transmission electron microscopy
(STEM) study, the higher accelerating voltages of 100~400 kV will be used, allowing much

better image resolution even to the atomic level.

In this thesis, the SEM morphological and elemental analysis of the materials was
examined with Zeiss Ultra Plus field emission SEM equipped with an EDX. STEM images
and electron energy loss spectroscopy (EELS) in Chapter S were conducted by Dr. Arashdeep
Singh Thind at the University of Illinois Chicago using a JEOL JEM-ARM200CF microscope
operating at 200 kV. TEM images and electron energy loss spectroscopy (EELS) in Chapter
7 were performed by the Canadian Centre for Electron Microscopy using a Spectra Ultra 30-
300kV TEM (Thermo Fisher Scientific) equipped with a Cs probe and image aberration
correctors that was operated at 200 kV. An attached Ultra-X EDS detector was used to map

specimens and collect EELS data.

2.4 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy is a sensitive technique to characterize the oxidation
states of elements at the surface of the specimen. The detecting limit is normally from the top
1~10 nm of the materials. During a typical XPS experiment, the sample was irradiated with a
beam of X-rays and electrons at ground state are excited and emitted from the original orbitals
into the vacuum. The electron energy transition during this process can be described as

Equation 2.2,
Ebinding = hv - Ekinetic - ¢ Equation 2.2

where Ebpinding, Ekineiic, hv and ¢ represent the binding energy of the electron that is ejected and
correlated to oxidation states of specific elements, the kinetic energy of the photoelectron after
emission, the X-ray energy, and the work function specific to the spectrometer that is
irrespective of the sample. The XPS spectra were obtained by probing the kinetic energy and

the number of photoelectrons to calculate the binding energy based on known hv of incident
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X-rays. Thus, the information of elements can be extracted based on the obtained binding

energy.

In this thesis, XPS experiments were conducted on a Thermo Scientific K-Alpha XPS
instrument. CasaXPS software was used to conduct XPS data analysis, where the C 1s peak of
284.8 eV was used to calibrate the binding energies. Spectral fitting was based on Gaussian—

Lorentzian functions and a Shirley-type background.

2.5 X-Ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) is a widely used technique for determining the
local geometric and/or electronic structure of matter. In a typical XAS experiment, a series of
X-rays with different energies are illustrated on a specimen. The core electrons in this specimen
would absorb the X-rays and get excited to an unoccupied orbital, leaving a hole in the original
orbital. Such an empty hole is a highly unstable state, and electron from higher energy level
can be relaxed and filled in this hole with the fluorescence of X-rays. Both absorbed and

fluorescence X-rays can reveal the orbital energies.

A typical XAS spectra includes three main region: (1) the absorption threshold
determined by the transition to the lowest unoccupied states; (2) the X-ray absorption near-
edge structure (XANES) with the kinetic energies of photoelectron ranging from 10 to 150 eV
above the chemical potential, and usually studies the oxidation state and bonding environments
of the elements; (3) the extended X-ray absorption fine structure (EXAFS) at high kinetic
energy range of the photoelectron, which gives details for local structures of elements. XAS is

a bulk technique that can be used to study both solid or liquid samples.

In Chapter S of this thesis, the XAS is mainly used to explore the solvation structure
of Zn*" in different aqueous electrolytes. The experiments were conducted in transmission
mode using a zinc metal foil reference (9659 eV) by Dr. Timothy T. Fister in Argonne National

Laboratory.
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2.6 Fourier Transformed Infrared and Raman Spectroscopies

Fourier transformed infrared (FTIR) and Raman spectroscopy are both based on
interaction of photons with the vibrational, rotational or other low-frequency modes of a
molecule. Raman spectroscopy measures inelastic scattering of photons, while infrared
measures the absorption of infrared photons. Both techniques are frequently used to explore
the chemical bonding/ environment of a molecule. Samples in all forms of solid, liquid or gas

can all be measured.

In this thesis, liquid FTIR were carried out on a Bruker Tensor 27 system equipped
with attenuated total reflection (ATR). Liquid Raman spectra were collected using a 532 nm
laser (Raman HORIBA HR800). Spectra were obtained using 3-5 accumulations with a total

acquisition time ranging from 10-20 minutes under a 10x objective lens.

2.7 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is often coupled with differential scanning
calorimetry (DSC), to measure the evolution of physical (melting, freezing, etc.) and chemical
(endothermic and exothermic reaction) properties of a sample as a function of temperature. In
a typical TG experiment, temperature is changed in a linear manner, the corresponding mass
change and thermal flow from the sample can be recorded to compare with a reference (usually
an empty sample holder). In this way, the change in sample mass can be correlated with the
specific temperatures that causes the thermal decomposition, reduction/oxidation or phase

transition of a sample.

In this thesis, the TGA in Chapter 4 is used to determine the carbon content in the
synthesized materials. The experiment was conducted in the air at a heating rate of 10 °C min
! on a TA Instruments SDT Q500. In Chapter 5, the freezing points of a series of hybrid
aqueous Zn electrolytes were determined by differential scanning calorimetry (DSC), which
was performed on Netzsch STA 449 F3 Jupiter from —100 to 25°C at a ramp rate of

10 °C min .
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2.8 Electrochemical Techniques

2.8.1 Galvanostatic Charge/Discharge

In a typical galvanostatic charge/discharge experiment, a constant current is applied to
a cell until reaching a cut-off voltage or a limited amount of electricity. During charge, a

positive current is applied. During discharge, a negative current is applied.

Galvanostatic cycling is the most widely used testing mode to evaluate the specific
capacity, rate capability, cycling stability of a cell, where either cathode, anode, electrolyte or
separator can be sample of interest. In the case of cathode materials, passing a constant current
through it can lead to the oxidation/reduction of active materials in cathodes, along with
corresponding cation de/insertion process. These changes in the chemical state of cathodes are
also reflected in the corresponding voltage response. Theoretical, a linear increase/decrease in
voltage with respect to capacity corresponds to a solid solution de/intercalation process, while
a flat plateau indicates a two-phase reaction. At the end of charge/discharge where the capacity
limit exists, a dramatical increase/decrease in voltage can be observed. The current applied in
galvanostatically cycling is usually defined by “C-rate”. 1C rate means charging/discharging
the cell in one hour with full capacity being charged/discharged. The full capacity usually
refers to the theoretical specific capacity (Q) of the active materials, which can be calculated

from:
O =nF/3.6 Man (mAh g Equation 2.3

where F'is the Faraday’s constant, Manm is the molar mass of the active material, n is the number

of electrons transferred in charge/discharge.

In this thesis, the cell cycling was carried out using a two electrode configuration,
consisting of a cathode, an anode and separators saturated with electrolyte in between. The
measurements were carried out using VMP3 potentiostat/galvanostat station (Bio-Logic

Science Instruments) at a specific C-rate and proper voltage window.
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2.8.2 Linear Sweep Voltammetry

Linear Sweep Voltammetry (LSV) is a technique that is frequently used to measure the
oxidative/reductive stability of electrolytes. In a typical LSV measurement, the cell is applied
by a swept potential at a constant scan rate. High current response can be recorded at potentials
where the electrolyte oxidation/reduction starts. These potentials are determined as the
oxidative/reductive limits for electrolytes. Cells with these electrolytes must be cycled within
these limits to prevent electrolyte decomposition. In this thesis, a VMP3
potentiostat/galvanostat station (Bio-Logic) was employed for LSV studies at a sweep rate of
1-5 mV s!, using three-electrode PFA-based Swagelok-type cells with Zn or Mg as the

reference electrode, and various metal foil (Ti or Al) as both working and counter electrodes.

2.8.3 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a widely used technique to diagnose
the resistance of an electrochemical system by recording the current response to an applied
potential at varying frequencies. In a typical EIS measurement, the impedance is usually
investigated when the electrochemical cell is applied by an AC voltage of 1-10 mV with

frequencies ranging from 1M Hz to 10 mHz.

Nyquist plot is the most used spectra to present impedance data. In a typical Nyquist
plot, each impedance data at different frequencies is plotted as the negative of the imaginary
part of impedance with respect to the real part. Symmetric axes (same axis scale) should always
be used for the Nyquist plot in order to convey the information presented by the shape of the
plot.

In this thesis, EIS measurements on Mg or Zn symmetric cells were carried out on
VMP3 potentiostat/galvanostat station (Bio-Logic Science Instruments). For EIS
measurements, the DC voltage was maintained at open-circuit voltage and an AC voltage of 5

or 10 mV in amplitude was applied with a frequency of 1M Hz - 100 mHz.
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Chapter 3 Highly Reversible Zn Anode with A Practical Areal Capacity Enabled by a

Sustainable Electrolyte and Superacid Interfacial Chemistry

3.1 Introduction

Aqueous zinc-metal batteries are plagued by poor Zn reversibility owing to zinc
dendrites and layered double hydroxides (LDH) formation. The aforementioned strategies to
enhance Zn reversibitliy and reversibility are mostly at the low areal capacity (0.5 mAh cm™)
which is less than that of practical Li-ion batteries (at least 3 mAh cm™).

In this chapter, I introduced a novel electrolyte additive, N,N-dimethylformamidium
trifluoromethanesulfonate (denoted as DOTY), for an electrolyte based on aqueous 2 M ZnSOs.
Its dissociation in water to neutral ion-pairs (the superacid HOTf + DMF) leads to the
formation of a fluoride-free, Zn**-conducting nanostructured SEI on the Zn surface upon
cycling in an electrochemical cell. The unique interfacial chemistry is understood by using a
comprehensive combination of X-ray photoelectron spectroscopy (XPS), operando surface-
enhanced infrared absorption spectroscopy (SEIRAS) and cryo-transmission electron
microscopy (TEM) studies. We demonstrate the SEI enables water exclusion at the interface,
leading to diminished LDH formation. Along with a nanoscale Zn nucleation and growth
process, this additive promotes a highly dense and dendrite-free Zn plating morphology. The
electrochemistry of Zn||Cu asymmetric cells shows highly stable and reversible Zn
plating/stripping at both a lab-level capacity of 0.5 mAh cm™ and practical-level capacity of 4
mAh cm™. More importantly, this electrolyte is highly compatible with Zn||Zno25V20s-nH2O
full cells at a low negative: positive (N:P) electrode ratio of 2.5, exhibiting a capacity retention
of ~ 83% after 1000 cycles. By limiting the depth of discharge, an enhanced life of more than
2000 cycles can be achieved with less proton intercalation.

I proposed the idea, planned the experiments, performed all electrochemical
measurements and wrote the original manuscript. Abhinandan Shyamsunder performed the
NMR measurements. Alexis Grace Hoane and Dr. Andrew A. Gewirth carried out the SEIRAS.
Chun Yuen Kwok helped with XPS experiments and data analysis. Dr. Daniel M. Long, Dr.

Paul G. Kotula and Dr. Kevin R. Zavadil conducted TEM measurements.
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3.2 Experimental Approaches

3.2.1 Synthesis of Zno.2sV20s5-nH20 Nanobelts

Zno25V205-nH>0 nanobelts were synthesized by a previously reported microwave
hydrothermal method."® Typically, 2 mmol V20s (99.6%; Sigma-Aldrich) and 1.3 mmol
Zn(CH3COO)2-:2H20 (99%; Sigma-Aldrich) were dispersed in 50 ml water/acetone (volume
ratio: 15:1) solution. The mixture was transferred to a sealed Teflon vessel and kept at 180 °C
for 90 minutes at a heating rate of 18 °C min™! in an Anton Parr microwave (Synthos 300). The
final Zno25V205-nH2O nanobelts were obtained by filtration, washing with deionized water

and isopropanol and drying in a 60 °C oven for 24 h.

3.2.2 Electrochemical Measurements

The Zno25V20s-nH>0 cathodes were prepared by doctor blading the mixture of active
materials, conductive carbon Super P and polyvinylidene difluoride (PVDF) in a weight ratio
of 7:2:1 in N-methyl-2-pyrrolidone (NMP; anhydrous, 99.5%; Sigma-Aldrich) on carbon paper
(thickness: 170 um). After drying at a 60 °C oven overnight, the electrodes were punched into
small coins (diameter: 10 mm). The mass loading of Zno25V20s-nH,0 was 4.0 = 0.5 mg cm™.
The full cells were assembled in PFA-based Swagelok-type cells, using the commercial
Whatman glass fiber as separators and Cu foil (thickness: 9 um; diameter: 11 mm) with pre-
deposited Zn (about 3 mAh cm™ for both 0.5 V and 0.7 V voltage cutoffs) as the counter and
reference electrodes with controlled N:P ratios. The Zn||Cu asymmetric and Zn||Zn symmetric
cells were assembled with Zn metal foil (99.9%; Sigma-Aldrich; thickness: 250 um; diameter:
10 mm) as the electrodes. The amount of electrolyte in each cell is 100 pL. The galvanostatic
cycling were carried out on a VMP3 potentiostat/galvanostat station (Bio-logic) at room
temperature.

2 M ZnSO4 was prepared by dissolving 10 mmol ZnSO4-H20 (> 99%; Sigma-Aldrich)
into 5 ml deionized water. 2 M ZnSOs4 - 50 mM DOTT electrolyte was obtained by adding 0.25
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mmol dimethylformamidium trifluoromethanesulfonate (97%; Sigma-Aldrich) into 5 ml 2 M

ZnS0Oy4.

3.2.3 Materials Characterization

Powder X-ray diffraction (XRD) studies were carried out on an X-ray diffractometer
using Cu-Ko radiation (PANalytical Empyrean) equipped with a PIXcel bidimensional
detector. Scanning electron microscopy (SEM) images and energy-dispersive X-ray
spectroscopy (EDX) were collected by a Zeiss Ultra field emission SEM instrument equipped
with an EDX detector. XPS analysis was conducted on a Thermo Scientific K-Alpha XPS
instrument. The binding energies were calibrated using the C 1s peak at 284.8 eV. All spectra
were fitted with Gaussian-Lorentzian functions and a Shirley-type background using CasaXPS
software. The S 2p doublet peaks were fit using equal full width at half maximum (FWHM),
with a 2:1 area ratio and splitting of 1.16 eV between the S 2p 3/2 and S 2p 1/2. The spot size
for photoelectron collection was a 400 um x 200 um ellipse, and the grid for sputtering was a
1600 pm x 800 pm rectangle, with an Ar" etching rate estimated to be ~1.0 nm min"'. NMR
experiments were carried out on a Bruker Avance 300 MHZ instrument at ambient
temperature. All samples were dissolved in DO which served as an internal lock and were
loaded into 5 mm tubes (800 pul). "H NMR experiments were carried at 300 MHz and '*C NMR
experiments were carried at 75 MHz. Heteronuclear Single Quantum Coherence (HSQC)
experiments were carried out to correlate the chemical shift of protons (F2 axis) to the '°C
chemical shift (F1 axis) of their directly attached carbons. All electrodes that were
characterized were collected from the cell, rinsed thoroughly with deionized water and ethanol
and dried at 80 °C in vacuo overnight. Attenuated total reflectance surface-enhanced infrared
absorption spectroscopy (ATR-SEIRAS) was carried out by using a Nicolet Magna-IR 550
spectrometer with a home-built spectro-electrochemical cell that was previously described. In
situ spectra were collected using the roughened 20 nm Au as the working electrode and a Zn
wire as counter and reference electrode. Zn was galvanostatically plated 4 mA cm™ for 30
minutes for both electrolytes and stripped at 4 mA cm™ for 30 minutes for the 2 M ZnSO4 —
100 mM DOTY electrolyte and 28 minutes for the 2M ZnSOs electrolyte. The reference
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spectrum was collected immediately prior to Zn plating and immediately prior to Zn stripping,
which was subtracted for all subsequent spectra. A Helios NanoLab 600 FIB/SEM was used
to deposit a protective, infiltrating carbon capping layer onto the Zn deposit surface prior to
cooling for cryogenic FIB milling, lift-out, and final thinning in a Scios 2 FIB/SEM. The
resulting cross-section lamella was stored in liquid nitrogen and loaded into a Gatan 626 cryo
holder for cryogenic-STEM, EDS, EELS characterization in an FEI Titan G2 operated at 200
kV. The sulfur K intensity was calibrated using a ZnS standard.

3.3 Highly Reversible Zn Plating/Stripping

The Zn plating/stripping behavior was examined in Zn||Cu asymmetric cells at 1 mA
cm™ and 0.5 mAh cm™ - a frequently reported CE test condition for Zn anodes.?*?%*2707! Ag
shown in Figure 3.1 and 3.2a, the CE in 2 M ZnSO4 - 50 mM DOTT quickly increases to 99%
in the initial 20 cycles and finally stabilizes at > 99.8% for 3500 cycles (Figure 3.3). To the
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Figure 3.1 CE of Zn Cu asymmetric cells in 2 M ZnSOjs electrolyte s with different concentration of
DOTfat 1 mA cm™ and 0.5 mAh cm™ The initial CE decreases as the concentration of DOTT increases
from 50 mM to 100 mM. However, the average CE in both electrolytes for a total 400 cycles is ~99.4%.

Hence, the final concentration of DOT{ was selected as 50 mM in this work.

best of our knowledge, this is the longest cycle life and highest cumulative capacity achieved
under these conditions of current density and areal capacity. This results in a high average CE

value of 99.7% for a total cumulative capacity of 1750 mAh cm™. In the 2 M ZnSOs baseline
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Figure 3.2 (a, b) CE evolution on cycling Zn||Cu asymmetric cells under different conditions: (A) 1
mA cm? and 0.5 mAh cm?, (B) 4 mA ¢cm™ and 4 mAh cm™. Slight variation (+ 0.1%) in CE is to be
expected. (¢) Voltage profiles of the Zn||Cu cell in 2 M ZnSO4 - 50 mM DOTf at 4 mA cm? and 4 mAh
cm?2. (d) Galvanostatic Zn stripping/plating in Zn||Zn symmetric cells at 4 mA cm? and 4 mAh cm?.
(e) Comparison between the Zn plating/stripping performance of asymmetric cells in this work and that
reported based on four critical parameters: Coulombic efficiency, current density, areal capacity and

cumulative capacity. Only electrolytes that have demonstrated an average CE of >99% for at least 200

cycles are selected.

electrolyte (Figure 3.2a), the Zn||Cu cell shows a fluctuating CE and fails after 214 cycles.
More importantly, at practical conditions of 4 mA cm™ and 4 mAh cm™, the CE in the modified
electrolyte reaches over 99.9% within 10 cycles and is preserved for 250 cycles (Figure 3.2b).
This accounts for an unprecedented high average CE of 99.97% for a total 1000 mAh cm™
cumulative capacity. The cumulative irreversible capacity is only around 0.3 mAh cm™, which
can originated from the HER during Zn plating. The voltage profiles in Figure 3.2¢ validate

the highly reversible Zn plating/stripping at such high current density and capacity in the
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Figure 3.3 . Voltage profiles of Zn||Cu asymmetric cells in different electrolytes at 1 mA ¢cm™ and 0.5

mAh cm?. (a) 2 M ZnS0Os-50 mM DOTT; (b) 2 M ZnSOy .

presence of DOTT, as confirmed by the small and stable overpotential of ~28 mV after the

initial cycle. In addition, at even more aggressive conditions of 10 mA cm™ and 10 mAh cm™,
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Figure 3.4. CE of Zn||Cu asymmetric cells in different electrolytes at 10 mA cm?and 10 mAh cm™.

a high average CE of 99.8% can still be achieved (Figure 3.4). Figure 3.2d displays the
excellent stability of a Zn||Zn symmetric cell with 2 M ZnSO4 - 50 mM DOTT, showing steady
cycling at 4 mA cm and 4 mAh cm for nearly 350 hours. This is approximately one order
of magnitude longer than that without DOTT, where the cell shorts and quickly fails. We ascribe
the slightly higher cell polarization in the presence of the additive (~ 5 mV) to in-situ formation

of a passivating SEI, as reported elsewhere®® and discussed below. We note that the “soft
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shorts” "*widely reported in symmetric cell testing are not observed here, as confirmed by the

stable and non-zero charge transfer resistance throughout the cycling (Figure 3.5).
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Figure 3.5. Impedance studies of the Zn symmetric cell. (a) Voltage profiles of Zn||Zn symmetric cell
with the addition of 50 mM DOTTf at 4 mA ¢cm™ and 4 mAh cm™ and corresponding (b) Nyquist plots
at Oh, 20h, 40h, 60h, 80h, 100h and 120h. EIS was conducted after each 10-hour Zn plating/stripping
cycle. The stable and non-zero resistance during Zn plating/stripping indicates the absence of soft

shorts.

Four important parameters: Zn plating/stripping CE, current density, areal capacity of
each plating and stripping, as well as the total cumulative capacity were selected to compare
our modified electrolyte to other reported Zn electrolytes.>*28-30-70.7L.73.74 Ag shown in Figure
3.2e, while the metrics exhibited in this work are comparable to, or better than other
electrolytes at similar lab-level conditions (in our case, 1 mA cm™ and 0.5 mAh cm™), we also
demonstrate excellent performance under practical conditions (4 mA cm™? and 4 mAh cm?)
with a high CE of 99.97%. It is critical to screen Zn reversibility at both high and low current
densities to fully investigate its commercial viability.%*”> Such promising enhancement of Zn

plating/stripping performance can also be extended to other electrolyte systems. (Figure 3.6).

3.4 Dendrite-free Zn Plating Morphology

Cu electrodes with plated Zn, retrieved from the asymmetric cells after the 10" plating
at 4 mA cm? and 4 mAh cm™ were analysed by scanning electron microscopy (SEM). Zn
plated in 2 M ZnSOs4 - 50 mM DOTT shows a smooth and compact layer, formed by merged

homogeneous Zn particles with dimensions of ~250 nm (Figure 3.7a-b) whereas porous and
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dendritic Zn was observed in 2 M ZnSOs4 (Figure 3.7e-f), consistent with the rapid battery
failure in both Zn||Cu and Zn||Zn cells. The cross-sectional view of deposited Zn shows a
spongy morphology with a thickness of ~ 13 um in 2 M ZnSO4 (Figure 3.7g-h), whereas a
thin ~ 6 um layer is observed in the modified electrolyte (Figure 3.7c-d). This is nearly six
times denser than the reported Zn deposition layer with a fluorinated SEL>® based on
calculation of the Zn capacity and thickness described in Cao et al.’** Similar morphologies in

both electrolytes were also confirmed at 1 mA cm™ and 0.5 mAh cm™ (Figure 3.8).
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Figure 3.6 The Zn plating/stripping electrochemistry of Zn||Cu asymmetric cells at a current density
of 2 mA c¢cm™ and areal capacity of 1 mAh cm?. (a) CE evolution as a function of cycle numbers in

different electrolytes; Voltage profiles in (b) 2 M Zn(OTf), - 10 mM DOTf and (¢) 2 M Zn(OTf),.

These results show the effectiveness of the DOTT additive to suppress dendrite growth.

A combination of nuclear magnetic resonance (NMR) spectroscopy and X-ray photoelectron

46



spectroscopy (XPS) studies described below indicate that this can be ascribed to a unique Zn**-

conducting SEI formed on the Zn surface.

Figure 3.8 Morphologies of plated Zn on Cu after 10 cycles at 4 mA cm 2 and 4 mAh cm ™2,
(a—d) SEM images of plated Zn in 2 M ZnSO4-50 mM DOTY{: (a and b) top view and (¢ and d)
cross-sectional view. (e-h) SEM images of plated Zn in 2 M ZnSOs: (e and f) top view and (g
and h) cross-sectional view. Images shown and indicated thicknesses are representative of the

average deposition layers

dpm |

Figure 3.7 SEM images of plated Zn in (a-b) 2 M ZnSO; and (¢-d) 2 M ZnSO4 — 50 mM DOT{

at 1 mA cm™2 and 0.5 mAh cm™.
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3.5 Forming the Zn?>*-conducting SEI

The 'H NMR spectrum of the 2 M ZnSO4 - 50 mM DOT( solution (Figure 3.9) shows
characteristic peaks of N,N-dimethylformamide (DMF) at 6= 2.42 ppm, 2.57 ppm and 7.49
ppm, along with two additional peaks at 6= 2.28 ppm and 7.85 ppm which are not observed in
the spectrum of 2 M ZnSO4 - 50 mM DMF. Upon adding 50 mM triflic acid (HOTY) into a 2
M ZnSO4 - 50 mM DMF solution, the two additional peaks appear and lead to an identical

——2MZnS0, - 50 mM DMF
——2MZnS0, - 50 mM DOTf

T T T T 1
8.2 8.0 7.8 76 74
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Figure 3.9 '"H-NMR spectrum of the modified electrolyte and 2 M ZnSO4 - 50 mM DMF

pattern (Figure 3.10a). These results indicate that DOTTf exists as its “neutral ion pair” in water
([DMF][OT{f]" — DMF and HOTY), a phenomenon known for other formamidium ionic
liquids.”®”” The presence of the super-acid HOTf explains the unusually low initial pH of 2 M
ZnS0O4 - 50 mM DOTT (pH ~ 1.6). Similar excellent Zn plating/stripping performance was
observed using 2 M ZnSO4 - 50 mM DMF - 50 mM HOTT as the electrolyte, (Figure 3.11),
further corroborating the existence of neutral ion pairs in aqueous solution.

'H-13C Heteronuclear Single Quantum Coherence (HSQC) experiments were carried
out to further characterise the additional peaks obtained in the modified electrolyte. As shown
in Figure 3.10b, three different protons (a, b and c¢) correlate with three carbons at around

0=164.8 ppm, 36.9 ppm and 31.4 ppm, characteristic of DMF. The highest frequency proton
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a’ (0=7.83 ppm) shows a distinguishable correlation with the carbon at 6=166.1 ppm. These

point at the possible presence of formic acid which was confirmed through spiking the
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Figure 3.10 NMR studies for the 2 M ZnSO4-50 mM DOTT electrolyte. (a) Comparison of the 1H-
NMR spectra of 2 M ZnSO4 with 50 mM DOTf and 50 mM DMF-HOTY. (b) The HSQC 2D spectrum
of the DOTf modified electrolyte. The 1H and 13C patterns are shown on the horizontal axis and the

vertical axis, respectively.
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Figure 3.11 The Zn plating/stripping chemistry of different electrolytes at a current density of 4 mA
cm-2 and areal capacity of 4 mAh cm-2. (a) CE evolution as a function of cycle number in different
electrolytes. Surface morphologies of the 10th plated Zn on Cu in (b) 2 M ZnSO4— 50 mM HOTf and
(¢) 2 M ZnSO4 - 50 mM HOTT - 50 mM DMF. The longer cycling life and slightly denser surface
morphology in 2 M ZnSO4 - 50 mM HOTf - 50 mM DMF show that DMF plays a key role in
improving the Zn stability.

solution with its excess (Figure 3.12). The formation of formic acid from DMF (a result of
acid hydrolysis reaction),”® helped us to identify the proton d (§=2.28 ppm) as protonated
dimethylamine. While characteristic ion solvent coordination results in a more de-shielded
solvent environment,”® our results (Figure 3.13) depict the opposite behaviour. All the DMF

peaks are significantly shifted to lower frequency indicative of possible formation of poly-
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metal clusters in solution that could shield the solvent environment.®® These complex
molecular species along with the “amine” products obtained through hydrolysis could
potentially assist the formation of a Zn**-conducting SEI layer on the Zn surface during the
electrochemical process.

To delve more into the nature of the SEI, XPS was carried out on the topmost surface

_ Electrolyte spiked with Formic acid|

Pure DOTf\

1 M I ! 1 ¥
166 165 164 163
5 (ppm)
Figure 3.12 3C-NMR spectra of 200 mM DOTT before (red curve) and after spiking with HCOOH (blue

curve). The peak at 5= 165.5 ppm corresponds to the carbonyl hydrogen of HCOOH, while the peak at
&= 164.8 ppm corresponds to the carbonyl hydrogen of DMF.

of the plated Zn, and at a depth of ~2 nm and ~10 nm underlying the surface by removing the
upper material via 2 min and 10 min Ar" sputtering, respectively. The XPS spectra of plated
Zn in 2 M ZnSO4 - 50 mM DOTT are shown in Figure 3.14. All binding energies were
calibrated by using the C Is peak (at 284.8 eV) as the reference. The N 1s spectra shows a
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stable amine-related component (at 399.4 eV) at different depths. This amine signal — which

is absent in the additive-free electrolyte - can be ascribed to either dimethylamine bonded to

2 M ZnSO, - 50 mM DMF - 50 mM HOTf

A | -

2M ZnS0O, - 50 mM DOTf
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Figure 3.13 'H-NMR spectra of aqueous solutions as labelled.

Zn**, or trimethylamine produced by the electrochemical reduction of DMF.3! The O 1s
spectrum of the topmost surface exhibits two major components: SO4>" (at 532.1 eV, 91%) and
Zn0O/Zn(OH); (at 530.4 eV, 9%). The sulfate signal can be ascribed to the precipitation of Zn
salt in the electrolyte.”®? The S 2p spectrum also confirms the existence of ZnSO4 (at 169.4
eV, 92%) along with minor ZnS species (at 162.1 eV, 8%). At a depth of ~2 nm (sputtering for
2 min) the ZnSO4 content reduces to ~ 77% in both O 1s and S 2p spectra. Meanwhile, both
Zn0O/Zn(OH); and ZnS fractions increase to ~ 23%. Upon further sputtering to a depth of ~ 10
nm, the ZnSOy4 signal is further reduced in intensity while both ZnO/Zn(OH); and ZnS increase
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Figure 3.14 (a) XPS spectra for 1st plated Zn on Cu in 2 M ZnSO4-50 mM DOTf at 4 mA cm 2 and 4
mAh ¢cm 2. (b and ¢) Operando SEIRAS of both plating and stripping process on Au in (b) 2 M ZnSOs-
100 mM DOTf and (¢) 2 M ZnSO; at 4 mA c¢cm 2 for 30 min.

to reach over 30% of their respective (O 1s, S 2p) signal. The ZnS component probably
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Figure 3.15 F1s XPS spectrum of 1st Plated Zn on Cu in 2 M ZnSO4 - 50 mM DOT{f

originates from the reduction of SO4* rather than the OTf anion owing to the lack of fluorine-
related species in the F 1s XPS spectrum (Figure 3.15). This conclusion is supported by the
lack of a significant ZnS signal in the XPS obtained from deposits grown in a 2 M Zn(ClO4),
- 50 mM DOTT electrolyte and where poor Zn reversibility is observed (Figure 3.16). It is
likely that SO4" is reduced to ZnS by the H, formed by the chemical reaction between Zn and
HOTT in the initial cycles (Figure 3.17), as ZnS is also observed on Zn metal soaked in the
modified electrolyte (Figure 3.18). In addition, no ZnS is observed after soaking Zn in 50 mM
DOTTf without ZnSO4 and for electrochemically deposited Zn in the baseline electrolyte further
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confirming that SO4* anion and the chemically formed Ha are key to the formation of ZnS

.
(Figure 3.19).
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Figure 3.16 Electrochemistry of 2 M Zn(ClOs), - 50 mM DOTT at 4 mA cm.; and 4 mAh cm.,. (a) CE
evolution of Zn||Cu cell as a function of cycle number. XPS for 1st plated Zn: (b) N 1s, (¢) S 2p and
(d) CI 2p. The sulfide region is obscured by the background noise, suggesting either an insignificant

amount of (or no) ZnS is formed on the Zn surface.

X-ray diffraction (XRD) analysis reveals that no deleterious LDH forms on plated Zn
in the modified electrolyte, whereas well-defined peaks of LDH are observed for the electrode
cycled in the baseline electrolyte (Figure 3.20). Details of the interfacial chemistry were
further studied by surface-enhanced infrared absorption spectroscopy (SEIRAS). In these
experiments, a reference spectrum was collected immediately prior to Zn plating and
immediately prior to Zn stripping and was subtracted from all subsequent spectra. Although
free SO4> (band d) is displaced from the Au surface during plating owing to the negative

surface polarization (Figure 3.14b-c¢), significant amounts of SO4>" association with Zn?" leads
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Figure 3.17 pH evolution of 2 M ZnSO4 - 50 mM DOTT during Zn plating/stripping. (a) pH changes

Cycle number

C e '.: d o

as a function of cycle number in a beaker cell with 5 ml electrolyte and 16 cm™ Cu and Zn electrode
at 4 mA cm? and 4 mAh cm™. Images of the pH paper contacted with glass fibre separators (b) after
initial soaking with 100 uL electrolyte, (c) after soaking with the electrolyte after the first cycle and
(d) after soaking with the electrolyte at the 10th cycle at a current density of 4 mA c¢m? and areal
capacity of 4 mAh cm™. The pH increases to 4~5 after the first plating/stripping and stabilization in

this range after subsequent cycles indicates that the SEI mainly forms during the initial cycles.

to the presence of ZnSO4 (band b) at the interface in both electrolytes. However, in the presence
of DOTHT, the local acidic environment limits the formation of LDH, possibly allowing for the
formation of other products such as ZnS. This acidity also results in lower peak intensities of
bands a, ¢ and i that correspond to Zn(OH),. In addition, changes to the OTf (band e) presence
at the interface were observed. While peak e is obscured by the larger peak d during plating,
there is a negative-going shoulder of peak d at band e, indicating that OTf is likely leaving the
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Figure 3.19 . XPS spectra of bare Zn metal soaked in 2 M ZnSO; - 50 mM DOTY. (a) N 1s spectrum.
(b) S 2p spectrum.
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Figure 3.18 XPS spectra of (a-b) bare Zn soaked in 50 mM DOTT: (a) N 1s (b) S 2p; and (¢) S 2p
spectrum of 1st plated Zn layer on Cu in 2 M ZnSOs at a current density of 4 mA ¢cm™ and areal

capacity of 4 mAh cm™.

interface. During stripping, there is a clear positive-going peak e, which indicates that OTTf is
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Figure 3.20 XRD of plated Zn on Cu after 10 cycles in different electrolytes under different cycling

conditions.

drawn to the surface. The presence of formate (band f) at the interface was also identified in
both stripping and plating. More importantly, in 2 M ZnSO4 - 100 mM DOTT{, much less H,O
approaches the interface during plating compared to that in 2 M ZnSOs, as verified by different
intensities of peak g which corresponds to the H2O bending mode. In the case of 2 M ZnSO;4 -
100 mM DOTf during plating, each spectrum following reference subtraction exhibits
negative-going peaks hi and h4 assigned to H>O O-H stretching modes, indicating changing
H>0O modes at the interface. For 2M ZnSOj4 a similar trend is observed with the decrease of
peak hs, although this decrease is somewhat obscured by the stronger positive-going peak i.
During stripping, peak he appears at a much higher energy, indicating an interrupted hydrogen
bonding network of H>O at the interface. These changes suggest the presence of a H,O-
deficient interface in the presence of DOTT, thus suppressing LDH formation and enhancing

Zn reversibility. During stripping, an increase in similar H>O stretching modes (hz and h3) is

58



observed in both electrolytes, which probably results from the increasing concentration of Zn>*
at the interface that influences the interaction between H,O and Zn*".

Structural and chemical mapping of the interphase produced with the DOTT additive
was conducted using cryogenic ion milling and cryo-transmission electron microscopy. Low
temperature milling reduced the mechanical distortion observed with room temperature milling
of the Zn deposit, allowing for more uniform, thinner Zn cross-sections and higher fidelity
imaging. A representative dark field image at the surface of a first cycle Zn deposit (4 mA cm
2,4 mAh cm) formed with DOTfis shown in Figure 3.21a. The interphase appears as a bright
contrast, conformal layer at the electrolyte exposed facets of the Zn grains and underneath a
nanosheet structure, viewed edge on here, forms with the

DOTT additive. We find the interphase is a porous layer ranging in thickness from 10
nm to less than 5 nm, where pores are seen as dark regions in the high angle annular dark field
(HAADF) image of Figure 3.21b. We propose these nanopores are created in-situ by the
initiation of superacid (HOTY) reduction at the Zn surface to release minute quantities of H» as
described above. These Ha also reduces SO4> to form ZnS. Nanoporosity is critical as it
provides the cation access to a sufficiently thin portion of the nanostructured interphase
enabling cation transport, thus producing the dense Zn deposits shown to form in the presence
of DOTT. The interphase appears compositionally similar to the nanosheets as a mixture of
ZnO and ZnS, with as much as 5% sulfide present, as determined by multivariate analysis of
energy dispersive X-ray spectroscopic (EDS) imaging data (Figure 3.21¢-d).** The presence
of oxide in the interphase is confirmed from lattice spacings characteristic of wurtzite ZnO
observed in high resolution scanning transmission electron microscopy (STEM). We are not
able to similarly differentiate the chemical state of S using diffraction or electron energy loss
spectroscopy (EELS) due to low concentration and possibly a lack of crystallinity of the ZnS
phase. Regardless, the presence of S within the interphase is consistent with the XPS derived
composition of the interphase highlighting the DOTT additive’s role in forming a nanometric,
porous SEI responsible for facilitating Zn cation transport.

In short, these results clearly demonstrate that a uniform nanostructured SEI forms on

the Zn surface in 2 M ZnSO4 - 50 mM DOTT electrolyte owing to the unusual surface
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chemistry. Reduced water activity can be anticipated within this SEI layer as result of altered
Zn?" solvation structures in these pores, as observed in artificial porous protective layers on Zn
anodes (for example, zeolitic membranes®*). Such a porous SEI layer allows Zn?" to diffuse
but prevents the formation of LDHs on the Zn anode, and effectively enhances the reversibility

and stability of Zn plating/stripping.
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Figure 3.21 Structural and compositional mapping of the SEI formed in 2 M ZnSO4-50 mM DOTTf (a

and b) Dark-field and HAADF images showing the conformal and porous structure of the SEIL (¢ and

d) EDS-based spectral imaging of the SEI with the corresponding multivariate spectral components:

Zn deposit, red; interphase and nanosheets, green; carbon cap, blue.
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3.6 Nanoscale Zn Nucleation and Growth

The aforementioned SEI also manipulates the initial Zn nucleation and subsequent

growth behavior, leading to dendrite-free Zn electrodeposition. The process of nucleation and
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Figure 3.22 Nanoscale nucleation and growth of plated Zn. (a) The first plating voltage profiles of
Zn||Cu cells at 4 mA cm? and 4 mAh cm 2 with a magnified view of initial nucleation process. (b—m)
Ex situ SEM images of plated Zn on Cu in 2 M ZnSO4-50 mM DOTTf (b—g) and 2 M ZnSO4 (h—m)
after: (b and h) 0.1 mAh cm™2, (¢ and i) 0.5 mAh cm™2, (d and j) 1.0 mAh cm™2, (e and k) 2.0 mAh
cm 2, (fand I) 3.0 mAh cm ™2, and (g and m) 4.0 mAh cm ™.

growth is correlated with the evolution of the voltage profile, which allows us to distinguish

the overpotentials related to these processes during Zn electrodeposition. Figure 3.22a shows
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the characteristic voltage profiles of the first Zn plating process in different electrolytes. In the
baseline electrolyte, a sharp nucleation overpotential (1)) is observed of about 132 mV, whereas
inin 2 M ZnSO4 - 50 mM DOTT, n is not at all well defined and is slightly larger (153 mV).
This is ascribed to higher impedance at the DOT{-Zn interface due to the presence of the SEI
layer that promotes homogeneous deposition of more, smaller and denser Zn nuclei.®> The
SEM image of plated Zn with a capacity of 0.1 mAh cm™ further confirms the uniform and
nanoscale Zn deposits in the modified electrolyte (Figure 3.22b), whereas sparse needle-shape
Zn nuclei about ~ 2 um in length are observed in 2 M ZnSO4 (Figure 3.22h). In addition, the
difference in the growth overpotential with respect to the nucleation overpotential (An) is 12
mV in the DOTT electrolyte, which is approximately one quarter of that without DOTT. Thus,

it is more favorable for Zn to deposit as smaller crystals than large dendrites.®>*® The
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Figure 3.23 Illustration of SEI formation and its role in tuning Zn nucleation and growth in (a) 2 M
ZnSO4 electrolyte with LDH formation, and (b) 2 M ZnSO4-50 mM DOTT electrolyte with SEI

formation.

morphological evolution of Zn growth was further investigated by ex-sifu SEM. Fixed amounts
of Zn from 0.1 - 4.0 mAh cm™ were galvanostatically deposited on Cu at 4 mA cm™?. In2 M

ZnS04 - 50 mM DOTT, nanoscale Zn nuclei grows as small ~ 250 nm crystallites, which merge
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into dense and compact Zn deposition layers (Figure 3.19b-g), while random Zn dendrites
gradually form in the baseline electrolyte (Figure 3.19h-m).

The proposed effect of the SEI on Zn nucleation and growth is shown in Figure 3.23.
In the baseline electrolyte, porous LDH deposits on the Zn surface owing to the progressive
HER and consequently local alkaline environment during Zn electrodeposition (Figure 3.23a).
Such an inhomogeneous surface leads to a large energy difference between the Gibbs energy
for Zn nucleation (AGhucleation) and growth (AGgroww). Therefore, Zn?* prefers to deposit on the
existing Zn nuclei to form large Zn flakes or dendrites. In contrast, the homogeneous
nanostructured SEI in the modified electrolyte raises the AGgrown to the same level of
AGhucleation (Figure 3.23b). This significantly reduces the size of the Zn crystallites, and results

in uniform dendrite-free Zn deposition.

3.7 Electrochemistry of Zn||Zno.2sV205-nH20 Full cells

The electrochemistry of 2 M ZnSO4 - 50 mM DOTfT electrolyte was tested in full cells, (Figure
3.24) using Zno25V20s-nH20 as a representative positive electrode to examine compatibility
with the stabilized Zn anode (Figure 3.25 and 3.26).!> The rate performance of
Zn||Zno25V205-nH20 full cells in 2 M ZnSO4 - 50 mM DOTT electrolyte shows a specific
discharge capacity of 326 mAh g at 0.3 A g! (1C rate) and 217 mAh g' at2.4 A g! (Figure
3.24a-b), which is slightly higher than that in the absence of DOTf. This shows good
compatibility between Zno25V20s5-nH20O cathode and the modified electrolyte, yielding an
average discharge voltage of ~ 0.7 V and energy densities of 228 Wh kg™ or 714 Wh Ly,
(based on the theoretical density of ZVO of3.13 gcm™)at 0.3 A g'!. Long-term Zn reversibility
of the full cell was further evaluated in both electrolytes at a current density of 1.5 A g! (5C
rate) with a controlled anode/cathode (N:P) capacity ratio of 2.5 (3.24¢c-e). The estimated
volumetric energy density in the modified electrolyte based on both cathode and anode is ~
400 Wh L"! (the thickness of deposited Zn is estimated as ~5 um based on Figure 3.7d). In the
baseline electrolyte, a sharp voltage drop at the end of discharge gradually appears with

dramatic capacity loss with continued cycling (Figure 3.24e), which is mainly ascribed to the
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failure of the Zn anode. However, in the modified electrolyte, the high Zn reversibility enables
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stable charge/discharge of the Zn|| Zno25V205-nH>O cell (Figure 3.24d) at the controlled N:P
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Figure 3.25 Characterization of Zno.2sV20s5-nH20 nanobelts.(a) XRD pattern and (b) SEM morphology
of Zno25V20s-nH20
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Figure 3.26 Long-term cycling of Zn||Zno.2sV205-nH20 full cell in 2 M ZnSOs4in the voltage range of
0.5V -1.4V at 5 C with unlimited Zn. The cell retains ~ 78.8% of its initial highest capacity after 1000
cycles, no less than the previous reported value.This confirms the high cycling stability of
Zno25V20s5-nH20 cathode and enables us to further explore the Zn reversibility in the modified
electrolyte in full cells.
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Figure 3.27 H'/Zn*" Intercalation of Zn||Zno2sV20s nH>O full cells in 2 M ZnSO4.50 mM DOTY. (a) The

first voltage profiles of full cells at different discharge states and corresponding schematic illustration of

H'/Zn*" intercalation into the lattice (a, b, and ¢ indicate the open circuit voltage, 0.7 and 0.5 V). (b)

Long-term stability of the full cell between 0.7 and 1.4 V at 1.5 A g' (N:P = 5.2, the areal capacity of

deposited Zn on Cu is the same as that in 0.5-1.4 V).
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Figure 3.28 Comparison of the XRD patterns of Zno25V20s-nH>O electrodes discharged to different
lower cutoff voltages in 2 M ZnSO4 - 50 mM DOTY.

maintains ~ 197.6 mAh g! after 1000 cycles, exhibiting a capacity retention of ~83% with an
average CE of 99.9%. In contrast, the capacity in 2 M ZnSOjs electrolyte quickly drops to ~
24 mAh g! owing to the poor Zn reversibility with a lower average CE of 97.7 %.

Proton intercalation has been reported to be deleterious to the long-term cycling of
various metal oxides in AZMBs as it results in the formation of LDHs.!”-*68788 Similar to the
anode side, LDHs also deposit on the cathode owing to the local alkaline environment after
protons intercalate into the cathode host as shown schematically in Figure 3.27a. However,
the thin, flaky LDHs tend to spontaneously detach from the cathode side, causing irreversible
capacity loss and poor long-term cycling stability.'”*® XRD analysis on Zng2sV>0snH>O

cathodes collected at different discharge states shows that LDH mainly forms in the low
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Figure 3.29 Cycling stability of ZVO in 2 M ZnSO4 — 50 mM DOTf at 0.6 A g!' (2C rate) with a
lower cut-off voltage of (a) 0.5 V (N:P=2.5) and (b) 0.7 V (N:P =5.2).

voltage range from 0.7 V to 0.5 V (Figure 3.28). The discharge curves of Zng25V>0s5-nH,O
cathodes are shown in Figure 3.27a. Up to the initial discharge state of 0.7 V, Zn** gradually
intercalates into the lattice with a small portion of proton intercalation and concomitant
formation of LDH on the cathode surface. Below 0.7 V, proton intercalation and LDH
formation dominate the discharge process and account for the most of electrochemical
capacity, consistent with previous reports.'** This allows us to further enhance the stability
of Znl||Zno.25V20s5-nH>0 full cells by modifying the lower cut-off voltage from 0.5 V to 0.7 V
based on a similar strategy.”® Figure 3.27b shows this full cell still maintains ~84% of its initial
highest capacity after even 2000 cycles at the same Zn capacity with an average CE of 99.3%
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(N:P ratio increases to ~5.2 owing to the lowered cathode capacity), which is twice the cycle
life at 0.5 V. We note this promising stability is obtained at a moderate current density of 5C,
while many literature reports utilize very high rates (> 10C) to favor stability.>>*° At a 2C rate
(0.6 A g, ZVO also exhibits good cycling stability at the lower cut-off voltage of 0.7 V, with
a capacity retention of ~ 90% after 500 cycles (Figure 3.29). The enhanced cycling stability
can be attributed to the alleviated proton intercalation, where the capacity loss owing to the

detachment of LDH particles is significantly reduced.

3.8 Conclusions

In this work, we introduce DOTT as a novel low-concentration electrolyte additive for
aqueous Zn metal batteries. The use of this electrolyte leads to dendrite-free and highly
reversible Zn plating/stripping for more than 3500 hours in Zn||Cu cells. More importantly,
~100% average CE of Zn plating/stripping is achieved under a practical cycling condition of a
high current density of 4 mA cm™ and a high areal capacity of 4 mAh cm™ for more than 250
cycles. The superior Zn stability and reversibility are ascribed to robust nanostructured SEI
layers leading to the suppression of detrimental LDHs and a nanoscale nucleation-growth
process during Zn electrodeposition. The origin of this Zn?*-conducting SEI is speculated to
be a result of the water assisted dissociation of DOTf into neutral ion pairs.
Zn||Zno25V205-nH20 full cells (N:P ratio of 2.5 and 5.2) based on this electrolyte exhibit
excellent cycling performance with different depth of proton intercalation. Our findings and
understanding of this novel electrolyte additive could potentially accelerate the

commercialization of practical aqueous Zn metal batteries.
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Chapter 4 Tuning the Solvation Structure in Aqueous Zinc Batteries to Maximize Zn-

Ion Intercalation and Optimize Dendrite Free Zinc Plating

4.1 Introduction

Much work has focussed on developing cathode materials for AZMBs including
MnO»,"® Zng25V20s-nH,0,!? along with many others. However, recent studies have found that
the high electrochemical capacity of these metal oxides is not solely due to Zn?'
insertion/extraction, but largely relies on H' (de)intercalation.!”87-%91-92 Proton intercalation
results in the formation of layered double-hydroxide salts (LDH, for example,
Zn4S04(OH)s-5H20) on the surface of metal oxides, which aids the reversible and stable
operation of metal oxides due to its unique buffering mechanism.!” On the other hand, the LDH
forms an insulating layer on the oxide surface that detaches from the electrode over time,
leading to loss of active material. Proton intercalation has now been generally accepted as a
common phenomenon for metal oxides in AZMBs.

Studies involving polyanion compounds similarly showed that either H" (or Na")
insertion occurs along with Zn?" intercalation.'>!% For example, by analysing the differential
capacity curves (dQ/dV) of layered VOPO4-xH>O cathode in different electrolytes,'® Sun et al.
found that H" intercalation played a dominant role in an electrolyte comprised of 5 m ZnCl»/0.8
m H3POs. Not surprisingly, on increasing the concentration of ZnCl> to 10 - 13 m, Zn*" was
suggested to dominate the intercalation process based on the higher peak intensity of the Zn
contribution in the dQ/dV curve. The factors responsible for Zn** vs. H' intercalation (aside
from concentration) were not investigated in this study, however. Monoclinic LiV2(PO4); was
reported to be a superior host for AZMBs, and can be cycled at an exceptionally high rate of
60 C.”* As the high charge density of Zn?" would likely result in limits to solid-state diffusion
at this current density and significant structural distortion in monoclinic V2(PO4)s,” a
fundamentally different mechanism based on H' intercalation rather than exclusive Zn>*
insertion has been proposed to account for this high-rate performance. ¥Recently, an approach
to favor Zn*" intercalation was reported for a VPO4F host lattice based on a hybrid electrolyte

(water + propylene carbonate); however proton intercalation still could not be fully suppressed.
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A multiphase mixture with overall composition of Zno3HyVPO4F was formed on discharge,
but the implicit existence of a more highly zincated phase could not be quantified.'

In this chapter, I demonstrate that solvation-structure engineering of aqueous Zn
electrolytes (AZEs) is an effective method to suppress H' intercalation and realize dominant
Zn*" intercalation. To establish proof-of-concept, we chose LiV2(PO4); (LVP) as the platform
for the cathode and compared its electrochemistry in two previously reported electrolytes, 4 m
(molality, mol/kg) Zn(OTf), and 29 m ZnCl, “water-in-salt” electrolytes (WiSE), as well as a
newly designed hybrid electrolyte developed by incorporating polyethylene glycol 400 (PEG
400) and water as a co-solvent with Zn(OTf), as the salt. Importantly, we explore the H-
bonding network, free water fraction, Zn**-solvation structure and their roles in the Zn>" vs.
H" intercalation in all three electrolyte systems, using experimental and computational
methods to understand why the PEG-based hybrid electrolyte exhibits the least H' intercalation
and the most dominant Zn*" intercalation.

I proposed the idea, planned the experiments, synthesized the materials and performed
all electrochemical measurements and wrote the original manuscript. Dr. Ryan Kingsbury and

Kristin A. Persson performed molecular dynamics simulations.
4.2 Experimental Approaches

4.2.1 Sol-gel Synthesis of LizV2(PQO4)3

Li3V2(POs)s (L3VP) was synthesized by a simple sol-gel approach reported before.”
Typically, 3 mmol vanadium (V) oxide (Sigma-Aldrich) and 9 mmol oxalic acid dihydrate
(Sigma-Aldrich) were first dissolved in 50 mL deionized water and stirred at room temperature
until a clear green solution was formed. Then 9 mmol ammonium dihydrogen phosphate
(Sigma-Aldrich) and 4.59 mmol lithium carbonate (Sigma-Aldrich) were added into the above
solution, following by vigorous stirring for 1h. Finally, Ketjenblack (KB) carbon was added to
the solution and the mixture was stirred at 70°C overnight until a gel formed. The gel was
transferred to an oven and dried at 80 °C overnight. The obtained solid sample was ground in

a mortar for 15 minutes and then pelletized at 2 tons in a die with a diameter of 13 mm. The
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pellets were transferred to an alumina crucible and heated in a tube furnace at 350 °C for 4 h
and 800 °C for 8 h at a heating rate of 5 °C min™' under a constant Ar gas flow. The obtained

L3VP powder was used as a precursor to synthesize LiV2(PO4)3 (LVP).

4.2.2 Material Characterizations

Powder X-ray diffraction (XRD) patterns were collected on an X-ray diffractometer
using Cu-Ko radiation (PANalytical Empyrean) that was equipped with a PIXcel
bidimensional detector. For short scans, XRD patterns were collected using a flat-stage model
in Bragg-Brentano geometry. For long scans, the powder samples were loaded in sealed glass
capillary tubes and the data were recorded in Debye-Scherr geometry. Scanning electron
microscopy (SEM) images and energy-dispersive X-ray spectroscopy (EDX) were performed
a Zeiss Ultra field emission SEM instrument attached with an EDX detector.
Thermogravimetric analysis (TGA) was obtained in air at a heating rate of 10 °C min™! on a
TA Instruments SDT Q500. Fourier transformed infrared spectroscopy (FTIR) was carried out
on a Bruker Tensory 27 system equipped with attenuated total reflection (ATR). The ionic
conductivity of aqueous electrolytes was measured via an Orion Star A325 pH/ Conductivity

Meter (Thermo) at 22 °C.

4.2.3 Electrochemical Measurements

The Li3VP cathodes were prepared by doctor blading a homogeneous ink of 90 wt%
as-prepared powder materials and 10 wt% polyvinylidene difluoride (PVDF) onto titanium
foil. The slurry was dried at 60 °C overnight before being punched into small coins with a
diameter of 11 mm. The mass loading for the active materials was about 3 mg cm™.
Galvanostatic cycling measurements (VMP3, Biologic) were performed in PFA-based
Swagelok-type cells, assembled with metallic zinc foil (Sigma-Aldrich) as both the counter
and reference electrodes. Linear sweep voltammetry (LSV) was carried based on three-
electrode cells with Zn as reference electrodes, Ti as both working and counter electrodes.

Galvanostatic intermittent titration technique (GITT) measurements were carried using
a current pulse of 20 min at C/40 followed by a 4 h rest. The average ion diffusion coefficients
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in LVP were calculated from GITT data by the following formula first reported by Weppner
and Huggins:*’
D = (4/m7) * [nu Viu/S)? [AE( AE?

where 1 is the current pulse duration (20 min) of a single step of GITT experiment; ny and Vs
are the moles and molar volume of the active material, respectively; S is taken as the geometric
area of the electrode for simplicity, which is the typically used in such calculations; AEs and
AE; are the change in the steady state voltage and overall cell voltage in one current pulse,
respectively.

LVP electrodes were prepared by an electrochemical oxidation method. Typically, the
Li3VP || Zn cells were charged to 1.85 V vs. Zn**/Zn in 4 m Zn(OTf),, during which two Li*
were extracted and LisVP was oxidized to LVP. The cathodes were disassembled from the
cells, rinsed with deionized water and ethanol for five times, then dried in vacuo at 80 °C
overnight for later characterization. To collect long-scan XRD patterns of LVP for Rietveld
analysis, LVP was carefully removed from the Ti foil, ground and loaded in a sealed glass
capillary tube.

4 m Zn (OTY)2 (m: molality, mol/kg) was prepared by dissolving 20 mmol Zn(OTf),
into 5 mL deionized water. For 29 m ZnCl, WiSE, 29 mmol ZnCl; was dissolved intol mL
deionized water. 70PEG was prepared by dissolving 2 mmol Zn(OTf); into 0.7 g PEG 400 and

0.3 g deionized water.

4.3 Electrochemistry of LVP in Dilute Electrolyte and WiSE.

The synthesized Li3V2(POs4)3 (Li3VP) - carbon composite consists of approximately 1
pm aggregate crystallites that are enclosed by conductive carbon (Figure 4.1). = 8.75% carbon
content was confirmed by thermogravimetric analysis (TGA), as shown in Figure 4.2.
LiV2(PO4)s (LVP) electrodes were prepared by charging Li3VP electrodes to 1.85 V (vs.

Zn**/Zn) in 4 m Zn(OTf),, where two Li* per formula unit of Lis VP was successfully extracted.
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Figure 4.1 (a) Rictveld refinement of XRD patterns of sol-gel prepared
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Li3V2(PO4)3 (inset shows the

SEM image of pristine Li3VP powder) and (b) electrochemically oxidized LiV2(POs); (inset shows the

corresponding charge-discharge curve in 4 m Zn(OTf), at C/20).

Rietveld refinement of the powder X-ray diffraction (XRD) pattern indicates that all LVP

reflections are well indexed to a monoclinic LVP phase with a space group of P2//c.

A unit cell volume contraction of 7.3% upon two Li"-ion extraction is in close accord with the

reported value (Table 4.1, 2).%8

Table 4.1 Atomic coordinates, occupation factor and isotropic displacement parameter of Li3V2(PO4)3

obtained from powder XRD data. Li atoms were ignored in all refinements, as the accurate information

of their positions and occupancy cannot be refined by X-ray measurements. The occupancies of non-

alkaline atoms were fixed as 1 during the refinements.

pr = 332, GoF =1.31

Li3V2(POs)s, space group = P21/c, a = 8.615(2) A, b =8.5991(4)

125.180(5) © ; Volume = 892.4(2) A3

A, c=14.738(6) A, B=

Atom Wyck. Site X y z
V1 4e 0.1360(8)  0.5264(5)  0.3892(4)
V2 4e 0.3601(8) 0.5387(5)  0.1083(4)
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Occ. Uiso (AZ)
1.000  0.029(3)
1.000  0.021(3)



Pl 4e 0.0466(9)  0.2496(9)  0.0073(6)  1.000  0.018(3)

P2 4e 0.4566(9)  0.3992(9)  0.3499(6)  1.000  0.027(3)
P3 4e 0.7499(9)  0.3837(8) 0.14448(6) 1.000  0.025(3)
0ol 4e 0.0152)  0.183(2)  0.0952(9) 1.000  0.012(5)
02 4e 0.0332)  0371(2)  0.4228(9) 1.000  0.013(5)
03 4e 0.086(2) -0.002(2)  0.2774(9) 1000  0.011(5)
04 4e 0.1092)  0.630(2)  0.0681(9)  1.000  0.026(5)
05 4e 0.176(2)  0.711(2)  0.316(2)  1.000  0.021(5)
06 4e 0.2342)  0.325(2)  0.0682)  1.000  0.029(6)
07 4e 0.2893)  0.390(2)  0.355(2)  1.000  0.036(6)
08 4e 0.368(2)  0.549(2)  0.542(2)  1.000  0.044(6)
09 4e 0.478(2)  0.230(2)  0.3102)  1.000  0.038(6)

010 4e 0.587(2)  0.016(2)  0.2366(9)  1.000  0.006(4)

011 4e 0.590(2)  0.400(2)  0.17159)  1.000  0.002(4)

012 4e 0.687(2)  0.413(2)  0.0293(9) 1.000  0.007(4)

Table 4.2 Atomic coordinates, occupation factor and isotropic displacement parameter of LiV2(PO4)3
obtained from powder XRD data. Li atoms were ignored in all refinements, as the accurate information
of their positions and occupancy cannot be refined by X-ray measurements. The occupancies of non-

alkaline atoms were fixed as 1 during the refinements.

Rwp =3.56, GoF = 1.50

LiV2(PO4)s, space group = P2i/c, a = 8.307(4) A, b = 8.5330(8) A, c = 14.28(2) A, =

125.189(9)° ; Volume = 827.3(3)A>

Atom Wyck. Site X y z Occ. Uiso (A2)
Vi 4e 0.131(2)  0.5285(9) 0.3816(7)  1.000  0.038(4)
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V2
P1
P2
P3
01
02
O3
04
05
06
o7
08
09
0o10
Ol1
Ol12

4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e

0.356(2)
0.039(2)
0.462(2)
0.757(2)
0.017(3)
0.003(3)
0.064(3)
0.127(3)
0.219(3)
0.225(4)
0.302(3)
0.3343)
0.496(3)
0.591(3)
0.598(3)
0.679(3)

0.5367(8)
0.246(2)
0.390(2)
0.383(2)
0.185(2)
0.379(3)
-0.021(3)
0.628(2)
0.695(3)
0.316(3)
0.398(3)
0.548(2)
0.228(2)
0.011(3)
0.410(3)
0.432(2)

0.1135(6)
0.004(2)
0.3565(8)
0.1448(9)
0.097(2)
0.416(2)
0.261(2)
0.068(2)
0.326(2)
0.067(2)
0.374(2)
0.537(2)
0.315(2)
0.236(3)
0.168(2)
0.021(2)

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

0.031(4)
0.037(4)
0.035(5)
0.032(4)
0.005(5)
0.044(8)
0.024(7)
0.011(7)
0.048(9)
0.046(9)
0.030(9)
0.019(7)
0.009(6)
0.043(9)
0.013(7)
0.004(6)

The electrochemistry of LVP in 4 m Zn(OTf), was compared to 29 m ZnCl, WiSE
electrolytes at a 1 C rate (discharge/charge of 1 Zn?' in one hour). Very different
electrochemical behavior was observed. As shown in Figure 4.3a, in 4 m Zn(OTf), a new
discharge plateau below 0.5 V accompanies the increase in capacity and becomes more
dominant as the cycle number rises, suggesting a phase conversion process (Figure 4.3b). The
new lower-voltage plateau was also identified by Wang et al in a spray-dried LVP cathode,”
but its origin was not disclosed. It should be noted that this low-voltage discharge plateau (~0.5
V vs Zn) is also seen in VOx-based cathode materials, indicating H" intercalation and the
formation of LDHs. In contrast, no lower-voltage plateau was observed in ZnCl, WiSE, only

a minor activation-like process (Figure 4.3¢c, d). Strikingly different from the high maximum
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Figure 4.2 TGA of sol-gel synthesized LizV2(POa)3

capacity of 200 mAh g™ exhibited in 4 m Zn(OTf),, a more realistic discharge capacity of
about 90 mAh g! was recorded at the 60" cycle in ZnCl, WiSE after the initial activation
process. LVP also shows poor cycling stability in 4 m Zn(OTf), with only 61% capacity
retained after cycling at 1 C for 200 cycles (Figure 4.3b), whereas very good cycling stability
with a high capacity retention of about 88% in ZnCl, WiSE was observed at the same rate for
500 cycles (Figure 4.3d). Such contrasting electrochemistry is also exhibited at higher current

densities, as shown in Figure 4.4.

4.4 Structure and Morphology Evolution of LVP

The abnormal electrochemistry observed in 4 m Zn(OTf), can be attributed to the

decomposition of LVP and the formation of hydrated vanadium oxides (VOx) phases based on
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Figure 4.3 Charge—discharge curves of LVP during different cycles and corresponding capacity
retention at 1 C (= 136 mA g!) in (a, b) 4 m Zn(OTf), and (c, d) 29 m ZnCl, WiSE.

our X-ray diffraction (XRD) studies. The XRD patterns in Figure 4.5a show that monoclinic
LVP gradually disappears in 4 m Zn(OTf); as the cycle number increases. Simultaneously, two
new reflections assigned to hydrated VOx phases appear, and finally become the major
components of the active material (Figure 4.6). The morphology of the LVP electrodes during
this phase conversion process was determined by SEM (Figure 4.5b). The well-crystallized
particles gradually decompose and exhibit severe loss of crystallinity on cycling. EDX
mapping also reveals a gradually decreasing P:V ratio (Figure 4.7a), further supporting the
formation of hydrated VO phases. In contrast, the structure of LVP was better maintained in
ZnCl> WiSE as cycling progressed (Figure 4.5a), although two small new peaks corresponding
to hydrated VOx appear over a period of 20 cycles. Figure 4.5b and 4.7b shows that the
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Figure 4.4 Charge-discharge capacity of LVP as a function of cycle number in a) 4 m Zn(OTf); at a
rate of 10 C and b) 29 m ZnCl; at a rate of 5 C.

morphology and P:V ratio of LVP electrodes only change slightly in ZnCl> WiSE, where clear
and distinguishable crystalline particles are preserved upon cycling.

To explore whether hydrated VOx phases result from vanadium dissolution of LVP or
H" uptake, LVP electrodes were soaked in 4 m Zn(OTf),, ZnCl, WiSE, and with the addition
of 0.2 m H3POj4 to both electrolytes. Figure 4.5¢ shows the XRD patterns of LVP electrodes
that were soaked in the above four electrolytes for 24 hours. The intensity and position of the

LVP reflections remain unchanged in 4 m Zn(OTf),, indicating insignificant vanadium
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Figure 4.5 (a) XRD patterns of fully charged LVP electrodes at C/5 after different cycles and (b)
corresponding SEM images and P:V ratios collected by EDX at the 2nd (I, IV), 5th (I, V), and
20th (I, VI) cycle. (¢) XRD patterns of LVP electrodes soaked in various electrolytes for 24 h.

dissolution. However, a major change in the XRD pattern was observed for the electrode

soaked in ZnCl, WiSE for 24 hours, probably caused by ion-exchange of Li* for Zn>" owing
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20th fully charged LVP in 4 m Zn(OTf),

Intensity (a.u.)

Li0_97V308 (ICSD: 98-005-5717 )
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Figure 4.7 XRD patterns of fully charged LVP on the 20th cycle. The difference between this pattern and
reference Ligo7V30s can be ascribed to the formation of multiple VOx phases with various amounts of

H,O between the layers.

a Fully charged LVP in 4 m Zn(OTf), b Fully charged LVP in 29 m ZnCl,
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Figure 4.6 EDX of fully charged LVP electrodes at C/5 during different cycles in (a) 4 m Zn(OTf),
and (b) 29 m ZnCl,.

to their similar ionic radius and the ultra-high Zn concentration. With the addition of 0.2 m
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H3POs4, this ion exchange process is partially suppressed. While the LVP phase completely

20th fully charged LVP in 4 m Zn(OTf),

LVP soaked in 4 m Zn(OTf), + 0.2 m H,PO,

Intensity (a.u.)

15 20 25 30 35
20 (°)

Figure 4.8 XRD patterns of (a) fully charged LVP on the 20th charge and (b) pristine LVP soaked in
4 m Zn(OTf), + 0.2 m H3PO4 for 24 hours

disappears in 4 m Zn(OTf)2 + 0.2 m H3PO4, two new distinct peaks of hydrated VOx appear.
This pattern is almost the same as fully charged LVP after 20 cycles at C/5 in 4 m Zn(OTf)2
(Figure 4.8), suggesting H" uptake is responsible for generating these hydrated VOx phases.

4.5 Dominant Zn?* (de) intercalation of LVP in WiSE

Dominant Zn*" intercalation of LVP in ZnCl, WiSE was confirmed by Rietveld
refinement of the XRD pattern of fully discharged LVP (at a C/40 rate). As shown in Figure

4.9a and Table S4.3, two independent phases with different amounts of intercalated Zn>*
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coexist: 59 wt% of a Zn-rich phase (Zno.s1Li1V2(PO4)3) and 41 wt% of a Zn-deficient phase
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Figure 4.9 (a) Rietveld fit result of the 2nd fully discharged LVP electrode in 29 m ZnCl, at C/40. (b)
Ex situ XRD patterns of LVP during the 2nd cycle and (c¢) corresponding charge—discharge curve in 29
m ZnCl, at C/5.

(Zno33LiV2(PO4)3). The average fraction of inserted Zn?>* was 0.61 per formula unit,
corresponding to an electrochemical capacity of 81 mAh g!. While EDX also shows that
around 0.60 Zn>" has intercalated into the lattice (Figure 4.10a), the actual discharge capacity
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is 115 mAh g! (= 0.85 Zn?>", Figure 4.10b). The difference of 34 mAh g!' we ascribe to H*
co-intercalation. Thus, over 70% of the capacity can be attributed to Zn** intercalation in the
LVP lattice. This value is much higher than that reported (< 30%) for V3;Os,!7
Cap34V20s5-1.16H,0% and VPO4F”. The (de)intercalation of Zn*" into LVP was also
confirmed by an ex-situ XRD study conducted at C/5 on the 2™ cycle (Figure 4.9b, ¢). With
the increasing fraction of intercalated Zn?*, peaks continuously merge and shift to lower angle.
During Zn** deintercalation, exactly the converse process was observed, with gradual peak
separation and shift to higher angles. This demonstrates the good structural reversibility of

LVP as a host for Zn?" insertion/extraction.
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Figure 4.10 (a) EDX of fully discharged LVP electrodes on the 2nd discharge at C/40 in 29 m ZnCl,

and (b) corresponding charge-discharge curve.

Table 4.3 Atomic coordinates, occupation factor and isotropic displacement parameter of fully
discharged LiV2(PO4)3 in 29 m ZnCl, at C/40. Li atoms were ignored in all refinements, as the accurate
information of their positions and occupancy cannot be refined by X-ray measurements. The

occupancies of non-alkaline atoms were fixed as 1 during the refinements.

Rup = 4.69, GoF = 1.52
Zno51LiV2(PO4)s, space group = P2i/c, a = 8.569(8) A, b = 8.6324(7) A, c = 14.850(21)

A, B=125.229(20)° ; Volume = 897.44(10)A3; 58.77(56) wt%

Atom Wyck. Site X y z Occ. Uiso (A2)
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Znl 4e 0.063(6)  0.511(6)  0.233(3) 0217(12)  0.013

Zn2 4e 0.209(6)  0.178(4)  0.246(3)  0.312(8)  0.074
Zn3 4e 0.422(8)  0.223(5)  0.179(5)  0.280(10)  0.065
\%| 4e 0.1333)  0.517(2)  0.383(2) 1.000 0.037
V2 4e 0.3573)  0.536(2)  0.1067(9)  1.000 0.013
P 4e 0.0403)  0.266(4)  0.003(3) 1.000 0.029
P2 4e 0.456(4)  0373(3)  0.362(3) 1.000 0.069
P3 4e 0.762(4)  0.400(3)  0.169(2) 1.000 0.050
0ol 4e 0.018(7)  0.149(5)  0.045(4) 1.000 0.038
02 4e 0.026(7)  0.350(6)  0.427(4) 1.000 0.033
03 4e 0.125(6)  -0.021(5)  0.270(4) 1.000 0.023
04 4e 0.126(6)  0.603(5)  0.066(4) 1.000 0.030
05 4e 0.137(8)  0.668(6)  0.313(5) 1.000 0.110
06 4e 0.245(7)  0.309(5)  0.114(4) 1.000 0.053
07 4e 0.267(7)  0.375(5)  0.348(4) 1.000 0.047
08 4e 0.358(5)  0.532(5)  0.527(3) 1.000 0.011
09 4e 0.476(9)  0.237(6)  0.312(6) 1.000 0.056
010 4e 0.588(9)  -0.005(6)  0.225(4) 1.000 0.072
011 4e 0.571(6)  0.372(5)  0.150(4) 1.000 0.013
012 4e 0.663(7)  0.450(5)  0.053(4) 1.000 0.018

Zno33LiVa(POs)s, space group = P2i/c, a = 8.481(7) A, b = 8.6818(9) A, ¢ = 14.350(16)

A, B=125.925(15)° ; Volume = 855.68(13)A3; 41.23(56) wt%

Atom Wyck. Site X y z Occ. Uiso (A2)
Znl 4e 0.303(17)  0.815(11) 0.995(11)  0.135(10)  0.037
Zn2 4e 0.155(8)  0.061(9)  0.257(5)  0.135(10)  0.087
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Zn3
Vi
V2
P1
P2
P3
01
02
03
04
05
06
07
08
09

o10

O11

012

4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e

0.455(11)
0.123(2)
0.375(2)
0.028(5)
0.484(4)
0.744(4)
0.006(6)
0.077(9)
0.090(7)
0.150(6)
0.143(7)
0.208(8)
0.303(7)
0.340(7)
0.458(7)
0.604(6)
0.620(6)
0.689(5)

0.340(8)
0.533(2)
0.552(2)
0.241(4)
0.399(3)
0.384(3)
0.153(6)

0.372(7)0.

-0.075(6)
0.623(5)
0.678(6)
0.312(5)
0.378(6)
0.493(5)
0.210(6)
-0.065(6)
0.395(5)
0.455(4)

0.145(8)
0.375(2)
0.103(1)
-0.007(4)
0.356(3)
0.153(3)
0.065(4)
0.405(6)
0.278(4)
0.081(4)
0.329(4)
0.050(4)
0.362(5)
0.543(4)
0.308(4)
0.235(4)
0.143(4)
0.012(3)

0.056(8)
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

0.085
0.037
0.008
0.069
0.087
0.035
0.041
0.132
0.038
0.045
0.059
0.031
0.047
0.067
0.054
0.031
0.033
0.001

4.6 Designing Hybrid Aqueous Zn Electrolyte to Maximize Zn?* Intercalation

The electrochemistry observed for LVP in 4 m Zn(OTf), can be ascribed to the
decomposition of active materials induced by H' intercalation, which likely produces hydrated
vanadium oxides as discussed above. This H' intercalation process can be largely suppressed
by using ZnCl, WiSE, resulting in dominant and reversible Zn?'-(de)intercalation

electrochemistry. Suppression of H intercalation is due to an interrupted HO hydrogen
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bonding network and the existence of only a small fraction of free water molecules in ZnCl»-
WIiSE as we show below via molecular dynamics (MD) simulations. A systematic study on a
similar ZnCl-WiSE has been carried out by Ji et al.”>!% FTIR spectroscopy revealed a
decreased O-H symmetric stretch (3200 cm™) and an increased asymmetric stretch (3400 cm”
1 on increasing the concentration of ZnCl from 5 m to 30 m, suggestive of a strong Zn?>*-
water interaction that triggers interruption of H>O hydrogen bonding network. Furthermore,
their MD simulations show that the number of uncoordinated free water molecules in the
electrolyte significantly decreases from 10 m ZnCl, to 30 m ZnCl,.!®

Nonetheless, while ZnCl» is low-cost, it is also corrosive at high concentrations. As an
alternative approach to reducing H,O activity, we designed a novel hybrid AZE by using a
high concentration of polyethylene glycol 400 (PEG 400) as a crowding agent to form a
PEG/H20 co-solvent. Increased PEG content in 2 m Zn(OTf), (= 2.2 M) lowers the
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Figure 4.11 Electrolyte ionic conductivity and viscosity of 2 m Zn(OTf), with different weight ratios
of PEG.

conductivity and increases the viscosity as expected (Figure 4.11). Nonetheless, o; is still 0.7
mS cm! even at 70 wt% PEG (denoted as 70PEG), comparable to that of ZnCl,-WiSE. FTIR

spectra suggests a strengthened O-H bond owing to the strong H-bonding network between
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Figure 4.12 FTIR spectra of 2 m Zn(OTf), hybrid electrolytes with various weight ratios of PEG in

PEG/water co-solvent

29mZnCl, 4mZn(OTRH, 2m Zn(OTH,+
70% PEG400

PEG-rich regions bind strongly
to HO, reducing free water

- Free water

[ Ceordinated to PEG

- Coordinated to CI' or OTf
- Coordinated to multiple species
[ Coordinated to Zn*

Figure 4.13 Electrolyte structure in 29 m ZnCl,, 4 m Zn(OTf),, and 70PEG electrolytes. (a) Typical
Zn** solvation structures. 29 m ZnCl, WiSE resembles a disordered crystal due to the relative scarcity
of water molecules. Zn** is most commonly coordinated to 3 OTf and 3 H>O in 4m Zn(OTf),, whereas
in 70PEG the solvation shell typically comprises 4 OTf and 2 H»O. (b) Simulation snapshots showing

only the water molecules. (¢) Distribution of water populations. (d) Water molecules absorbed into the

PEG-rich region of the 70PEG electrolyte.
PEG and H>O (Figure 4.12), which is anticipated to be less favorable to cleavage at the cathode
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interface in an electrochemical cell.

We propose that H' intercalation at the cathode interface can be effectively suppressed
owing to this decreased H>O activity. Indeed, analysis of the Zn** solvation structure obtained
from MD simulations of the bulk electrolyte shows that the Zn**- H>O coordination number in
70PEG (2.3) is lower than in 4 m Zn(OT¥)2 (3.3, Figure 4.13a and 4.14), reducing the amount
of water available to react at the cathode surface. The Zn?*-H,0O coordination distance is similar
in all three electrolytes (Figure 4.15), indicating that the strong Zn*'-H,O interactions
previously observed in ZnCl, WiSE are operative in 70PEG as well.

0.351 B 4m Zn(OTf),

mmm 70PEG
0.30 1

>0.25 1

o

c

2 0.201

20.151
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0.00-

OHO 1HO0O 2H;0 3HO 4H;0 5H0 6H0
6 OTf~ 50Tf~ 40Tf~ 30Tf~ 20Tf~ 10Tf~ 0 OTf~

Figure 4.14 Frequency of occurrence of different solvation environments around Zn?', as obtained
from MD simulations. The Zn*" coordination number was always found to be six, but the number of
water and triflate molecules (indicated by the x axis labels) varied, shifting from more waterrich shells

in 4 m Zn(OTf), to more OTf- rich shells in 70PEG.

Further analysis of our simulations reveals that the fraction of free water is only 16%
in 70PEG, compared to 47% in 4 m Zn(OTf), and 0% in ZnClL-WISE (Figure 4.13c¢),
presumably resulting in very low water activity. Examination of the structure of the 70PEG

shows that PEG400 molecules aggregate to form PEG-rich regions which absorb water but
&9



exclude ions (Figure 4.13b-d). This finding is consistent with experimental studies, which
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Figure 4.15 Radial distribution functions for H,O, CI, OTf and PEG coordination to Zn>" obtained

from MD simulations.

have shown that PEG aggregates in aqueous solution, forming internally-hydrated helical
structures that result from the balance of hydrophobic and hydrophilic moieties on the
molecule.!! In 70PEG, this internal hydration reduces the free water content and hinders H-O
molecules from transporting to the cathode interface. Thus, we attribute the reduced H"
intercalation in ZnCl,-WISE and 70PEG to the low availability and reactivity of water
molecules.

Proof of concept was realized by evaluating Zn plating/stripping behavior for the
hybrid AZE in Ti || Zn asymmetric cells, where a very high coulombic efficiency of around
99.7% is achieved for 70PEG at a current density of 1 mA cm? (1 mAh cm™ capacity), as
shown in Figure 4.16a, b. In contrast, OPEG cells suffer from serious dendrite formation under
the same operating conditions and failed after three cycles (Figure 4.17). A Zn || Zn symmetric
cell with 70PEG also functions steadily with a capacity of 1 mAh cm™ over more than 1800
hours (> 450 cycles), with a denser and more oriented Zn deposition morphology (Figure 4.18,
19). Such dendrite-free Zn plating/stripping is consistent with previous work based on a very
low weight ratio of PEG or PEO (<1 wt%) in water, where the adsorption of PEG polymer on

the electrode surface was proposed to result in more uniform Zn deposition. In addition, an
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Figure 4.16 (a) CE evolution over 150 cycles in 70PEG of Ti||Zn asymmetric cell at 1 mA ¢cm for 1
mAh cm? (Inset = magnified view from 50th to 150th cycles) and (b) corresponding charge—discharge
curves. (¢) XRD patterns of 2nd fully discharged LVP electrodes in 29 m ZnCl, and 70PEG at C/40
with corresponding EDX ratios of Zn, P and V. (d) GITT profiles and resulting diffusion coefficient
data for LVP in 70PEG at C/40; cells were first discharged prior to charge. (e) Capacity retention of

LVP in 70PEG at C/2 and C/5 (inset).

expanded electrochemical stability window of 2.75 V in 70PEG from 2.32 V in OPEG can be
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obtained owing to the reduced water activity (Figure 4.20).
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Figure 4.17 Charge-discharge curves of Ti || Zn asymmetric cells at 1 mA cm? for 1 mAh cm™ in (a)

OPEG, (b) 20PEG, (¢) SOPEG and (d) 8OPEG.

The 70PEG electrolyte is as efficient for suppressing H' intercalation as ZnCl, WiSE
in LVP || Zn full cells (Figure 4.16c-d). Compared to the 2" discharge capacity of 115 mAh
g (= 0.85 Zn*") in ZnCl> WiSE, a similar capacity of 112 mAh g! (= 0.82 Zn?") is obtained
at C/40 in 70PEG (Figure 4.21). Analysis of the electrode by EDX shows a composition of
0.83 Zn?" per formula unit, suggesting almost all the capacity is contributed by Zn?*
intercalation (compared with only 70% in ZnCl, WiSE). XRD patterns of these two discharged
samples are quite similar (Figure 4.16¢), however, the presence of at least three zincated
phases lead to a poor Rietveld fit owing to the significant overlap of peaks in these similar

92



oY)

1.0
04 04 - — —
0.8 02— il il o.z:v,,/’/ ,/"/ Zn||Zn
00 ‘ 0.0 >
0.6 02 . S | 02 L o 0.5mA sz
ai il i T 1 mAh cm’
04 ) 102 104 106 108 110 1500 1502 1504 1506 1508 1510

0.2

Voltage (V vs. Zn*/Zn)

0.0
-0.2

Figure 4.18 (a) Voltage profiles of Zn stripping/plating in a Zn || Zn symmetric cell at 0.5 mA cm™ for
1 mAh cm; SEM images of Zn in a Zn || Zn symmetric cell after 10 stripping/plating at 1 mA cm™ for
1 mAh cm? in (b, ¢) OPEG, (d, e) 20PEG, (f, g) SOPEG and (h, i) 70PEG.

structures. GITT studies in LVP/70PEG (Figure 4.16d) yielded an average diffusion
coefficient of ~107 - 107'® cm? s! that is about 10%-10° lower than previously reported,’*
presumably owing to the lack of significant contribution from H" ion diffusion. Protons are
anticipated to be much more mobile due to their small ionic radius and monovalent property.
However, direct comparison with LVP/4 m Zn(OTf) could not be obtained due to severe phase
transformation resulting from very high degrees of proton intercalation at such a low rate of
C/40, where endless discharging was observed (Figure 4.22). Long-term Zn>" cycling
behavior of LVP in PEG was also evaluated at higher rates (Figure 4.16e). After an initial
activation process, LVP can be cycled steadily with capacity retention of 83.5% after 100
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cycles at C/5 and 74.5% after 300 cycles at C/2. Compared to the evolution of the
charge/discharge curve profiles upon cycling cells in 4 m Zn(OTf)2, only a slight change can
be observed in 70PEG (Figure 4.23). The absence of a voltage plateau below 0.5 V also

indicates the suppression of H' intercalation.

a 0 min 15 min 30 min

Figure 4.20 In-situ optical microscopy studies of Zn plating in Zn||Zn symmetric cells in (a) OPEG
and (b) 70PEG at a current density of 5 mA cm? (based on the cross-sectional area of Zn foil

electrode); (c) picture of the transparent cell in the optical microscope.
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Figure 4.19 LSV curves of different electrolytes at a scan rate of 1 mV s based on three electrode

cells with Zn as the reference electrode and Ti as both working and counter electrode.
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Chapter 5 Enabling Selective Zinc-Ion Intercalation by A Eutectic Electrolyte for

Practical Anodeless Zinc Batteries

5.1 Introduction

In this aforementioned chapters, commercialization of ZMBs is still hindered by two
major obstacles including: (1) Zn dendrite formation and its parasitic reactions with the
electrolyte that lead to unsatisfactory anode reversibility;*® and (2) unfavorable proton
intercalation and consequent deleterious transition-metal dissolution of oxide cathodes at
practical loadings and rates.!®!7#® In contrast to countless studies on tackling the former,
currently, very limited studies are being devoted to the issues of oxide cathodes. Proton co-
intercalation is an intrinsic parasitic reaction occurring in these oxides during discharge in

mildly-acidic dilute Zn electrolytes,!33%102

which favors high-rate cycling but compromises
low-rate stability. Previous studies have demonstrated that layered double hydroxides (LDHs)
always participate/dissolve on the surface of the cathode upon proton insertion/extraction, thus
ensuing charge balance on the cathode/electrolyte interface. The high mobility of protons in
the hydrated lattice enables the high-rate capability of ZMBs, nonetheless, the facile
detachment of LDHs from the surface, accompanied by cathode dissolution, causes
considerable irreversibility. Lowering water activity using aqueous-nonaqueous electrolytes
has been reported to potentially suppress proton intercalation.'> However, the efficacy of such
approaches has not been verified in the more widely studied and high-capacity transitional
metal oxide cathodes. More serious concerns are the low (typically ~0.3 mAh cm™) cathode
loading and ~0.2% Zn anode utilization due to poor Zn reversibility that were achieved in these
studies; below the benchmark for translation and scale-up for practical ZMBs.

Recently, in the design of dilute-salt aqueous electrolytes, various aqueous-nonaqueous
hybrid solvents were reported for Li-ion batteries, where some water was substituted by
organics including polyethylene glycol (PEG)!® and sulfolane.!**!% Similar concepts were
then applied to ZMBs.?*!197113 A critical similarity among these studies is the displacement of
water by nonaqueous solvents in the Zn?>* solvation structure, thus reducing the water activity.
Unfortunately, a partially hydrated Zn>" solvation sheath has a greater desolvation penalty than

a fully hydrated one,'? that can result in sluggish interfacial charge transfer and high Zn
97



deposition overpotentials. Moreover, most studies utilized low areal capacities of the cathode
(<1 mAh cm), high C-rates (5 ~ 50C), or impractically low Zn utilization (<1 %), and did not
address deleterious proton intercalation and cathode dissolution at practical level.

In this chapter, I elucidated the Zn?** vs. proton intercalation mechanism of a metal
oxide cathode (Zno25V20s5-nH2O (ZVO)) in various electrolytes by a combination of ex-
situ/operando techniques. A strategy of using sulfolane-based hybrid eutectic electrolyte —
where the strong interaction of two or three components enables different physical/chemical
properties from either of single components — is shown to effectively suppress deleterious
proton intercalation and cathode dissolution. This is ascribed to a strong hydrogen-bonded
network of sulfolane-water that alleviates water activity. In addition, a fully hydrated Zn**
solvation structure is revealed and induces facile interfacial charge transfer at the Zn metal
surface. Highly stable and reversible Zn plating/stripping is demonstrated in both Zn||Cu and
Zn||Zn cells. Benefiting from both stabilized electrodes in the hybrid eutectic electrolyte, we
report the first practical high-areal-capacity (4 mAh cm) Zn anode-free cell that can run over
100 cycles at 0.15C with ~ 85% capacity retention.

I proposed the idea, planned the experiments, performed all electrochemical
measurements and wrote the original manuscript. Dr. Ryan Kingsbury and Dr. Kristin A.
Persson performed molecular dynamics, DFT and XANES spectra simulations. Dr. Timothy
T. Fister collected XANES and EXAFS spectra. Dr. Arashdeep Singh Thind and Dr. Robert F.
Klie. performed STEM studies. Abhinandan Shyamsunder performed NMR measurement.

5.2 Experimental Approaches

5.2.1 Preparation of Hybrid Eutectic Electrolytes

Hybrid eutectic co-solvents were prepared by mixing 0.3, 0.5, 0.8, 1.0 g deionized
water with 0.7, 0.5, 0.2 and 0 g sulfolane (99%, Sigma-Aldrich) at 25 °C. Subsequently, 2
mmol Zn(OTf), (98%, Sigma-Aldrich) was added into the above mixtures to obtain 70SL,
50SL, 20 SL and OSL electrolytes, respectively. For Zn-iodine full cell measurements, 0.5 m
KI was added into 70SL and OSL as the active material.
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5.2.2 Preparation of Zno.2sV20s5-nH20 (ZVO) and Activated Carbon (AC) Cathodes

The ZVO nanobelts were synthesized based on a previously reported microwave
hydrothermal method.!® High-surface area Black Pearls 2000 carbon (BP 2000) was directly
used as the iodine host. The low-loading cathodes were prepared by mixing 70 wt% active
material, 20 wt% conductive carbon (Super P) and 10 wt% polyvinylidene difluoride (PVDF)
in N-methyl-2-pyrrolidone (NMP; anhydrous, 99.5%; Sigma-Aldrich). The mixed
homogeneous slurry was cast on carbon paper (thickness: 170 um) by doctor blading. The
electrodes were punched into 10 mm discs after being dried at 60 °C overnight. The mass
loading of active material was approximately 3.6 = 0.3 mg cm™, although each cathode
laminate was weighed independently. To prepare freestanding thick electrodes, 80 wt% active
materials were mixed with 10 wt% conductive carbon (Ketjenblack) and 10 wt%
polytetrafluoroethelene (PTFE, 60 wt% in H»O, Sigma-Aldrich), using isopropanol (99.5%,
Sigma-Aldrich) as the dispersing agent. The slurry thus obtained was quickly pressed to form
freestanding electrodes. After drying at 60 °C overnight, the electrodes were cut into small

pieces and pressed onto 10 mm titanium mesh.

5.2.3 Electrochemical Measurements

PFA-based Swagelok-type cells were used in this study. The Zn||Cu asymmetric cells
were assembled using Cu foil (thickness: 9 um; diameter: 11 mm) as the positive current
collector, Zn metal foil (99.9%; Sigma-Aldrich; thickness: 250 um; diameter: 10 mm) as the
negative, and commercial Whatman glass fiber as the separator (diameter: 12.7 mm). In Zn||Zn
symmetric cells, Zn foils were used as both positive and negative electrodes. The full cells with
low-loading ZVO or activated carbon (AC) cathodes were assembled with 100 uL electrolyte,
using Zn metal foil as the anode. Cu foil with pre-deposited Zn was utilized as the anode in
high-loading full cells, where the amount of electrolyte was increased to 200 uL to ensure good
electrode infusion. The electrochemical stability window of the hybrid eutectic electrolyte was
investigated by linear sweep voltammetry (LSV) at a sweep rate of 1 mV s, based on three-

electrode cells with Zn as the reference electrode, and Ti as both working and counter
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electrodes. Chronoamperometry (CA) measurements were conducted at a constant polarization
of 5 mV on Zn||Zn symmetric cells. All cells were examined using a VMP3

potentiostat/galvanostat station (Bio-Logic) at 25 °C.

5.2.4 Impedance Analysis

The evolution of charge transfer resistance of two-electrode Zn||Zn symmetric cells was
measured by electrochemical impedance spectroscopy (EIS) with a voltage amplitude of 5 mV
in the frequency range of 1 MHz to 100 mHz. The cell was rested for 10 min to reach
equilibrium before each EIS measurement. For the activation energy measurements, three-
electrode cells were assembled with Zn as both working, counter and reference electrodes.
Impedance was measured from 1 MHz to 1 Hz with 10 mV amplitude, at temperatures ranging
from 40 °C to 70 °C. The activation energy (Ea) for interfacial charge transfer is extrapolated

based on the Arrhenius equation (1):
1
R_ =Ae RrT (1)

where Rcr is the charge transfer resistance, R is the ideal gas constant, 7" is the absolute

temperature and A4 is the frequency factor.

5.2.5 Galvanostatic Intermittent Titration Technique (GITT) Studies

GITT of ZVO in different electrolytes were performed using a current pulse of 20 min
at an equivalent 0.1C rate followed by a 3-hour rest. The average ion diffusion coefficients (D)
in ZVO were calculated from the GITT data by the following equation (2) first reported by
Weppner and Huggins®”:

_ 4y (ruvm)? o (BE5)?
D_TL'TX(S)X(AEt) (2)
where 1 is the current pulse duration (20 min) of a single step of GITT experiment; 4Es and
AE; are the change in the steady state voltage and overall cell voltage in one current pulse,

respectively; ny and Vi, are the moles and molar volume of ZVO, respectively; and the

geometric area (S) of the electrode is used for simplicity and comparison with previous data.
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5.2.6 Material Characterization

Powder X-ray diffraction (XRD) patterns were obtained on an X-ray diffractometer
(PANalytical Empyrean) with Cu-Ko radiation and a PIXcel bidimensional detector.
Operando XRD were performed in a home-built cell, using glassy carbon as the current
collector and X-ray window. The free-standing electrodes were used in operando diffraction
experiments, during which low-angle peaks (< 10°, 20) were blocked by the cell case. Fourier
transform infrared spectroscopy (FTIR) was carried out on a Bruker Tensor 27 system
equipped with attenuated total reflection (ATR). 'H NMR experiments were carried on a
Bruker Advance 300 MHZ instrument at 25 °C. The ionic conductivity and viscosity of the
series of electrolytes was measured using an Orion Star A325 pH/ Conductivity Meter (Thermo)
and an automated viscometer (RheoSense Inc.) at 22 °C, respectively. To collect X-ray
absorption near-edge structure (XANES) and the Fourier transformation of extended X-ray
absorption fine structure (EXAFS) spectra, samples were prepared by wetting multiple layers
of glass fiber separator that were packaged between two glass coverslips with a fluorsilicone
gasket. Dilute samples were measured in 3mm NMR tubes. In both cases, X-ray absorption
was measured in transmission mode using a zinc metal foil reference (9659 eV). A Zeiss Ultra
field emission SEM instrument was used to collect scanning electron microscopy (SEM)
images and energy-dispersive X-ray spectroscopy (EDS) data. The in-situ optical microscopy
was carried out using a home-made transparent electrochemical cell and an optical microscope
outfitted with a digital camera. XPS experiments were conducted on a Thermo Scientific K-
Alpha XPS instrument. CasaXPS software was used to conduct XPS data analysis, where the
C 1s peak of 284.8 eV was used to calibrate the binding energies. Spectral fitting was based
on Gaussian-Lorentzian functions and a Shirley-type background. The Ar'-ion sputtering
etching rate was estimated to be ~1.0nm min™!. High-resolution transmission electron
microscopy (TEM) images of deposited Zn were collected on a Hitachi HF-3300. All
electrodes disassembled from the cells were washed by water five times and by ethanol twice,
and dried at 25 °C before each characterization. Differential scanning calorimetry (DSC) was

performed on Netzsch STA 449 F3 Jupiter from -100 °C to 25 °C at a ramp rate of 10 °C min
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!. Gas chromatography (GC) data was obtained on a multiple gas analyzer SRI MG-5 using Ar

as the gas carrier.

5.2.7 Scanning Transmission Electron Microscopy (STEM)

The high-resolution imaging and spectroscopy experiments were conducted at the
University of Illinois Chicago using the JEOL JEM-ARM200CF microscope operating at 200
kV. The microscope is equipped with a cold-field emission electron gun and a CEOS aberration
corrector with a probe size of 0.78 A. The pristine and discharged samples were dispersed in
acetonitrile and subsequently drop cast onto a TEM grid. EDS data was acquired using the
Oxford X-Max 100TLE windowless silicon drift detector. EELS experiments were carried out
using a dual-range Gatan Continuum spectrometer with a dispersion of 0.3 eV per channel and
an entrance aperture of 5 mm. The convergence and collection semi-angles for the
spectrometer were 17.8 mrad and 53.4 mrad respectively. The zero-loss peak (ZLP) and the
core-loss edges (V L, O K and Zn L edges) were acquired simultaneously with an acquisition
time of 0.0001 seconds and 0.25 seconds per pixel respectively. Fourier log deconvolution was
performed to remove the multiple scattering components from the core-loss edges. To improve
the signal-to-noise ratio of the core-loss spectra, we have performed principal component
analysis. A power law was used to model the background signal before V L and Zn L edges.
The atomic-resolution HAADF images were obtained using the probe convergence angle of
25 mrad where the inner and outer diameters of the annular detector were set to 68 mrad and
174.5 mrad. To minimize electron beam damage, the atomic-resolution HAADF imaging was
performed sequentially, where multiple frames (10-20 frames) were aligned and integrated to
obtain atomically resolved HAADF images with a high signal-to-noise ratio. The electron dose
was kept below a threshold of 400 e/A? for the pristine and discharged ZVO samples during
STEM experiments.
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5.3 Electrolyte Network of Hybrid Eutectic Electrolytes

We chose sulfolane (SL) as the crowding agent because of its low-cost; high flash and

boiling points (Figure 5.1a); and ability to act as a second hydrogen bond acceptor to reduce
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Figure 5.1 (a) Price and flash points of various nonaqueous solvents: methanol, sulfolane, ethylene
glycol (EG), propylene carbonate (PC), dimethyl carbonate (DMC), trimethyl phosphate (TMP),
and succinonitrile (SCN). (b) FTIR spectral evolution of different electrolytes. (¢) Evolution of ionic
conductivity, viscosity, and pH at various weight ratios of sulfolane. (d, ¢) XANES (d) and EXAFS
(e) spectra of different electrolytes. (f) Proportion of fully hydrated Zn*" (filled bars) and free water
(hatched bars) from classical MD simulation of bulk electrolytes. (g) DFT-computed reaction
energies to form fully hydrated Zn** from other cluster types (Zn?"-4H,O-20Tf, left, or
Zn*"-4H,0-10Tf1SL, right). (h) Simulated XANES spectra associated with different solvated

cluster types.
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i . fosL
2 m Zn(OTH), 0.5M ZnSQ,

Figure 5.2 Pictures of prepared hybrid eutectic electrolyte. (a) 0SL/2 m Zn(OTf), and 70SL/2 m
Zn(OTfY), shows similar colorless electrolyte with all salts fully dissolved. (b) 70SL/0.5 m ZnSO4
shows a cloudy mixture, indicating very limited solubility of ZnSOs. (¢) Pure SL shows slightly
yellowish color due to the unknown industrial impurity, which could have a possible but minor effect
on electrolyte properties considering its very low quantity (<1% in pure SL). All electrolytes were

stirred at room temperature for at least 4 hours to fully mix solvents and salts.

water activity.!!'%!'2 Zn(OTf), exhibits high solubility (Figure 5.2), and reduced desolvation

penalty owing to the bulky OTf" anion; good compatibility with Zn,!#-110

and relatively low
cost compared to other bulky-anion salts.>> Through experimental trials, we find that 7:3
(denoted as 70SL), weight/weight, is the highest ratio of SL/water that can form the eutectic
electrolyte with a low melting point of -81.6 °C (Figure 5.3) and adequate solubility of salts
(2 m, molality) at 25 °C. The much lower melting point of eutecti electrolyte compared to
water (0 °C) and sulfolane (27.5 °C) suggests the strong interaction between these two
compoents that interrupts the hydrogen network of water as shwon below.

The reduced water activity of 70SL relative to 0OSL was demonstrated by the blue shift
of both bending and stretching modes of the O-H bond of H>O in Fourier Transform Infrared
spectra (FTIR, Figure 5.1b), suggesting a strengthened O-H bond due to the strong interaction
between SL and H,O. This is verified by the narrowing of the corresponding 'H peak in the

"H-NMR spectrum with the addition of SL as well as low volatility in an open atmosphere
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(Figure 5.4). While increased SL/water ratios give lower ionic conductivity (o;) and higher

viscosity (Figure 5.1¢), o is sufficiently high (7.8 mS cm™) for 70SL.

20SL (-41.2 °C)

}

/

salt dissolution

0SL (4.6 °C

Endothermic

— ,
9 60 -30 0 30
Temperature (°C)

Figure 5.3 DSC curves with labeled melting points of various electrolytes. Data were collected from -

100 °C to room temperature with a heating rate of 10 °C min™".
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Figure 5.4 (a) '"H-NMR spectra of different electrolytes. (b) water retention of different electrolytes as

a function of time on exposure to open atmosphere.

Intriguingly, the Zn*" solvation structure is not altered by SL, as shown by the exactly

overlapped X-ray absorption near-edge structure (XANES) spectra (Figure 5.1d). Extended
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X-ray absorption fine structure (EXAFS) data (Figure 5.1e) reveal a peak at 1.60 A,
corresponding to the Zn-O bond length in Zn**(H20)s.!'” This was further confirmed by
classical molecular dynamics (MD) simulations that show fully hydrated Zn?" is the
predominant solvated cluster type in OSL, 20SL, and 50SL. Solvation shells containing triflate
and/or SL become more prevalent as the SL loading increases (Figure 5.1f), although Zn>*
was 6-coordinate in all cases. The free water content also decreases with SL loading. Although
the MD simulations suggest that a significant fraction of Zn*" clusters in 70SL are not fully
hydrated, this result should be interpreted cautiously because competition between water,
triflate, and SL in Zn** solvation was found to be particularly sensitive to the charge scaling
protocol employed. This reflects inherent limitations of empirical, non-polarizable water
models.!"®!"” Indeed, first-principles reaction energies computed from density functional
theory (DFT) indicate that Zn>" clusters containing triflate or SL in their primary solvation
shell will spontaneously revert to fully hydrated Zn>" (Figure 5.1g). Moreover, simulated
XANES spectra of specific cluster types indicates that entry of triflate or SL into the primary
Zn?" solvation shell would result in features to the right of the primary K-edge peak at ~9685
eV (Figure 5.1h), which were not observed in the experimental spectra (Figure 5.1d). Taken
together, the results support the view that a high proportion of fully hydrated Zn?" is maintained
at all SL content. Thus, facile interfacial charge transfer and a low Zn deposition overpotential
can be anticipated owing to the low desolvation penalty of the (Zn(H20)s)*" cation.'? It should
be noted that the partially hydrated solvation structures based only on MD simulations were
proposed in previously reported hybrid electrolytes.?*!97-!13 Nonetheless, such simulation
results should be cautiously interpreted due to the complicated parameter optimization as
mentioned above. We believe that a combination of conclusive experimental analysis (for
example, XAS spectra), MD simulations and DFT calculations are necessary to identify the

Zn*" solvation sheath in hybrid electrolytes.

5.4 Zn** vs. Proton Intercalation Electrochemistry in the Metal Oxide Cathode

Zn025V20s5-nH2O (ZVO) was selected as a representative cathode to investigate Zn>*
vs. proton intercalation mechanism in various electrolytes. Figure 5.5a shows the initial
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voltage profiles of ZVO||Zn full cells at 0.5C (1C = 300 mA g, in three electrolytes: 2 m
ZnS04, 2 m Zn(OTA)2/0SL and 2 m Zn(OTf)2/70SL, where the exhibited discharge capacities
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Figure 5.5 (a, b) Voltage profiles of ZVO during the first cycle (a) and corresponding EDS-

derived elemental ratio of Zn, V, and S at different electrochemical states (b). The error bars

are derived from the mathematical average of the EDX ratios in three different areas of each
electrode. (¢) Zn 2p and O 1s XPS spectra of pristine ZVO and discharged ZVO in 0SL and
70SL. (d-f) Operando XRD patterns of ZVO in 70SL (d), OSL (e), and 2 m ZnSO, (f). (g-i)
GITT voltage profiles of ZVO and corresponding average diffusion coefficients in 70SL (g),
OSL (h), and 2 m ZnSO4 (i).
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Figure 5.6 XRD patterns of the first discharge of ZVO in different electrolytes at 0.5C.

respectively. In 70SL, a higher cell polarization is observed with 60% discharge capacity
recovered on subsequent charge; lower than 97% achieved in either 2 m ZnSO4 and OSL.
Energy-dispersive X-ray spectroscopy (EDS) analysis reveals ~1.01 Zn>" per formula unit in
ZVO discharged in 70SL (Figure 5.5b), ie., a composition of Zni cV20s, and intercalation of
~0.76 Zn** (after accounting for ~ 0.25 indigenous Zn>"). This accounts for 95% of the initial
discharge capacity, as opposed to only 35% in OSL (~0.38 Zn?" intercalated, based on EDS
analysis). In 2 m ZnSOs, the discharged sample shows high sulfur content (Figure 5.5b),
originating from sulfate-based LDH (Zn4(SO4)(OH)s-5H2O, Figure 5.6). For the charged
sample in 70SL, the apparent limit of ~0.47 Zn?" deintercalation matches well with the ~60%
capacity recovery (Figure 5.3b). This suggests that Zn>" diffusion in ZVO is sluggish in the
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Figure 5.7 Voltage profiles of ZVO with/without holding the potential at the fully charged state in
70SL. The cell that was initially discharged to ~ 0.6 V and achieved ~ 0.8 electron transfer (i), however,
only ~ 0.5 electron transfer was obtained on charge. In subsequent cycles, without holding the potential
at 1.4 V at the end of charge (iii), the electron transfer for each redox process (in the voltage range of
0.5 - 1.4 V) was only ~1.0. However, after holding the potential at the fully charged state for two hours
(ii and iv), a much higher electron transfer of ~1.6 was obtained on subsequent discharge. These results

indicate that Zn-ion diffusion is limited in the ZVO host, especially in the charged state.

solid state, as verified by subjecting cells to a potential hold at the top of charge during cycling
(Figure 5.7).

XPS analysis provides further proof for dominant Zn** intercalation in 70SL (Figure
5.5¢). Compared to pristine ZVO, in the Zn2p region, two additional peaks appear at higher
binding energies (1023.7 eV and 1027.4 eV) for the sample discharged in 70SL, which can be
ascribed to the inserted Zn?". However, in 0SL, only the peak (1022.1 eV) corresponding to
the indigenous Zn*" is observed with a slight blue shift. In the O1s region of ZVO discharged
in 70SL, a new distinct broad peak at 537.1 eV may indicate the concomitant bonding
rearrangements of the oxygen atoms owing to the inserted Zn>*, which also induces significant

blue shift of the three peaks between 530-534 eV relative to that of pristine ZVO. In contrast,
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Figure 5.8 XRD patterns of dry and wet ZVO electrodes. Upon immersion in the aqueous electrolyte, the

interlayer distance increases from 10.5 A to 12.9 A. The difference is 2.4 A, which is in excellent accord

with values of 2-2.5 A reported for water intercalation in other layered oxides or hydroxides. 120-122

discharged ZVO in OSL only shows a slight blue-shift of the Ols peaks, indicating that the
inserted protons have an insignificant impact on the lattice oxide. This can be ascribed to the
monovalent properties of the proton and its small size, whereas the larger divalent Zn>" may
distort the structure by bonding with the ZVO framework, thus altering the local oxide
environment.

Operando XRD measurements were further conducted to elucidate structural
differences upon intercalation of Zn** vs. H". In 70SL (Figure 5.5d), the progressive structural
evolution of ZVO can be clearly identified by the peak positions shifting to higher 20 angles
(lower d-spacing). The gentle lattice shrinkage during discharge is ascribed to the expulsion of
interlayer water molecules upon Zn?" insertion'® (Figure 5.8). In OSL (Figure 5.5¢) and 2 m
ZnS04 (Figure 5.5f), a set of strong reflections corresponding to triflate and sulfate-based
LDHs appear, respectively.!”#® These result from the local alkaline environment on the cathode
interface because of dominant proton intercalation on discharge. The complete lack of LDH

reflections in 70SL indicates alleviated proton intercalation and dominant Zn?" intercalation.
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The charge process follows the reverse evolution of discharge in all three electrolytes, showing
good structural reversibility of ZVO. In addition to major proton intercalation in OSL,
significant cathode dissolution is also identified by the yellow color of the separator

disassembled from the cycled cell, in contrast to no apparent dissolution in 70SL (Figure 5.9).

To measure Zn>" diffusion kinetics in ZVO, we conducted galvanostatic intermittent

Figure 5.9 Glass fiber separators in ZVO||Zn cells after (a) 120 cycles at 0.5C in OSL and (b) 4000
cycles at 10C in OSL and (c) 350 cycles at 0.5C in 70SL.

titration technique (GITT) studies. ZVO in 70SL shows a relatively low average Zn**-ion
diffusion coefficient (Defr) ranging from 1071 — 5x101? cm? s! at most states of
discharge/charge (Figure 5.5g). A very low diffusion coefficient of ~5x1071* cm? s™! was
observed at the mid-point of charge at 1.2 V, perhaps explaining the low-capacity recovery
observed during the first charge. ZVO cycled in OSL and 2 M ZnSO4, however, shows more
than one magnitude higher average Desr (Figure 5.5h and 5.5i), ranging from 5x1071° —10!!
and 10° — 5x107'! ecm? s, respectively. These results support the substantial co-proton
intercalation of ZVO in OSL and 2 m ZnSQs, as H" diffusion is expected to be much faster than
Zn*",

The above discussion highlights that the extremely high-rate function of ZMBs based
on the oxides utilized in this work or elsewhere is likely only attainable with proton co-
intercalation. Such batteries could potentially be used for high-power load leveling, but would
be unable to support long-duration electricity energy storage that requires stable cycling at

moderate current densities with discharge periods of near 10 hours (see below).
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5.5 Evidence of Zn?" Intercalation from Electron Microscopy

Scanning transmission electron microscopy (STEM) imaging combined with energy-
dispersive X-ray spectroscopy (EDS) and electron energy loss spectroscopy (EELS) was used
investigate the evolution of morphology, chemical distribution, electronic and crystal
structures of the ZVO upon discharge in 70SL. Compared to the clean surface of pristine ZVO
nanobelts in the high-angle annular dark-field (HAADF) image, the discharged sample exhibits
corrosion-induced surface roughness typical of electrochemically cycled materials (Figure
5.10a). The EDS chemical maps show homogeneously distributed Zn, V and O elements for
both pristine and discharged nanobelts (Figure 5.10b), with V/Zn ratios of 9.6 and 2.3,
respectively. This agrees well with the intercalation of 0.7 Zn*" per formula unit described
above (Figure 5.5b).

To understand the impact of Zn?" intercalation on the electronic structure of ZVO, we
show a comparison of the integrated EELS spectra (a total of 10 spectra each) for the pristine
and discharged ZVO samples in Figure 5.10¢c. The reduction in the V valence state upon Zn>*
intercalation results in a shift of the V L edge towards lower energy loss.!?*!?! The pre-peak in
the O K edge is the result of electronic transitions from O 1s states to O 2p states. The O 2p
states are hybridized with the V 3d states, and as a result, the higher O K edge pre-peak
intensity points towards a higher number of empty O 2p states hybridized with V 3d
states.!?>!12? Therefore, the reduced intensity of the O K edge pre-peak is a direct result of V
reduction upon Zn** intercalation. While the Zn L edge is extremely noisy for the pristine ZVO
sample, the discharged sample shows a Zn L edge with a much higher signal-to-noise ratio due

to the increased Zn content upon intercalation. Figure 5.10d shows atomic-resolution HAADF
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images corresponding to the various crystal structure orientations in the discharged ZVO

samples.
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Figure 5.10 (a) STEM-HAADF images showing the nanobelt-like morphology for the pristine (top)
and discharged (bottom) ZVO. (b) EDS chemical maps showing the distribution of Zn, V, and O
across the nanobelts in the pristine and discharged ZVO samples. (¢) Integrated EEL spectra
showing the changes in the fine structure of V L, O K, and Zn L edges for the pristine and discharged
ZVO samples. (d) Atomic-resolution HAADF images showing various crystal structure orientations
for the discharged ZVO samples. The scale bars correspond to 500 and 1 nm for (a) and (d),

respectively.
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5.6 Highly Reversible Zn Plating/Stripping and Solid Electrolyte Interphase (SEI)
Chemistry
Practical ZMBs also require anodes with high reversibility and stability. Zn||Cu

asymmetric cells evaluated in 70SL demonstrated a very high Zn plating/stripping CE of at
least 99% at different current densities (Figure 5.11a), which is slightly higher than that in
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Figure 5.11 The second voltage profiles of Cu||Zn cells at different current densities in (a) 70SL and
(b) OSL.

OSL (Figure 5.11b). The long-term Zn plating/stripping behavior was further evaluated at 2
mA cm™. In Zn||Cu cells with a high areal capacity of 4 mAh cm?, the CE in 70SL (initially
90.4%) stabilizes at ~ 99.9% for 200 cycles (Figure 5.12a and 5.13), yielding a very high
average CE of 99.8% without the presence of “soft shorts™ (also see full-cell cycling below)’?.
In OSL, in contrast, a large CE fluctuation owes to extensive dendrite formation. We also note
70SL shows significantly better results than S0SL (Figure 5.14), which can be ascribed to the

lower free water content of ~3% in 70SL vs. ~16% in S0SL. This proves the critical role of
114



SL/water ratio in these hybrid electrolytes. The excellent long-term stability of multiple Zn||Zn
symmetric cells in 70SL (Figure 5.12b and 5.15) is demonstrated by a cycle life of at least
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Figure 5.12 (a) Coulombic efficiency of Zn||Cu cells at 2 mA cm ™2 with a capacity of 4 mAh cm™2. (b)
Galvanostatic Zn stripping/plating in Zn||Zn symmetric cells with 70SL at 2 mA cm 2 with a capacity of
8 mAhcm 2. (¢) Arrhenius plots of inverse Rer (Rer ') values at different temperatures (from 40 to
70 °C) for the working electrode in a three-electrode cell with Zn as working, counter, and reference
electrode; (d, e) In In-situ optical microscopy images showing the Zn plating process in 70SL (d) and
OSL (e) at 5 mA cm 2. (f, h) High-resolution depth-profiling XPS spectra of Cu electrodes with deposited

Zn after 5 cycles at 2mA cm™? (4 mAhcm2) in OSL (f) and 70SL (h). (g, i) TEM images of the
interfaces on the deposited Zn surface in OSL (g) and 70SL (i).
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Figure 5.14 Voltage profiles of Zn stripping/plating in Zn||Cu asymmetric cells at 2 mA ¢cm™ with a
capacity of 4 mAh cm?, in (a) 70SL and (b) OSL.
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Figure 5.13 Coulombic efficiency of Zn||Cu cells at 2 mA cm™ with a capacity of 4 mAh

cm? in different electrolytes.

2000 hours at 4 mAh cm™, 1600 hours at 8 mAh cm™ and 1000 hours at 12 mAh cm™. The
lifetime is extended 20-fold compared to cells employing OSL at 8 mAh cm™, which quickly
short after only 80 hours (Figure 5.16). The superior Zn anode stability in 70SL is further
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verified by the little change in charge transfer resistance (Rct) during the Zn plating/stripping
(Figure 5.17).
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Figure 5.15 Galvanostatic Zn stripping/plating in Zn||Zn symmetric cells with 70SL at 2 mA cm? with
a capacity of (a) 4 mAh cm™ and (b) 12 mAh cm?.

The activation energy (E,) for the charge transfer process (Zn(H20)s)* <> Zn*'<> Zn°
on the Zn surface was measured by electrochemical impedance spectroscopy (EIS). As shown
in Figure 5.10c and 5.18, the E, of 70SL is 65.15 kJ mol !, higher than the 41.65 kJ mol! for
OSL. As OSL and 70SL present similar fully hydrated Zn** solvation structures and presumably
a comparable desolvation energy, we ascribe the higher £, and Rcr in 70SL to the slower

diffusion of desolvated Zn>" in the proposed sulfolane-derived SEI (see below) on the Zn
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surface and a slightly lower transference number (Figure 5.19). We note that the £, of 70SL
is still similar to that of dilute 2 M ZnSO4 (68.2 kJ mol™!),!** and more than three-fold lower
than reported for 0.25 M Zn(OTY), in acetonitrile (~223.64 kJ mol™!),'? where a water-free Zn>"

solvation sheath and strong Zn**-OTf ion pairing induce a much higher desolvation penalty.
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Figure 5.16 Galvanostatic Zn stripping/plating in Zn||Zn symmetric cells with OSL at 2 mA ¢m™ with a
capacity of (a) 4 mAh cm™, (b) 8 mAh cm™ and (¢) 12 mAh cm™.
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In contrast, fully hydrated (Zn(H20)s)*" in 70SL facilitates facile interfacial desolvation owing
to the shielding effect of water.!?
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Figure 5.17 Nyquist plots of Zn || Zn symmetric cells in 70SL after cycling for different time periods

as indicated.
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The superior Zn stability and reversibility exhibited in 70 SL is attributed to suppressed
HER kinetics (Figure 5.20) and improved compatibility with Zn (Figure 5.21). The lowered
HER potential is ascribed to an in-situ surface SEI (see below), which prevents water from
approaching the interface but allows Zn?" to pass through, and suppresses the formation of Zn
layered double hydroxides (LDHs, Figure 5.22). This alleviates dendrite formation during Zn
plating, as validated by the homogeneous, smooth and dense Zn deposition morphology
(Figure 5.12d and 5.23a-c). In OSL, the porous LDHs induce inhomogeneity and aggravate
dendrite formation, creating spongy Zn deposits (Figure 5.10e and 5.23d-f).
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Figure 5.18 EIS fitting of charge transfer resistance in three-electrode Zn symmetric cells in (a) OSL

and (b) 70SL at various temperatures. The data were fit (shown by the line) with (¢) the indicated

equivalent circuit.
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The Zn solid-electrolyte interface (SEI) chemistry was explored by depth-profiling
high-resolution X-ray photoelectron spectroscopy (XPS). In the F1s region of Zn deposited in
OSL (Figure 5.10f), the CF3 species at 688.6 eV originates from OTf, along with the feature
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Figure 5.19 Transference number measurements using Zn//Zn symmetric cells following a constant
polarization of 5 mV for 1200 s. (a) OSL, (b) 70SL (Insets are the corresponding initial and final EIS

plots). The transference number of Zn?* cation (¢+) was determined by Equation 5.1:3%

_ I4(AV-IyRp)

te = Io(AV— IgRy) Equation 5.1

where AV is the applied constant polarization voltage (5 mV), I, and R, are the initial current and

resistance, respectively; Is and R; are the steady-state current and resistance, respectively.

in the Cls region at 292.8 eV. The OTT is incorporated in the LDH. Reduction of the OTf
(169.2 €V) anion is signalled by a peak at 684.7 eV ascribed to ZnF»; along with sulfites (167.3
eV) and ZnS (162.1 eV) observed in the S2p spectra. In the O 1s region, the two peaks
correspond to ZnCOs; (532 eV) and ZnO/Zn(OH), (530.5 eV) as confirmed by their
characteristic lattice d-spacings measured by high-resolution transmission electron microscopy
(TEM; Figure 5.10g). In summary, Zn deposited in OSL yields a complex interface that can
be characterized as a mixture of ZnCO3-ZnO/Zn(OH); - ZnF; - ZnS - sulfite - LDH. While a

ZnF>-rich interface has been reported as a protective layer to realize a highly reversible Zn

121



30,32,125,126

anode, nonetheless, the high-porosity LDH reduces the ability to exclude water from

the Zn surface.
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Figure 5.20 (a) Linear sweep voltammetry (LSV) curves of different electrolytes. (b) Gas
chromatograph response for HER in different electrolytes, which was collected after plating at 4 mA

cm? for 20 min in Zn||Cu asymmetric cells

The XPS spectra of the Zn deposited in 70SL are quite different (Figure 5.10h). In
particular, no CF3 species appear in the Cls region and no significant features were observed
in the F1s region, indicating OTf reduction does not occur at the interface. Thus, the sulfite
and ZnS peaks in the S 2p region must originate from the reduction of sulfolane rather than
OTf. More evidence of inorganic ZnS, ZnCO3; and ZnO was obtained from TEM (Figure
5.10i). These findings show that an LDH/ZnF>-free, ZnCO3-ZnO/Zn(OH)>-ZnS-sulfite SEI
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Figure 5.21 SEM images and corresponding EDX maps of (a, b) pristine Zn and Zn soaked in (¢, d)
70SL and (e, f) OSL for 8 days. Although the soaked Zn in both electrolytes show the formation of ZnO
on the surface, Zn in 70SL shows much smoother surface and less ZnO, indicating the better

compatibility due to the much lower free water in 70SL.

forms at the Zn surface. This SEI not only prevents water penetration but also suppresses the
adsorption and reduction of OTf on the Zn surface, resulting in depressed kinetics of HER and

deposition of LDHs, thus enhancing reversibility and stability of Zn plating/stripping.
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Figure 5.22 XRD of deposited Zn on a Cu substrate after 5 cycles in different electrolytes at 2 mA cm
2 and 4 mAh cm in different electrolytes.
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Figure 5.23 Top and cross-sectional (a, b, d, €) SEM images and (e, f) corresponding EDX mapping of
deposited Zn on Cu substrate after 5 cycles in (a-¢) 70SL and (d-f) OSL at 2 mA ¢cm™ and 4 mAh cm™.
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5.7 Long-Term Full Cell Performance under Practical Conditions

The dual-stabilized electrodes prompted us to further investigate full cell performance.
In contrast to using high current rates up to 10 to 25C enabled by a high degree of proton co-

intercalation,'!'~113

intermediate rates (< 1C) and much higher areal capacities up to 4 mAh
cm™ were applied in this work (Figure 5.24a-d). These metrics are recognized as one of the

major challenges for practical aqueous ZMBs.! At 0.5C and a cathode loading of ~ 1.1 mAh
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Figure 5.24 (a) Discharge capacity of ZVO as a function of cycle number in different electrolytes at
0.5 C. (b) Long-term cycling performance of high-loading ZVO in 70SL at 0.15 C and a controlled N/P
ratio of 1.08. (e, d) Schematic of an anode-free Zno.25+xVO||Cu cell with 70SL (¢) and corresponding
cycling performance at 0.15 C (d). (e) Discharge capacity of activated carbon (AC) electrodes as a
function of cycle numbers in different electrolytes with the addition of 0.5 m KI at 0.5 C (unexpected
power shutdown at 770th cycle). (f) Long-term cycling performance of high-loading AC in
70SL +0.5m KI at 0.2 C at a controlled N/P ratio of 2.15.
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cm? (based on 300 mAh g.v"!, Figure 5.24a and 5.25) in OSL, ZVO fades quickly with a
decay rate of 0.12% per cycle before short circuiting at the 106" cycle. This contrasts with its
outstanding stability at a 10C rate with a decay of 0.003% per cycle resulting in ~91% capacity
retention after 3000 cycles (Figure 5.26), similar to previous reports.'>!!*1?7 This is because
at high rates, the shorter time that the cathode spends at extreme potentials suppresses

deterioration owing to vanadium dissolution, proton intercalation and corresponding LDH
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Figure 5.25 Voltage profiles of ZVO in different electrolytes at 0.5C in (a) OSL and (b) 70SL.
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Figure 5.26 The discharge capacity of a ZVO||Zn full cell as a function of cycle number in OSL at 10C.
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formation. In 70SL, these side reactions are effectively addressed, resulting in very good
cycling stability of ZVO even at a 0.5C rate with virtually no capacity decay after 350 cycles.
To further address the practical requirements of ZMBs, we fabricated free-standing ZVO
electrodes with a high loading of ~ 42 mg cm™ and a thickness of ~580 um (Figure 27). In

Figure 5.27 SEM images of the high-loading and freestanding ZVO cathode (a) and a magnified
view of the indicated region (b).

70SL, the full cell based on this high-loading ZVO cathode provides a practical-level areal
capacity of 4.4 mAh cm™ at 0.15C (Figure 5.24b and 5.28). The cell maintains ~ 90% capacity
retention over 250 cycles at a low negative/positive ratio (N/P) of 1.08 (based on 130 mAh
guvo ! achieved at 0.5C in Figure 5.24a) and a low electrolyte volume/active material mass
ratio (E/C) of 4.7 uL mg™'. Importantly, an average CE of ~100% is obtained. Under even more

challenging conditions, an anode-free Zno.25+xVO||Cu cell configuration was constructed with
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Figure 5.28 Voltage profile of high-loading ZVO in 70SL at 0.15C with a controlled N/P ratio of
1.08.

the only source of Zn being that stored in pre-zincated ZVO (Figure 5.24¢-d). The cell exhibits
an areal capacity of ~4 mAh cm? and maintains 85% of its capacity after 100 cycles at 0.15C.

We further verified the adaptability of this electrolyte design strategy by replacing
ZVO with conversion-type iodine cathode, which obviate the sluggish Zn*" diffusion in ZVO.
In these studies, 0.5 m KI dissolved in OSL or 70SL was the active material and high-surface
area activated carbon (AC) cathode acted as the iodine host (Figure 5.24e and 5.29). The
reversible capacity in 70SL is 164 mAh gac™! at 0.5C (1C =212 mA gac™), only slightly lower
than in OSL (175 mAh gac™'), and indicating better kinetics compared to intercalative ZVO.
The Zn|iodine cell with 70SL also shows excellent stability at a high rate of 10C (Figure 5.30).
Moreover, the reduced water activity in 70SL suppresses the dissolution of I and formation of
the intermediate I3~ at charged states,'?® leading to much-improved cycling stability with a
capacity retention of 88% over 2000 cycles, as opposed to only 70% after 670 cycles in OSL.
A practical-level full cell with a high-loading AC cathode (Figure 5.31) at an N/P ratio of 2.15
(based on 164 mAh gac! achieved at 0.5C in Figure 5.24¢ and 5.32) and E/C ratio of 8.1 uL
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mg! (Figure 5.24f), provided an areal capacity of 2.8 mAh cm with 88% capacity retention
after 300 cycles at 0.2C.
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Figure 5.29 Voltage profiles of activated carbon (AC) electrodes in different electrolytes with the
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Figure 5.32 SEM images of the high-loading and freestanding activated carbon cathode (a)

and a magnified view of the indicated region (b).
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Figure 5.31 Voltage profiles of high-loading AC in 70SL with addition of 0.5 m KI at 0.2 C ata
controlled N/P ratio of 2.15.
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5.8 Conclusion

The competition between Zn?" vs. proton intercalation in a conventional ZVO cathode
is shifted to 95% Zn?'-selective with a high-sulfolane/water hybrid eutectic electrolyte that
alleviates deleterious proton intercalation and cathode dissolution. Dominant Zn?" intercalation
— disclosed by multiple physical/electrochemical characterization techniques — stabilizes the
ZVO at low and moderate current densities with a high areal capacity of over 4 mAh cm™.
Simultaneously, a fully hydrated Zn?" solvation structure — revealed by the combination of
experimental and theoretical characterization — enables a facile interfacial desolvation process
at the solid/electrolyte interface. We realize highly reversible Zn plating/stripping with a 20-
fold extended lifetime assisted by a sulfolane-derived SEI, and demonstrate excellent low-rate
cycling stability of practical-level anode-free cells. Nonetheless, we do acknowledge that while
dominant Zn?" intercalation chemistry stabilizes the low or intermediate rate performance
necessary for long duration energy storage, it inevitably diminishes ultra high-rate performance
needed for high power load leveling. Solid-state Zn?"-diffusion is slower than H* diffusion in
hydrated oxides. This highlights that developing a new generation of cathode materials that are
amenable to Zn desolvation/solvation (without proton co-intercalation) is likely necessary to
realize high-rate function while not compromising the low-rate stability. Our work represents
a practical strategy to stabilize both electrodes by tuning the hybrid electrolyte network and
also provides an understanding of Zn?*-(de)intercalation in conventional oxide cathodes which

could expedite the commercialization of practical ZMBs.
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Chapter 6 Stabilizing Magnesium Plating by a Low-Cost Inorganic Surface Membrane
for High-Voltage and High-Power Mg Batteries

6.1 Introduction

The aforementioned magnesium bis(trifluoromethanesulfonimide)

(Mg(TFSI)2)%12%130 and newly invented alkoxy-borates/aluminates!->¢->

are promising
halide-free Mg salts with high oxidative stability up to 3.5 V. Unfortunately, they exhibit
pronounced decomposition during repeated Mg plating/stripping that leads to poor long-term
reversibility.60-62:12%:131-135 N ost these Mg salts are electrochemical reductive during Mg plating
and highly sensitive to the presence of moisture and impurities resulting from their synthesis
procedures, which further aggravates their instability at the Mg anode.!*!"13¢137 In addition, the
reductive instability of ether-based solvents has been widely reported as one of major factors
that induces electrolyte decomposition to polymeric components (for example, C-O or C=0
species), leading to the formation of unstable solid-electrolyte interface (SEI) or passivation
layer on Mg surface that induces inhomogeneous Mg plating/stripping with short cycle
life 69132133 The strategy of using lithium hexafluoroisopropoxy borate (LiB(Ohfip)s) as an
electrolyte additive has been reported to achieve long-term Mg plating/stripping in a
Mg(B(Ohfip)s)»/1,2-dimethoxyethane (DME) electrolyte, which is ascribed to the formation
of a Li-species-containing SEI. However, the need for Li salts lows down the energy density
and compromises the potential economic benefits anticipated for Mg batteries. Various
artificial SEIs have also been reported to enable reversible Mg plating/stripping in Mg(TFSI),-
based electrolytes by suppressing their decomposition via the formation of a passivation film
on the Mg surface;!** 1% however, a very low current density of less than 0.05 mA cm™ was
used in these studies. Chloride-salt induced protective interface on Mg were also widely
reported to enable reversible and stable Mg?"/Mg redox,'*!"!* nonetheless, concerns remain
on the dissolution of these chloride species from Mg surface into electrolytes that may
compromises the electrolyte oxidative stability. To the best of our knowledge, none of these
studies reported full cell performances with an operating voltage of over 3 V. Therefore,
creating a Mg?*-conducting, practical and cost-effective protective interface from electrolyte

decomposition remains an ongoing challenge for these high-voltage electrolytes.
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In this chapter, I utilized zeolite-polymer membranes to stabilize the Mg anode for the
first time and achieve excellent performance in full cells at relatively high current rates. Zeolite
A is used as molecular sieves for dehydration of gases or solvents owing to its propensity to
absorb water.!*® Its cubic structure consists of aluminosilicate cages that form an 11.4 A a-
cavity and much smaller B cavity, which are interconnected in three dimensions to form the
microporous structure. The windows into the cavities/pores range from 3-5 A, as dictated by
the cations that sit within them (eg. K*, Na*, Ca*", etc.) to balance the negative charge of the
aluminosilicate framework. For example, zeolite 3A - defined by a high K*/Na" ratio - has
windows of 3.2 A in diameter (making it ideal for the adsorption of water) whereas zeolite 4A
has windows of 3.8 A, based on Na" as the only counter-cation. Zeolite 3A was recently
reported to effectively create local concentrated electrolytes in the battery area.’*!46-148 For
example, the oxidative activity of ethereal solvents in sodium-ion batteries was decreased
based on a regulated electrolyte network;'¥” incorporation of Na*-diglyme (G2)-anion
complexes in the zeolite pores; and suppressed activity of diglyme at the electrode/electrolyte
interface. However, the functionality of the zeolite was not explicitly explained, while we note
that diglyme is much too large to penetrate the 3.2 A window (see below).

To establish proof of concept for our study, we chose a 0.25 M Mg(B(Ohfip)4)>/G2
electrolyte as a platform to study the solvent reduction activity during Mg plating/stripping,
where the factor of salt decomposition can be alleviated. This is because bulky B(Ohfip)4)2
anion results in less contact ion pairs (CIPs) compared to conventional TFSI™ anion, which
facilitates fast interfacial charge transfer process with less anion reduction activity.
Mg(B(Ohfip)s): is also a widely reported salt and can be synthesized with relatively lower cost
and higher purity compared to other state-of-art salts (for example, Mg(CB11H12)2). In this
study, we identify that the short lifetime of Mg plating/stripping in this electrolyte originates

from the high activity of free G2 solvent molecules that reduce on the Mg/electrolyte interface
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Figure 6.1 Illustration of the functionality of the zeolite membrane. Inhomogeneous Mg deposition
with pronounced solvent (G2) decomposition on a bare Mg/electrolyte interface (left), and uniform Mg
deposition with suppressed G2 decomposition in the presence of 3A zeolite membrane on the Mg
surface (right).

to form a thick surface layer of decomposition by-products (Figure 6.1). This induces
inhomogeneous Mg deposition and rapid cell failure. By using the low- cost zeolite film based
on 3A molecular sieves as a protective interface on the Mg anode, G2 decomposition is
effectively suppressed, generating a smooth Mg plating morphology and a thinner SEI. This is
ascribed to the significantly alleviated free-G2 fraction within this interface revealed by FTIR
spectroscopy. The protected Mg anode thus achieves a 750-fold extended lifetime in Mg|[Mg
symmetric cells (over 6000 hours/7 months) at a current density of 0.3 mA cm™ and an areal
capacity of 0.3 mAh cm™. Two chemically-distinct Mg?* environments were revealed by 2>Mg
magic angle spinning nuclear magnetic resonance (MAS NMR) spectroscopy, that are likely
involved in the Mg®" migration pathways through the zeolite membrane. A prototype full cell
based on a Mo3S4 cathode and ethereal electrolyte exhibits excellent capacity retention of 91%
over 200 cycles. We furthermore demonstrate Mg batteries that are very stable at a high
operation voltage of > 3.5 V vs. Mg?*/Mg at a 2C rate using polyaniline (PANI) as the cathode.

By simultaneously suppressing the shuttling of dissolved PANI monomers with the zeolite
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membrane, a high energy density up to 320 Wh kgpani™' and power density of 1320 W kgpanr
I are achieved.

I proposed the idea, planned the experiments, performed all electrochemical
measurements and wrote the original manuscript. Abhinandan Shyamsunder synthesized the
Mg salt and MosSs materials. Dr. Baris Key conducted solid-state Mg MAS NMR

experiments. Zhuo Yu performed the TGA experiments.
6.2 Experimental Approaches

6.2.1 Synthesis of magnesium hexafluoroisopropoxide (Mg(Ohfip)2).

This material was synthesized using a similar procedure to that previously reported,'*
but magnesium ethoxide (98% Sigma Aldrich) was used instead of calcium methoxide. 'H

NMR (300 MHz, CD3CN): & = 4.85(m). '°F NMR (282 MHz CD3CN): § = -76.8.

6.2.2 Synthesis tris-hexafluoroisoproxy borate (B(Ohfip)s).

Tris-hexafluoroisopropoxy borate was prepared according to a previously reported
procedure,'* and chemical analysis was in agreement with the expected composition. This

borate salt was sublimed before use.

6.2.3 Synthesis of magnesium hexafluoroisoproxy borate (Mg(B(Ohfip)4)2:3DME).

1,2-dimethoxy ethane (DME, 99% Sigma Aldrich) was first passed over a column of
activated alumina, distilled over sodium, degassed and stored under molecular sieves.
Magnesium hexafluoroisopropoxide (Mg(Ohfip),) and tris-hexafluoroisopropoxy borate
(B(Ohfip)s3) were mixed in the appropriate ratio in DME at 65°C for 6 hours. The clear solution
obtained was then concentrated under dynamic vacuum at room temperature to obtain the
Mg(B(Ohfip)s)>-xDME salt. The salt was then redissolved in DME and recrystallised with
hexanes (Mixture of isomers 95% Sigma Aldrich) to obtain crystals of Mg(B(Ohfip)s),-3DME.
"H NMR (300 MHz, CD3CN): § = 4.76(m), 3.55(t), 3.42(s). '°F NMR (282 MHz CD3CN): §
=-75.1 11B NMR (96.25 MHz, CD3CN): 6 = 9.2(s).
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6.2.4 Preparation of 0.25 M Mg(B(Ohfip)4): electrolyte solution.

The weighted Mg(B(Ohfip)4)2-3DME powder were dissolved into proper amount of G2 and
was stirred overnight at 25 °C. The obtained clear electrolyte solution was directly used for

cell assembly without any pre-conditioning process.

6.2.5 Preparation of zeolite membrane.

Three grams of 3 A molecular sieves (Sigma Aldrich, 8-12 mesh) were ball-milled at 400 rpm
for 12 hours before being dried in vacuum at 200 °C overnight. The membrane was fabricated
by mixing 90 wt% zeolite power and 10 wt% polytetrafluoroethylene (PTFE, Sigma Aldrich,
60wt% in water). The mixture was ground evenly in a mortar and pressed into a freestanding
thin film about 100 mm thin. After being cut into 14 mm disks, the zeolite membrane was dried
in vacuum at 120°C overnight. The dried membrane was stored in an Ar-filled glovebox before

electrochemical measurements.

6.2.6 Preparation of Mo3S4 and PANI cathodes.

Chevrel Mo3S4 (or MoeSg) was synthesized by acid leaching from CuxMosSs based on a
previously reported procedure.!>! PANI was purchased from Fisher Scientific without any
further purification. The Mo03S4 cathode was prepared by mixing 70 wt% active material, 20
wt% conductive carbon (Super P) and 10 wt% polyvinylidene difluoride (PVDF) in N-methyl-
2-pyrrolidone (NMP; anhydrous, 99.5%; Sigma-Aldrich). The slurry was cast on carbon-
coated aluminum foil (thickness: 18 um) by doctor blading and the electrodes were punched
into 10 mm discs after being dried at 60 °C for 5 hours. The discs were finally dried in vacuo
at 120 °C overnight before being transferred into an Ar-filled glovebox. For the PANI cathode,
50 wt% PANI was mixed with 40 wt% conductive carbon (KETJENBLACK) and 10 wt%
polytetrafluoroethylene (Sigma-Aldrich, 60 wt% dispersion in H20O) in isopropanol. The free-
standing PANI composite film thus obtained was dried at 60 °C overnight, and punched into
small disks that were pressed onto a Ti mesh (diameter: 11 mm). These were utilized as

cathodes in the full cells. The mass loading of active material was ~ 2.5 mg cm™,
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6.2.7 Electrochemical measurements.

Mg foils (thickness: 100 um) were polished by sandpaper several times before being pouched
as 9/16-inch disks and using them in symmetric or full 2032 coin cells. To evaluate the
effectiveness of zeolite membrane, zeolite/Mg anodes were prepared by tightly pressing the
zeolite membrane onto a Mg disc with hands before cell assembly. Such a contact between
zeolite membrane and Mg was held by the pressure from spring in the coin cell. All cells —
using 100 pL of electrolyte incorporated in a glass fiber separator - were cycled using a VMP3
potentiostat/galvanostat station (Bio-Logic). Cyclic voltammetry (CV) of the Mo3S4 cathode
was measured at a sweep rate of 0.1 mV s! in a voltage range of 0.2 - 2.4 V. The evolution of
the charge transfer resistance of two-electrode Mg symmetric cells was measured by
electrochemical impedance spectroscopy (EIS) with a voltage amplitude of 5 mV in the
frequency range of 1 MHz to 100 mHz. The cell was rested for 10 min to reach equilibrium

before each EIS measurement. All cells were cycled at 25 °C.

6.2.8 Materials characterization.

Fourier transform infrared spectroscopy (FTIR) was carried out on a Bruker Tensor 27
system equipped with attenuated total reflection (ATR). A Zeiss Ultra field emission SEM
instrument was used to collect scanning electron microscopy (SEM) images and energy-
dispersive X-ray spectroscopy (EDX) data. XPS experiments were conducted on a Thermo
Scientific K-Alpha XPS instrument. CasaXPS software was used to conduct XPS data analysis,
where the C 1s peak of 284.8 eV was used to calibrate the binding energies. Spectral fitting
was based on Gaussian-Lorentzian functions and a Shirley-type background. Solid-state >Mg
magic angle spinning (MAS) NMR experiments were performed at 11.7 T (500 MHz) on a
Bruker Avance III spectrometer operating at a Larmor frequency of 30.64 MHz using a 3.2
mm MAS probe. The spectra were acquired at a spinning speed of 5 kHz using 3.2 mm rotors
in direct observe (single pulse) mode and with recycle delays of 1 s. Mg shifts were
referenced to 5 M MgCl (aq.) at 0 ppm. All electrodes disassembled from the cells were
washed three times with DME and dried at room temperature in vacuo before each

characterization.
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6.3 Zeolite 3A membrane to suppress G2 activity

The fabricated flexible zeolite membrane shows a flat surface produced by ball-milled
3A molecular sieve particles that have a dimension less than 200 nm (Figure 6.2a). Different

from previous reported defect-free metal-organic-framework (MOF)-based interfacial
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Figure 6.2 Characterization of the zeolite membrane. (a) SEM images of the zeolite membrane. (b) FTIR
spectra at different concentrations of Mg(B(Ohfip)s)./G2 electrolyte and zeolite-modified 0.25M
electrolyte. (¢) Variable temperature solid-state Mg MAS NMR spectra of zeolite/0.25M. (d and e)
Galvanostatic Mg plating/stripping of Mg|[Mg symmetric cells with bare Mg and zeolite/Mg at 0.1 mA
cm? (0.1 mAh cm), and (e) magnified voltage curves. (f) Nyquist plots of symmetric cells at open circuit
with zeolite/Mg and bare Mg. (g and h) Nyquist plots of symmetric cells with zeolite/Mg after
plating/stripping for different hours at 0.3 mA cm? (0.3 mAh cm?): The evolution of (g) interfacial

resistance fitted (shown by line) with the indicated equivalent circuit and (h) bulk ion transport.
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membrane that completely blocks the electrolyte penetration, the existence of many
macropores between the zeolite particles enables good absorption of the electrolyte, thus

ensuring fast ion transport with a high ionic conductivity of 0.76 mS cm™! (Figure 6.3). After
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Figure 6.3 Nyquist plot of ionic conductivity measurement of zeolite/0.25M. To prepare zeolite/0.25M,
zeolite membrane was soaked in 100 uL electrolyte overnight. After wiping residual surface electrolyte,
stainless steel was used as current collector for EIS measurements.
soaking this zeolite membrane in 0.25 M Mg(B(Ohfip)4)2)/G2 electrolyte (denoted as
zeolite/0.25 M), the change in bonding environment of the G2 molecules was revealed by FTIR
spectroscopy. A gradual blue shift of the CH> bending mode (G2) with increased salt
concentration can be observed (Figure 6.4, from 852 cm™ in pure G2, to 858 cm™ in 0.25 M
Mg(B(Ohfip)4)2/G2). Addition of the zeolite membrane (zeolite/0.25 M) leads to a further blue
shift to 861 cm™, indicating the free G2 molecules in the electrolyte are adsorbed by the zeolite

membrane. This is further verified by the change of the C-O-C stretching mode at ~1101 cm!
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Figure 6.4 FTIR spectra of Mg(B(Ohfip)4).,/G2 electrolytes at different concentrations, and
zeolite-modified 0.25M electrolyte.

(Figure 6.2b). The gentle decrease in its intensity as the salt concentration increases originates
from G2 molecules being bound to Mg?" ions.!>? The pronounced decrease of this peak in

zeolite/0.25 M, however, suggests the existence of much more tightly bound (i.e., less free) G2
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molecules. Therefore, we can anticipate lower decomposition of free G2 at the Mg/zeolite
interface during Mg plating/stripping.

We carried out solid-state Mg magic angle spinning (MAS) nuclear magnetic
resonance (NMR) on a zeolite/PTFE film to gain insight into the Mg?" environments in
zeolite/0.25M (Figure 6.2¢). As the film was dried at 120 °C prior to analysis, we expect the
presence of indigenous water in the zeolite pores, which is not removed until > 300 °C. At 296
K under MAS conditions, two Mg peaks were detected at 0.2 ppm and 27.2 ppm. These peaks
were respectively assigned to Mg?" coordinated to water molecules — hydrated Mg?" in the
zeolite structure — and Mg?* coordinated to diglyme molecules (presumably Mg-Og octahedral
units). The former assignment is close and consistent with free Mg?" in 5 M MgCl, aqueous
solution (see Experimental procedures), and the latter is in excellent agreement with the shift
for Mg**-diglyme coordination in a xerogel (24.7 ppm).'* These environments are
represented, according to the peak integrals, by a molar ratio of 1:3 in zeolite/0.25M. At 245
K with identical parameters including the number of scans, however, no 2°Mg peaks but only
noise was observed in the spectrum. We assume that the motional linewidth narrowing is
significant at 296 K, whereas the linewidth broadening due to lack of motion for both hydrated
and diglyme-coordinated Mg?* at 245 K renders the broad peaks buried in the noise of the
Mg spectrum. Therefore, it is reasonable to propose significant mobility for both Mg?*-
coordination environments in zeolite/0.25M at room temperature at the local level, possibly
giving rise to two different Mg?* migration pathways (see discussion below).

The effectiveness of the zeolite membrane in stabilizing Mg plating/stripping was
tested in Mg||Mg symmetric cells using 0.25 M Mg(B(Ohfip)4)>/G2 as the electrolyte. Figure
6.2d displays the initial 400-hour Mg plating/stripping behavior using bare Mg and zeolite-
protected Mg (zeolite/Mg) at a typical current of 0.1 mA cm™ with an areal capacity of 0.1
mAh cm™. In the presence of zeolite, an initial activation process is observed with a Mg plating
overpotential of 0.74 V (Figure 6.2¢). The overpotential decreases to a stable value of 0.17 V
after the first 120-hour activation, which is only slightly higher than that of initially using bare
Mg (~ 0.13V). The slightly higher plating overpotential can be ascribed to the insulating nature

of the zeolite membrane and lower ion transport (see below), which increase the interfacial
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resistance during Mg plating/stripping. However, with bare Mg, a sudden voltage drop to 0.06
V occurs after only 7 hours of plating/stripping, which is a clear indication of the occurrence
of soft shorts. This results in the fluctuation of the Mg overpotential in subsequent cycling until
a complete short circuit is observed after 314 hours. In contrast, cells with zeolite/Mg show

stable Mg plating/stripping without any abrupt voltage change, exhibiting excellent stability.
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Figure 6.5 Nyquist plots of symmetric cells with bare Mg after plating/stripping at different times.

We conducted electrochemical impedance spectroscopy (EIS) studies to identify
interfacial stability. Figure 6.2f reveals that both cells with bare Mg and zeolite/Mg show an
initial large interfacial resistance that can be ascribed to the native MgO.!>* With the presence
of zeolite, a much higher resistance (377.1 ohm cm?) related to ion transport is observed
compared to only 10.2 ohm cm? for bare Mg, which explains the initial higher overpotential
for Mg plating/stripping in Figure 6.2d. In subsequent plating/stripping processes, the
interfacial resistance for a bare Mg anode quickly decreases to near zero after only 10 hours

(Figure 6.5), again, a clear indication of short circuits that is consistent with the sudden
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decrease in plating/stripping overpotential (Figure 6.2d-e). With zeolite/Mg anode, however,
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Figure 6.6 Electrochemical studies of Mg plating/stripping. (a and b) Evolution of coulombic efficiency
on cycling in Cu||[Mg and Cul|zeolite/Mg asymmetric cells and (b) corresponding voltage profiles of
Cul|zeolite/Mg. The zeolite/Mg was activated in a symmetric cell for 20 cycles prior to being coupled
with Cu. (¢) Modified Aurbach measurement40 of coulombic efficiency in a Culzeolite/Mg cell. (d)
Long-term cycling of Mg||Mg and zeolite/Mg||zeolite/Mg symmetric cells. Cycling conditions are at 0.3
mA cm™ with a stripping/plating capacity of 0.3 mAh cm™.
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both interfacial resistance (Figure 6.2g) and ion transport resistance (Figure 6.2h) decrease
during the electrochemical conditioning process that typically exists in Mg electrolytes.'>> The
gradually increased bulk ion conductivity is probably due to the electrolyte wetting and/or
reconfiguration of the Mg?" solvation structure within the zeolite membrane. To further
investigate the electrochemical process at electrolyte-zeolite/Mg interface, we fitted the
impedance with a bulk electrolyte resistance (Rs) and three interfacial resistances (Figure
6.2g): zeolite membrane resistance (Rzeolite) at high frequency, SEI resistance (Rsgr) at medium
frequency, and charge transfer resistance (Rcr) at low frequency. These resistances remain
stable at different hours, confirming the superiority of zeolite membrane to stabilize Mg

plating/stripping during long-term cycling.

6.4 Highly Reversible Mg Plating/Stripping

To further examine the reversibility of the zeolite/Mg anode under realistic conditions,
we galvanostatically measured the coulombic efficiency (CE) of Mg plating/stripping of
asymmetric cells on a Cu substrate at a moderate current density of 0.3 mA cm™ and areal
capacity of 0.3 mAh cm™. The CE for zeolite/Mg quickly increases to > 98% after the initial
10 cycles and is sustained for over 160 cycles (Figure 6.6a-b and 6.7). With bare Mg, the
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Figure 6.7 Voltage profiles of (a) Cu|[Mg and (b) Cul|zeolite/Mg asymmetric cells at 0.3 mA cm™

and 0.3 mAh cm™. The zeolite/Mg electrode was activated in a symmetric cell for 20 cycles prior

to being coupled with Cu.
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Mg||Cu cell fails after only 39 cycles due to short circuits (Figure 6.6a). The CE was also

156 with an areal capacity of 1

measured with a modified Aurbach method in asymmetric cells,
mAh cm? as a Mg reservoir. With zeolite/Mg, an average 96.3% CE can be obtained (Figure
6.6¢). The long-term stability of the zeolite/Mg anode was further evaluated in symmetric cells.
We record a cell cycling lifetime of over 6000 hours (8.3 months or 3000 cycles) without
significant increase of polarization: more than 750-fold vs. that of bare Mg (Figure 6.6d). We
note the plating/stripping curves with zeolite membrane gradually changed to semi-rectangular
shape during the activation process and remain constant for thousands of hours, where the
possibility of soft short has been ruled out by previous impedance studies (Figure 6.2f-h). The
origin of this change is probably due to the difference in nucleation/growth model between
initial Mg plating/stripping and after activation, which is beyond the scope of this study and
will be examined in future studies. To the best of our knowledge, we believe this is one of the
longest lifetimes of a Mg anode in organoborate or chloride-based electrolyte. At more

challenging conditions of 0.5 mA c¢cm™ and 0.5 mAh cm™ 2, the cell still shows very stable

cycling for over 2500 hours (3.5 months or 1250 cycles; Figure 6.8).
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Figure 6.8 Long-term cycling of Mg|[Mg and zeolite/Mg||zeolite/Mg symmetric cells at 0.5 mA cm™ and
0.5 mAh cm™.
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6.5 Dendrite-free Mg Plating Morphology

To examine the Mg deposition morphology under the protection of zeolite, Cu
electrodes with plated Mg were carefully retrieved and analyzed by scanning electron
microscopy (SEM), where insulating zeolite membrane was peeled off from Cu collector prior
to the imaging experiments. A smooth and homogeneous Mg deposit was observed on Cu
protected by zeolite membrane (Figure 6.9a-c), showing a two-dimensional (2D) Mg
deposition layer merged by micro-size globules (Figure 6.9b) with nanoscale Mg nuclei
(Figure 6.9a). For the Mg deposited on the bare Cu collector (Figure 6.9d-f), to the contrary,
an inhomogeneous and three-dimensional (3D) island (Figure 6.9¢) was observed with much
larger Mg nuclei (Figure 6.9d). Such a 3D island growth of Mg was reported with similar
negative impact to dendrite growth and can easily induce the early-onset shorting of

asymmetric cells (Figure 6.6a).!*° The undesirable morphology was also observed on cycled

zeolite-protected Cu

bare Cu

Figure 6.9 (a, b, d, ¢) SEM and (¢, d) corresponding EDX images of Cu electrodes with deposited Mg
at a current density of 0.3 mA cm? (0.3 mAh cm™): (a-¢) zeolite-protected Cu and (d-f) bare Cu. Please

note the zeolite membrane was removed prior to image the Mg morphology on zeolite-protected Cu.
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Figure 6.11 (a-f) SEM images of Mg metal deposited at a current density of 0.3 mA cm? (0.3 mAh
cm™) after 10 cycles using (a-c) zeolite/Mg and (d-f) a bare Mg anode.

| 1 [ N SR

0.3 mA cm?, 0.3 mAh cm™®

Voltage (V vs. Mg?*/Mg)

—— 4A-zeolite/Mg

Figure 6.10 (a) Voltage profile of a Mg symmetric cell with a zeolite 4A/Mg anode and (b-d)
corresponding SEM images of the poorly plated Mg.

bare Mg metal foil (Figure 6.10) that can be partly ascribed to the high reactivity of free G2

solvent molecules, which decompose on the Mg surface (see XPS studies below). In contrast,
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by limiting the free G2 activity using a 3A zeolite membrane, the solvent decomposition
reaction is suppressed and yields a very smooth Mg deposition morphology. It should be noted

that the 3A pore size of the selective molecular sieves plays a key role in enabling stable
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Figure 6.12 (a and b) Depth-profiling XPS spectra in the C 1s and O 1s regions for Mg plated on the
10th cycle on (a) bare and (b) zeolite-protected anodes at 0.3 mA cm? (0.3 mAh cm™). (¢) The relative
fractions of different species identified on the cycled electrodes. The peaks of C=0 and C-O in the Cls

and Ols spectra correspond to polymeric/organic decomposition products from the G2 solvent
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cycling of these cells, as the use of 4A zeolite membrane leads to very poor Mg
plating/stripping performance and undesirable deposition morphologies (Figure 6.11). This is

discussed in detail below.

6.6 XPS studies of interfacial SEIs

The surface composition of the deposited Mg is directly correlated to electrolyte
decomposition. To prove this, we carried out high-resolution X-ray photoelectron spectroscopy
(XPS) on the topmost and Ar'-sputtered surface of retrieved Mg electrodes with/without
zeolite protection. As shown in Figure 6.12a, in the Ols region of bare Mg, a peak at 532.7
eV corresponding to polymeric/organic C=0/C-O accounts for over 62% of the peak area,
along withfeatures in the C /s region (C-O at 286.1 eV (51%) and C=0 at 289.5 eV (11 %)).
These can be ascribed to the decomposition of G2 at the Mg/electrolyte interface.’**> Two
additional peaks for Mg(OH): (531.7 eV, 32%) and MgO (530.2 eV, 6%) were also identified,
which originate from the native oxide passivation surface or trace moisture in the electrolyte.

MgF> (685.9 eV) and B-O (192.5 eV) species that result from B(Ohfip)s~ decomposition were

F 1s B 1s Mg 1s
MgO
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MgF, | D
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Figure 6.13 XPS Fl1s, Bls and Mg 1s spectra of deposited Mg metal on (a) bare Mg and (b) zeolite/Mg.
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also confirmed in the F1s and B1s region (Figure 6.13). Whereas for zeolite/Mg, the intensity
of C-O/C=0 peaks related to G2 decomposition significantly decreases in both the Cls and
Ols region (Figure 6.12b), indicating alleviated side reactions. After sputtering for 120
seconds, the percentage of these species for both bare and protected Mg significantly decreased
(Figure 6.12¢); however, the polymeric/organic fraction for zeolite/Mg is still much less than
that of bare Mg. This is further evidence of the effectiveness of the zeolite membrane in
protecting Mg from G2 decomposition on plating/stripping.

The proposed mechanism of suppressed G2 decomposition and Mg?*" diffusion

pathway via the zeolite-3A membrane is shown in Figure 6.14. The G2 molecule in the

= Mg?* >4 A
G2 \™

~. ’
e v“‘\ 5 S L’ s \’)? 2+
e g oo By Mg /(

’

e,
“ o " L / 1 _{.’
S ' | i
\\ b Al \s \\\ S h l,/
< . s 4

Bonded G2
/ on surface

N A
\ s
Ny ~ ar
\\ 4"\, k/ /\/
< \\\ \\
e 100~200 nm N ‘\"\
* 1

3 A zeolite particle . Tightly bonded

Mg2* h ‘l H,O in pores
€= BLAD ’

S
$

v WV

WA W
~2 nm

— 3 A zeolite crystal
~100 pm
3 A zeolite film
Figure 6.14 Proposed mechanism of suppressed G2 activity and Mg?* diffusion pathway. The
decreased free G2 in the zeolite membrane is due to surface adsorption by methoxy groups of G2 on
zeolite. Mg?* can diffuse either through surface adsorbed G2 along zeolite surface, or through the pores

in the zeolite crystals with the assistance of transport via H,O molecules which reside within the cages.

electrolyte cannot enter the zeolite through its 3 A windows due to its large molecular size (>
4 A diameter of the linear chain), as verified by thermogravimetric analysis (TGA, Figure
6.15a). However, glyme has been shown to strongly adsorb on the surface of zeolite crystals
by interaction between the methoxy groups of G2 and the oxygen atoms of the zeolite.!’
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Figure 6.15 (a) TG analysis of zeolites 3A and 4A. Zeolites 3A-H>O and 4A-H,O were prepared by

soaking zeolite 3A or 4A powder in H,O overnight, then filtering the suspension and drying it at 60

°C. 3 Zeolites 3A-H>0-G2 and 4A-H,0-G2 were prepared by soaking Zeolites 3A-H,O and 4A-H,O

in G2 overnight, followed by washing by THF three times, and drying the suspension at 60 °C. Before

and after soaking in G2, zeolites 3A-H,O and 4A-H,O show similar weight loss in both the 100-175

°C region and 175-300 °C region, indicating G2 is not exchanged into either 3A or 4A zeolite. Inset
shows the electrostatic surface of G2 calculated by DFT (http://atb.uqg.edu.au), indicating a cross-
sectional dimension of ~ 4.5 A. (b) TG analysis of zeolite 3A powder after mixing it with G2
overnight. Before the TGA measurement, the sample was washed with THF three times to remove
any residual surface solvent and dried in 60 °C overnight. (¢) TGA analysis of zeolite 4A powder
after mixing it with G2 overnight. Before the measurement, the sample was washed with THF three

times to remove any residual surface solvent and dried at 60 °C overnight.

Indeed, the existence of little free G2 content in the zeolite 3A membrane was clearly shown
by FTIR (Figure 6.2b). Such surface binding favorably reduces the decomposition of G2
available at the interface (Figure 6.12). Furthermore, strong interaction of G2 with the zeolite
surface would promote desolvation of the diglyme coordinated to Mg?*. In turn, this could
promote diffusion of Mg?" along the zeolite crystal surface. In addition, significant fractions
of Mg?" are readily exchanged with K" within the zeolite at room temperature (Table 6.1).
This suggests the existence of a possible second Mg*" diffusion pathway within the zeolite

1,18 which could take place by hopping along H,O molecules in the cages.®* Two

crysta
different Mg?" diffusion pathways were consistent with the solid-state Mg MAS NMR results

(Figure 6.2¢), with both G2-solvated and hydrated Mg?* showing significant mobility
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Table 6.1 EDX elemental atomic percentage of pristine zeolite 3A powder, ion-exchanged 3A, pristine
4A and ion-exchanged 4A. To prepare ion-exchanged samples, the zeolite powders were immersed in
a large excess of 0.25 M MgCl, aqueous solution at room temperature overnight. After the samples
were washed with deionized water and ethanol, the powders were dried at 60 °C in an oven overnight

prior to the EDX measurements.

Atomic percentage (%) Na Mg K Al Na/Al | Mg/Al | Na/Mg
3A 1.86 0.38 | 0.47 | 1.67 1.11 0.22 4.89
Ion-exchanged 3 A 4.29 1.12 | 0.07 | 3.71 1.15 0.30 3.83
4A 5.05 0.54 0 2.82 1.79 0.19 9.35
Ion-exchanged 4 A 8.6 2.38 0 8.6 1 0.27 3.61

at room temperature. We note that those tightly bonded H>O molecules in zeolite 3A can only
be removed well above 300 °C (Figure 6.15b), and thus are not free to react with the Mg
surface. Indeed, using zeolite 4A (where the water in the a cages is more loosely bound, see
Figure 6.15¢) in place of 3A reproducibly results in almost immediate cell failure (Figure
6.11). We speculate that here, the H,O exchanges into the electrolyte to passivate the Mg anode
by forming Mg(OH)2/MgO.

6.7 Electrochemistry of Mg||Mo3S4and Mg||[PANI Full Cells

The stability of the zeolite/Mg anode was further evaluated in prototype full cells with
Chevrel-phase M03S4 (or MoeSs) as the cathode (Figure 6.16), a widely reported material for
nonaqueous Mg batteries.*>!>%1% We first measured the cyclic voltammetry (CV) curves of
the Mo3S4/|Mg and Mg3S4|zeolite/Mg cells at a scan rate of 0.1 mV s’ (Figure 6.17a). Both
cells display similar redox behavior characteristic of the Chevrel phase; however, a slightly

higher polarization is observed for zeolite/Mg due to the insulating nature of the zeolite
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Figure 6.16 (a) XRD and (b) EDX mapping of Mo3S4 crystallites. (¢) CV curves at 0.01 mV s'and
(d) voltage profiles at C/20 of bare Mg|[Mo3S4 (Inset shows the corresponding dQ/dV curve).

membrane. The Mo3S4||zeolite/Mg cell was investigated under galvanostatic control at rates of
C/20 (1C = 128 mAh gmossa™), C/10 and C/5, providing discharge capacities of 96, 88 and

76 mAh gmossa!, respectively (Figure 6.17b). This rate performance is similar to that of a
Mos3S4||Mg cell (Figure 6.18), showing good compatibility between the zeolite membrane and
Mg anode under realistic full cell conditions. The long-term cycling stability of these full cells
was evaluated at C/5 in the voltage range of 0.2-2.4 V under the same conditions. As shown in
Figure 6.17¢, in contrast to the rapid failure of Mg|[Mo3Ss after only 16 cycles, the
zeolite/Mg||[Mo3S4 cell shows stable cycling for over 200 cycles with a capacity retention of
91%. It should be noted that MosS4 functions very well in MgCl,-based electrolytes,***** where
the Mg anode can sustain long-term Mg plating/stripping. The observed rapid shorting of the
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Mo3S4|[Mg cell in this study is mainly due to the poor stability of the bare Mg anode in
Mg(B(Ohfip)s4)2/G2.
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Figure 6.17 Electrochemical performance of full cells. (a) CV curves of Mo3S4 cathodes with bare Mg
and zeolite/Mg at a scan rate of 0.1 mV s’!. (b) Voltage profiles of Mo3S4|| zeolite/Mg at different rates
(1C = 128 mAh gmossa™). (¢) Discharge capacity and corresponding coulombic efficiency of a Mo3S4
cathode with bare Mg and zeolite/Mg as a function of cycle number at C/5. (d) First cycle of PANI||Mg
and PANI|| zeolite/Mg at C/10 (1C = 250 mA gpani™?). (e and f) SEM images and element ratios
measured by EDX of (e) bare Mg and (f) zeolite-protected Mg that were retrieved from full cells after
the initial charge. (g) Voltage profiles of PANI|| zeolite/Mg at different rates. (h) Discharge capacity
and corresponding coulombic efficiency of PANI|| zeolite/Mg and PANI|Mg as a function of cycle
number at a 2C rate. Prior to rate and long-term cycling measurements, all Mo3S4 and PANI cathodes

were activated at C/20 and C/10, respectively.
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Figure 6.18 First cycle voltage profiles of Mo3S4||[Mg at rates of C/20, C/10 and C/5 in the voltage
range 0.2 - 2.4V,

To evaluate the stability of the zeolite/Mg anode in high-voltage cells, we employed
organic polyaniline (PANI) as a platform cathode and measured the electrochemical
performance over a voltage range of 0.5-3.5 V. Cells with zeolite/Mg||PANI exhibited a charge
capacity of 127 mAh gpani™! at C/10 (1C = 250 mA gpanr’'; 6.17d). By reducing fully oxidized
PANI to its reduced state at 0.5 V in the subsequent discharge process, a much higher discharge
capacity of 305 mAh gpani™! was obtained due to the association of Mg?* cations with PANI
(Figure 6.19). In contrast, an unprotected Mg anode PANI||Mg cell shows a very high initial
charge capacity of over 806 mAh gpani!, with a subsequent discharge capacity of only 230
mAh gpani”!. The observed overcharge is resulted from the aggravated dissolution/reduction of
residual PANI monomers in the electrolyte, which shuttle through the glassfiber separator to
the anode side and react with Mg to form a carbon/nitrogen-rich interface (Figure 6.16e). Such
consumption of monomers on the anode side thus leads to the decreased discharge capacity in

the subsequent process. In the presence of the zeolite membrane on the Mg surface (Figure

156



6.17f), the shuttling effect is significantly suppressed, as verified by the much lower fraction

of carbon/nitrogen species in the EDX analysis and cleaner Mg surface after the first charge.
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Figure 6.19 EDX of pristine, charged and discharged PANI (with a zeolite/Mg anode) at C/10.
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After initial activation at C/10, the zeolite/Mg||PANI cell shows a high discharge capacity of
226 mAh gpanr! at C/2 with an average discharge voltage of 1.4 V (Figure 6.17g). This
correlates to a high energy density up to ~ 320 Wh kgpani™’. In addition, we note that Mg?"
cation association/dissociation chemistry dominates the energy storage process (Figure 6.19),
which is different from previous reported anion storage chemistry in chloride-based!¢! and
Mg(TFSI):-based!? electrolyte. This likely originates from the bulky B(Ohfip)s).” anion that
only weakly associates with PANI, compared to the smaller and electron localized C17/TFST
anion. Nonetheless, the cation-type association/dissociation chemistry of organic PANI still
obviates the sluggish Mg?" solid-state diffusion exhibited in intercalative-type inorganic
cathodes.**!* This results in a very good rate capability with a specific capacity of 210, 188
and 162 mAh gpani™! at 1C, 2C and 4C, respectively, and power density of 1320 W kgpanr! at
a 4C rate. Figure 6.17h show the long-term cycling of a PANI||zeolite/Mg full cell at a
moderate rate of 2C, demonstrating stable cycling with ~70% capacity retention for over 100
cycles, in contrast to the quick failure of PANI|| Mg due to both aggressive dissolution/shuttling
of PANI and instability of bare Mg.

6.8 Conclusions

We report a low-cost zeolite membrane as an effective protective interface for a Mg
metal anode, leading to dendrite-free and highly stable Mg plating/stripping in a 0.25 M
Mg(B(Ohfip)4)2/G2 electrolyte with a ultralong lifetime of over 6000 hours (> 8 months). The
function of this zeolite membrane is to reduce the free solvent content on the Mg/electrolyte
interface, resulting in alleviated solvent decomposition. The superiority of the zeolite
membrane-protected Mg anode is verified in full cells - with not only a prototype Mo3S4
cathode - but also a high-voltage PANI cathode owing to suppressed shuttling of free
monomers. This strategy represents a viable and cost-effective avenue for stabilizing
plating/stripping of metal anodes via interface modification, thus paving the way for the

development of high-voltage magnesium-metal batteries.
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Chapter 7 A Weakly Ion Pairing Electrolyte Designed for High Voltage Magnesium

Batteries

7.1 Introduction

Among many aforementioned unaddressed challenges for practical MMBs, designing
better electrolytes is one key to their successful commercialization.3”-*%164165 The charge-dense
Mg?* cation results in: 1) a high desolvation penalty due to the slow kinetics of ion pair
dissociation;’! and 2) very slow ion migration kinetics because of a thick SEI on the Mg surface
which impedes the interfacial charge transfer process.® Therefore, transferring electrolyte
design principles from LIBs directly to MMBs is not possible. Utilizing conventional
carbonate-based solvents and fluorinated anions such as BF4  and PFs usually results in tightly
bonded contact ion pairs (CIPs) that aggravate passivation of the Mg anode via pronounced
electrolyte decomposition.®® Classical Mg electrolytes rely on concentrated chloride species to
unlock reversible Mg plating/stripping,*® however, they are oxidatively unstable (~2.5 V vs.
Mg?**/Mg) and highly corrosive to current collectors or battery casings. Their dominant
intercalation species - MgxCly" - also lowers the energy density compared to genuine Mg>"
storage.!%%1¢7 The halide-free Mg salts with bulky alkoxyborate/aluminate or carborane anions
show high reversibility for Mg plating/stripping with over 99% coulombic efficiency (CE) and
oxidative stability over 3.5 V vs. Mg?"/Mg.>*>° however, are either expensive due to the
reagents needed for their complex synthesis and purification procedures, where trace
impurities can cause short lifetimes for Mg plating/stripping.'*":1%%16°  Conventional
magnesium bis(trifluoromethanesulfonimide) (Mg(TFSI), with high oxidative stability!'7%!"!
(approaching 4 V vs. Mg?*/Mg) contributes to large portions of CIPs that are easily reduced
during Mg plating (Figure 7.1a).1**!7217% The resulting inorganic products (for example,
MgF, amd MgS), together with other solvent-derived polymeric/organic species, lead to a thick
impedance layer on the Mg surface that passivates Mg?*/Mg charge transfer. Currently, only a

62,63,129

few studies have shown reversible Mg plating/stripping in such electrolytes, where
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Figure 7.1 Electrolyte design principles. (a) In a conventional Mg(TFSI),/DME electrolyte, the high
content of CIPs leads to the formation of transient [Mg*-TFSI] clusters which are easily reduced during
Mg plating. This results in a thick passivation layer consisting of inorganic MgF,, MgS and polymeric
organic species. The strong Mg?"-DME interaction also induces slow desolvation of Mg?*. (b) With the
presence of the TEP additive in Mg(TFSI),/DME electrolyte, the CIPs are significantly interrupted with
consequently much less decomposition of the TFSI- anion. Slow desolvation of the Mg?* solvation
sheath is still an issue, nonetheless, leading to large Mg crystal deposits. (¢) The adoption of co-ethers
changes the solvation structure of Mg?*, leading to a more facile desolvation process that allows the

formation of dendrite-free, nanoscale Mg nucleation and growth.

deeper understandings towards electrolyte network are needed to design efficient Mg(TFSI),-
based electrolytes.

In this chapter, I designed a new co-ethereal phosphate electrolyte (CEPE) system that
enables fast and highly stable Mg*/Mg redox activity at the anode and facile anion storage
chemistry at the cathode using commercial Mg(TFSI),; as the salt. A family of methyl
phosphates ((CH3)3(CH2)nPO4, n = 0 - 4) with high dielectric constants and donor numbers
were selected as electrolyte additives to interrupt [Mg?**-TFSI] CIPs (Figure 7.1b). This

results in suppressed TFSI™ reduction, which limits the thickness of the passivation layer and
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greatly lowers the voltage hysteresis for Mg plating/stripping. To further improve the Mg
anode reversibility and stability, different ethers were chosen as co-solvents to tune the Mg?*
solvation sheath, thus facilitating desolvation and nanoscale Mg nucleation/growth (Figure
7.1¢). By combining advanced spectroscopy techniques, molecular dynamics (MD)
simulations, and density-functional-theory (DFT) calculations, the Mg?" solvation structure
and its interaction with anions or solvents are disclosed in depth. The optimized CEPE
electrolytes sustain highly reversible Mg plating/stripping behavior at a range of current
densities. We demonstrate ultra-stable Mg plating/stripping for over 7000 hours (9.7 months)
at a practical current density of 2 mA cm™ and an areal capacity of 2 mAh cm™. Importantly,
the 4 V anodic stability of these electrolytes enables polyaniline||Mg full cells to run up to 3.5
V for over 400 cycles at a fast 2C rate with excellent capacity retention.

I proposed the idea, planned the experiments, performed all electrochemical
measurements and wrote the original manuscript. Dr. Rishabh D. Guha. and Dr. Kristin A.
Persson performed molecular dynamics and DFT calculation. Abhinandan Shyamsunder

performed NMR measurements.
7.2 Experimental Approaches

7.2.1 Preparation of electrolytes

Mg(TFSI). (Solvionic, 99.5%) was dried in a Buchi vacuum oven at 150 °C for over
three days. DME (Sigma-Aldrich, 99.5%), G2 (Sigma-Aldrich, 99.5%), DEE (Sigma-Aldrich,
99.5%), BTFE (Synquest Labs), TMP (Sigma-Aldrich, >99%), TEP (Sigma-Aldrich, 299.8%),
TPP (Sigma-Aldrich, 99%), TBP (Sigma-Aldrich, 299%) and TAP (Fisher scientific, 98%)
were dried by molecular sieves (Sigma-Aldrich, 3A) for over 24 hours before use. All salts,
solvents and additives were stored in an Ar-filled glove box with H>O and O levels less than
0.1 ppm. As shown in Table 7.1, a specific mass of Mg(TFSI), was mixed with various
solvents at specific volume ratios and stirred at 25 °C for 2 min to fully dissolve the salt.
Phosphate additives were added to the above solution and continuously stirred for half an hour

to obtain the electrolytes.
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Table 7.1 The compositions of different electrolytes. To prepare each electrolyte, 0.5 mmol Mg(TFSI),
was dissolved in 1 ml ethereal solvent with/out additional 0.1 ml TEP, to yield a total electrolyte volume

of ~1.2 ml and a molarity of ~ 0.4 M.

Electrolytes Solvents
(0.4 M Mg(TFSI)2) | DME (vol%) | G2 (vol%) BTFE (vol%) TEP (vol%)
Mg(TFSI)/DME 100 - - -
Mg(TFSI)./DME:TEP 100 - - 10
Mg(TFSI)./CEPE 47.5 47.5 5 10

7.2.2 Electrochemical measurements

Coin cells (2032) were used in this study. Mg foils were polished by sandpaper before
being punched into small disks (diameter: 12.7 mm) for cell assembly, and glass fiber
separators were used (diameter: 16 mm) with 100 pL electrolyte in each cell. A VMP3
potentiostat/galvanostat station (Bio-Logic) was employed for linear sweep voltammetry (LSV)
studies at a sweep rate of 5 mV s’!, using three-electrode PFA-based Swagelok-type cells with
Mg as the reference electrode, and Al foil (diameter: 11 mm) as both working and counter
electrodes.

To accurately measure the coulombic efficiency, Mg||Au asymmetric cells were
assembled and tested based on a previously reported protocol. Specifically, the Au substrates
(diameter: 11 mm) were preconditioned for 10 cycles at a current density of 0.5 mA cm 2 with
plating for 15 min and stripping at a cut-off voltage of 1.5 V. Another 15 min Mg plating cycle
was used to establish a reservoir (Qr), followed by 3 min stripping/plating (Q.) for 10 cycles
(n), and a final complete strip (Qs) at 1.5 V. The average CE can be calculated as (nQ. +
Qo)/(nQc + Q).

For PANI||Mg or PTO|Mg full cells, PANI (Fisher Scientific, emeraldine base) or PTO
(Chemscene) was first ball milled with Ketjen black™ carbon at a weight ratio of 4:5 for 100
min at 250 rpm. Then, the PANI electrode was fabricated by mixing the above mixture with

polytetrafluoroethylene (Sigma-Aldrich, 60 wt% dispersion in H>O) at a weight ratio of 9:1
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using isopropanol as the dispersion agent. Due to the poor electronic conductivity, the
relatively high carbon content is used to fabricate electrodes based on previous studies. The
obtained free-standing PANI cathode was dried at 60 °C overnight and punched into small
disks (diameter: 8 mm) with an active material loading of around 2.5 mg cm™. The cathode
was pressed on Ti mesh (diameter: 1 1mm) before being tested in full cells under different C-
rates at 25 °C.

The charge transfer resistance of two-electrode Mg|[Mg symmetric coin cells in
different electrolytes was measured by electrochemical impedance spectroscopy (EIS) with a
voltage amplitude of 10 mV in the frequency range of 1 MHz to 100 mHz. The cell was cycled
for 10 cycles at 0.1 mA cm™ (0.1 mAh cm™) and rested for 10 min to reach equilibrium before
the EIS measurement. All equivalent circuit fits were performed using the RelaxIS software

package V3.

7.2.3 Materials Characterization

Raman spectra were collected using a 532 nm laser (Raman HORIBA HR800). Spectra
were obtained using 3-5 accumulations with a total acquisition time ranging from 10-20
minutes under a 10x objective lens. NMR experiments were carried on a Bruker Advance 300
MHz instrument. The scanning electron microscopy (SEM) images of Mg plating/stripping
morphologies and energy-dispersive X-ray spectra (EDX) were collected on a Zeiss Ultra field
emission SEM instrument. XPS experiments were conducted on a Thermo Scientific K-Alpha
XPS instrument. CasaXPS software was used to conduct XPS data analysis, where the C /s
peak of 284.8 eV was used to calibrate the binding energies. Spectral fitting was based on
Gaussian-Lorentzian functions and a Shirley-type background.

TEM sample preparation was performed by the Canadian Centre for Electron
Microscopy using a Zeiss Crossbeam 350 FIB-SEM. Due to the suspected sensitivity of the
surface material to both the ion and electron beams, the samples were coated with a relatively
thick plasma-sputtered chromium coating prior to the FIB-SEM work. This coating protected
the surface during the electron beam-induced deposition and subsequent ion beam-induced
deposition of the tungsten protection layer. The TEM samples were extracted from the particles
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by conventional FIB methods. The thinning necessary for electron transmission was performed
under cryogenic conditions at approximately -135°C. The final ion beam probe of the 30 kV
thinning was 40 pA. This was followed by a ~7° glancing-angle low voltage cleaning step
applied to both sides with a 2 kV 50 pA ion beam. The resulting TEM sample was loaded into
a Spectra Ultra 30-300kV TEM (Thermo Fisher Scientific) equipped with a Cs probe and
image aberration correctors that was operated at 200 kV. An attached Ultra-X EDS detector
was used to map Mg interface and collect EELS data. The EDS Maps were post-processed
using Velox Software. All electrodes disassembled from the cells were washed three times

with DME and dried at room temperature in vacuo overnight before each study.

7.3 Highly reversible and stable Mg plating/stripping in CEPE

We considered three electrolytes to evaluate their Mg plating/stripping behavior: a) 0.4
M Mg(TFSI)/DME as the baseline conventional electrolyte; b) 0.4 M Mg(TFSI).,/DME:
triethyl phosphate (TEP) [10:1 in vol, denoted as Mg(TFSI)/DME:TEP]; and c) tailor-
designed Mg(TFSI)2/CEPE [0.4 M Mg(TFSI)./DME: diethylene glycol dimethyl ether (G2):
bis(2,2,2-trifluoroethyl) ether (BTFE): TEP, 19:19:2:4 in vol]. Instead of
alkoxyborate/aluminate or carborane-based Mg salts, commercially available Mg(TFSI), was
chosen as the target salt, both on the basis of cost and owing to its strong ion pairing in ether-
type electrolytes which we sought to disrupt with electrolyte design. TEP was chosen as a
stronger coordinating solvent than glyme, while BTFE is a non-coordinating solvent. These
choices of salt and solvents give us a good platform to understand the effect of cation/anion-
solvent interaction on interfacial charge transfer in Mg plating/stripping. Figure 7.2a, b shows
the voltage profiles of these electrolytes in Mg||Mg symmetric cells at a current density of 0.1
mA cm. In Mg(TFSI)2/CEPE, a very low Mg plating/stripping overpotential of ~ 0.15 V was
obtained - nearly two-fold lower than in Mg(TFSI),/DME:TEP (~ 0.3 V) - whereas in
Mg(TFSI)2/DME more than a magnitude higher overpotential of ~ 1.85 V was observed. The
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superiority of Mg(TFSI),/CEPE was further confirmed by the fast-kinetics of Mg
plating/stripping at different current densities (Figure 7.2¢ and 7.3), which reveals a low Mg
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Figure 7.2 (a, b) The 10" voltage profiles of Mg|[Mg symmetric cells with different electrolytes at a
current density of 0.1 mA cm? for 1.0 h, with (b) the magnified views of circled regions. (¢) Rate
performance of Mg|[Mg symmetric cells. The areal capacity was fixed at 0.1 mAh cm?, and the
stripping overpotential at the central point was collected. (d) Long-term stability of Mg
plating/stripping in different electrolytes at 2 mA cm™ (2 mAh cm™). The rectangular profile with an
overpotential of 0.5 V in the symmetric cell at ultra-long cycling times is characteristic of a low energy
for nucleation of Mg on Mg metal that is not fully stripped on the previous cycle and after thousands
of hours, accumulates. (e¢) Voltage profiles of Mg||Au asymmetric cells with different electrolytes at
0.5 mA cm™. (f) Nyquist plots of the Mg|[Mg symmetric cell after 10 cycles in TEP-based electrolytes.
The data were fit (shown by line) with the indicated equivalent circuit.
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plating/stripping overpotential of < 0.5 V even at a high current density of 10 mA cm?. In
contrast, the cell with Mg(TFSI)/DME:TEP quickly shorted at 1 m A cm™ (Figure 7.2¢) and
Mg(TFSI)/DME shows a continuously high overpotential up to ~ 3.5 V (Figure 7.4).
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Figure 7.4 Selected voltage profiles of TEP-based electrolytes at different current densities in Mg
symmetric cells: (a) Mg(TFSI),/DME:TEP; (b) Mg(TFSI),/CEPE.
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While we observe improved Mg reversibility with TEP, the stability of the Mg anode
during long-term cycling is of even greater importance.®*%6312 We investigated Mg|Mg
symmetric cell behaviour in different electrolytes. At a practical current density of 2 mA cm™
and areal capacity of 2 mAh cm™ (Figure 7.2d), Mg(TFSI)/DME and Mg(TFSI)/DME:TEP
undergo rapid short circuiting of cells after only 2 and 12 hours, respectively. In contrast, cells
employing Mg(TFSI),/CEPE undergo robust stripping/plating for over 7000 hours (9.7
months) without significant increase in voltage hysteresis, and exhibit a total cumulative
capacity of over 10 Ah/cm™. The overpotential of Mg plating/stripping stabilizes at around 500
mV with no significant sudden voltage drops, ruling out the possibility of (soft) short circuits,

as also confirmed by a charge transfer resistance of about 400 Q attained after 7000 hours
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Figure 7.5 Nyquist plot of a Mg||[Mg symmetric cell in Mg(TFSI)/CEPE after 7000 hours at 2 mA
cm? and 2 mAh cm™?. The measurement was conducted immediately after cycling to prevent the
potential overlook for any soft short, because resting the cell may cause the soft short can not be
discovered as demonstrated in previous work.” The exhibited charge transfer resistance of around 400

Q confirms the absence of any (soft) short.
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(Figure 7.5). To the best of our knowledge, this represents unprecedented stability and
performance of Mg plating/stripping under such demanding conditions, suggesting good
promise for long-life practical MMBs. The coulombic efficiency (CE) of Mg plating/stripping
was investigated using Mg||Au asymmetric cells by a modified Aurbach method reported by
Zhang et al.'>® The highest CE of 95.2% was achieved in Mg(TFSI),/CEPE (Figure 7.2e),
which is significantly greater that of Mg(TFSI)./DME:TEP (70.9%). The baseline
Mg(TFSI)/DME electrolyte, in contrast, shows very limited Mg plating/stripping reversibility
with only 6.1% CE due to pronounced electrolyte decomposition. While the increase in CE in
moving from DME/TEP to CEPE is remarkable, the latter value is not quite as high as achieved
in bulky-anion salt alkoxyborate/aluminate or carborane-based electrolytes. This is probably

due to the persistence of a low fraction of [Mg?'-TFSI'] contact-ion pairs (despite the major
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Figure 7.6 The ionic conductivity of different electrolytes measured in Pt||Pt symmetric cells using 1

M LiPF¢ in EC/DMC (10 mS c¢cm™) as the reference electrolyte.
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disruption of their formation, see discussion below), which are more easily reduced on the Mg
surface.
The charge transfer process at the Mg/electrolyte interface was further explored by

electrochemical impedance spectroscopy (EIS) studies (Figure 7.2f). In Mg(TFSI)./CEPE, a
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Figure 7.7 Nyquist plots of a Mg||Mg symmetric cell after 10 cycles in Mg(TFSI),/DME. The data

were fit (shown by line) with the indicated equivalent circuit.

very low charge transfer resistance (Rcr) was observed in a Mg||Mg symmetric cell, consistent
with its superior rate performance. On the other hand, Mg(TFSI),/DME:TEP, despite
exhibiting the highest ionic conductivities of 6.4 mS cm™ among three electrolytes (Figure
7.6), shows significantly higher Rcr than Mg(TFSI),/CEPE. This suggests interfacial
electrochemistry plays a dominant role during Mg plating/stripping. Indeed, diffusion-limited
tails ascribed to ion diffusion via as-formed interfacial Mg?*-conducting SEIs'”* were observed
in the low-frequency region in both electrolytes. In Mg(TFSI)./DME, however, the very large

charge transfer resistance is similar to that of many previous reports (Figure 7.7).!2%!% This is
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due to electrolyte decomposition on the Mg surface that forms an interfacial (Mg?'-insulating)

passivation layer, which leads to the absence of a diffusion-limited tail.
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Figure 7.8 (a, b) The initial five plating profiles of Mg(TFSI)»/DME in Mg|Mg symmetric cells with
different DME:TEP ratios at a current density of 0.1 mA c¢cm™ (b) corresponding Raman spectra of
different electrolytes in the 700-770 cm™ range (the overall fit (black) has three components: TEP-
green, SSIPs-pink and CIPs-blue). All fits were based on a Lorentzian peak function with coefficient
of determination R% > 0.997. (¢) The Mg plating overpotential and the ratio of CIP content as a function
of DME:TEP ratio. (d, €) SEM images and EDX mappings of plated Mg in (d) Mg(TFSI),/DME:TEP
and (e) Mg(TFSI)o/DME. (f) DFT calculations of C-S bond dissociation energies of [Mg?"-TFSI"] and
transient [Mg'-TFSI'] CIPs in different coordinating environments with the explicit solvent

coordinated structure shown on the right.
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7.4 Minimized anion activity by phosphates

The role of TEP in CEPE was systematically explored by controlling the DME:TEP
ratio, which is directly correlated to Mg?*/Mg redox activity. Figure 7.8a shows the Mg plating
curves of the initial five cycles of Mg|[Mg symmetric cells with different DME:TEP ratios.
The Mg plating overpotential shows a TEP concentration-dependent behavior, identifying a
DME:TEP ratio of 50:3 as an effective “sweet” spot to unlock fast Mg plating/stripping. This
is directly correlated to the CIP fraction in the electrolytes, as revealed by fitting Raman spectra
of the TFSI" band in the 700-770 cm™! region based on a well-established theory of SSIPs and
CIPs (Figure 7.8b).'2%!%” An abrupt decrease in CIP fraction from 40% to < 30% is observed
in DME:TEP (50:3), matching the sharp drop in plating overpotential to -0.32 V (Figure 7.8c).
This indicates a threshold in CIP fraction where facile Mg?>*/Mg redox activity is unlocked
below that limit, and Mg?" desolvation from coordinated solvents at the interface starts to play
a critical role (see below). Indeed, previous studies report that significant reduction of CIPs at
the Mg surface suppresses TFSI activity.!”? This is verified by the remarkable decrease of F/S
signals from decomposed TFSI in the energy-dispersive X-ray spectra (EDX, Figure 7.8d) of
Mg(TFSI)/DME:TEP, in contrast to the strong F/S signals in Mg(TFSI)./DME (Figure 7.8e).

To reveal the functionality of TEP in suppressing anion reduction activity, density-
functional-theory (DFT) calculations were performed. In an implicit solvent,
thermodynamically endergonic C-S bond dissociation was observed in the [Mg?*-TFSI'] CIPs
(bond dissociation energy (BDE): 2.37 eV, Figure 7.8f), whereas partially reduced transient
[Mg'-TFSI] CIPs show exergonic C-S bond dissociation (BDE: -1.25 €V), consistent with
previous studies.!” The C-S bond dissociation accompanies complete reduction of Mg" to Mg°
(Figure 7.9) and essentially enables an irreversible plating process. More exergonic C-S bond
cleavage was obtained for [Mg"-TFSI'] CIPs surrounded by one explicit DME (BDE: -1.97 eV)
or G2 molecule (BDE: -2.21 eV), emphasizing the co-solvation during charge transfer does
not protect the TFSI™ anions from reduction. The BDE is also exergonic (-1.51 eV) for a
transient CIP surrounded by an explicit TEP molecule. In the molecular dynamics (MD) results
(see below), the paired Mg fraction decreases by ~50% in the CEPE system when compared

to the Mg(TFSI),:DME system. These results, in conjunction with the Raman spectra (Figure
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Figure 7.9 Unpaired electron spin densities and electronic energies for potential products after
dissociation of partially reduced CIP. (a) radical with 1 unpaired electron; (b) radical with 2 unpaired
electrons; (c) radical with 0 unpaired electrons. The lowest energy radical (¢) is assumed to be the

dissociation product for the BDE calculations of the partially reduced CIP.

7.8b), confirm that the introduction of TEP successfully outcompetes the TFSI™ anions in the
first solvation shell and significantly reduces the CIP concentration. Nonetheless, it is not
reduced to zero. While the residual CIPs in CEPE could still induce limited anion
decomposition, this may be further inhibited by applying interfacial protective coatings on the
Mg surface, or by additional electrolyte design that is beyond the scope of this work.

Similar effects on activating reversible Mg?*/Mg redox in single DME solvent extends
to other phosphates with a formula of (CH3)3(CH2),PO4 (n=0 - 4, Figure 7.10). The co-ether
engineering approach functions similarly (for example, TMP with n = 0), albeit with poorer
rate characteristics relative to TEP (Figure 7.11). Nonetheless, these phosphates with different
numbers of methylene groups can behave very differently. Previous reports indicate TMP
primarily displaces one DME from the Mg?* solvation structure to suppress DME reduction

by forming TMP-reduced SEIs,**!'* however, significant TFSI" decomposition still occurs
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Figure 7.10 Galvanostatic cycling of Mg symmetric cells with different phosphates. (a)
Mg(TFSI)./DME;  (b)  Mg(TFSI)/DME:TMP;  (¢)  Mg(TFSI)/DME:TEP;  (d)
Mg(TFSI).,/DME:TPP; (e) Mg(TFSI)»/DME:TBP; (f) Mg(TFSI),/DME:TAP. The current
density is 0.1 mA cm™ with an areal capacity of 0.1 mAh ¢cm™. The DME: phosphate ratio is

10:1 in all cases.

during Mg plating/stripping. The greater steric effect created by methylene groups in TEP may

play a pivotal role in controlling interfacial activity of both TFSI™ anion and these phosphates.
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This directly relates to the electrochemical stability of the electrolytes (see the discussion
below). More importantly, adding these phosphates to a single ether solvent (DME) delivers
poor Mg anode stability even at a low current density of 0.1 mA ¢cm™ and areal capacity of 0.1
mAh cm? (Figure 7.10), which is inadequate for practically fast-charging Mg batteries. The
optimized CEPE in this study represents a universal strategy to achieve benchmark-level Mg
plating/stripping performance that applies to different phosphates (Figure 7.11). We further
reveal the critical role of co-ethers in Mg(TFSI)»/CEPE to modify the Mg?" solvation structure
and plating/stripping morphology below.
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Figure 7.11 Electrochemical performance of Mg plating/stripping in TMP-based electrolytes. (a) The
20" voltage profiles of Mg||Mg symmetric cells with different electrolytes at a current density of 0.1
mA cm™ for 1 h. (b) Rate performance of Mg||[Mg symmetric cells.

7.5 Optimized solvation structures of Mg?*

We carried out nuclear magnetic resonance (NMR) spectroscopy to understand the
solvation structure of the electrolytes in these CEPE systems. Figure 7.12a displays the '*C
NMR spectra of various electrolytes at 298 K. In both Mg(TFSI)/CEPE and
Mg(TFSI)2/DME:TEP, the Mg**- TEP interaction leads to high frequency shifts of the -CH»-
groups in TEP by ~ 3.7 and ~ 3.4 ppm, respectively. This interaction is much stronger than that
of Mg**-DME in Mg(TFSI)2/DME that provokes only a 0.5 ppm low frequency shift of the
DME -CHa- group. This strong Mg?*-TEP interaction results in a large decrease of the full

174



width at half maximum (FWHM) of DME (-CH>- signal) by around 60%, a clear indication of
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Figure 7.12 (a) 3C NMR spectra of different electrolytes with/out Mg(TFSI), at 298 K. (b) MD
simulations of Mg?* coordination environments in different electrolytes. The y-axis indicates either
the average coordination numbers or the fraction of Mg?* clusters. (¢) DFT calculations of binding
energies of predominant Mg?" solvation shells. (d, €) Variable temperature *'P and 'H NMR spectra in
(d) Mg(TFSI),/CEPE and (e) Mg(TFSI).,/DME:TEP. Smaller peaks that were observed at lower
temperature are indicated by black arrows. (f) Raman spectra of various electrolytes in regions of 775-

950 cm™'.
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much lesser CIP fraction. This is in perfect accord with Raman analysis (Figure 7.13). A
similar Mg -TEP interaction was observed in both Mg(TFSI)/CEPE and
Mg(TFSI)./DME:TEP electrolytes (Figure 7.14), suggesting the consistent effect of reducing
CIPs in all electrolytes with the presence of TEP.

a b 50
— 40 - J
Q)
3 g
g g 30
= 8
—
2 g 20
i) o
= a
O 104
0

700 710 720 730 740 750 760 770 Mg(TFSI),/DME Mg(TFSI),/DME:TEP Mg(TFSI),/CEPE
Raman shift (cm™) Electrolyte

Figure 7.14 Raman analysis of different electrolytes. (a) Fitted Raman spectra of different

electrolytes in the region of 700-770 cm. (b) CIP fraction in different electrolytes.
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Figure 7.13 *'P NMR spectra of Mg(TFSI),/DME:TEP and Mg(TFSI)»/CEPE at 298 K.

The reduction in CIP formation by TEP is further upheld by classical MD simulations
(Figure 7.12b). The average Mg**-TEP coordination increases from ~0.8 in Mg(TFSI)2/DME:
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TEP to ~1.1 in Mg(TFSI)2/CEPE. The fractions of isolated and paired Mg** ions - defined by
solvation shells with zero and one TFSI" anion - were also calculated. The paired Mg*" fractions
from MD closely matches with the experimental CIP concentrations, which is especially
impressive with a non-polarizable forcefield: the average paired Mg?* fraction decreases from
~ 0.45 in Mg(TFSI)/DME (experimental CIP concentration: ~40%) to ~ 0.26 in
Mg(TFSI)./CEPE (experimental CIP concentration: ~23%). These results provide strong
support to the experiment results and confirm the decrease of CIPs in both the
Mg(TFSI)/DME:TEP and Mg(TFSI),/CEPE electrolytes.

DFT calculations were further performed to calculate the binding energies of the
predominant clusters in these electrolytes. The results in Figure 7.12¢ demonstrate that the
clusters with CIPs in the solvation shells (hatched bars) consistently exhibit a greater binding
energy than the fully solvent-coordinated Mg?*, in turn suggesting a higher desolvation energy
for the charge transfer process.!’®!7” The direct correlation between binding and desolvation
energy is already established.!” The trends in Figure 7.12¢ indicate that the large decrease in
CIPs and increase in exclusively solvent-coordinated Mg?* solvated clusters promote a facile
desolvation process during charge transfer.!” The results also affirm that the observed fast
kinetics of Mg plating/stripping in the CEPE system is induced by higher exchange current
densities and surface energies which in turn promotes uniform Mg electrodeposition (see
below).!7

The bulk dynamics of ethers and TEP in these electrolytes were explored by conducting
variable temperature NMR. In both *'P and 'H spectra of Mg(TFSI)/CEPE, no new peaks
were found at low temperature (Figure 7.12d). In Mg(TFSI),/DME:TEP, however, the single
31P resonance at 298 K was gradually split into two at below 273 K (Figure 7.12e), along with
the appearance of more -CH3 and -CHa- signals of TEP in 'H spectra at low temperature
(Figure 7.15). This peak splitting suggests Mg®" is undercoordinated with TEP (eg. fewer
Mg?*-TEP bonds in the presumably six-coordinated Mg?* solvation sheath). In addition, the
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Figure 7.15 HSQC plot of Mg(TFSI)/DME:TEP at 263 K with 'H spectra at the top and '*C spectra at
the left.
Mg?*-DME interaction in Mg(TFSI)./DME:TEP shows similar undercoordination with two
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new higher-frequency peaks appearing in 'H spectra below 273 K, which were assigned to the
-CHz- and -CH3 groups of DME by carrying out a Heteronuclear Single Quantum Coherence
(HSQC) experiment (Figure 7.16). These new peaks can be ascribed to the slow exchange rate
of DME molecules in different bound environments, leading to the peak separation at low
temperatures.'**!%° The addition of G2 and BTFE in Mg(TFSI)./CEPE effectively enhances
the exchange rate, owing to the absence of such undercoordination behavior. This is because
G2 is known to exchange much faster than DME while BTFE barely coordinates with Mg?*,
in turn indicating decreased Mg**-glyme interaction by co-ethers. This is verified by the blue
shift and decreased intensity of coordinated glyme signals in the Raman spectra (Figure
7.121).'%° As a consequence, a lower desolvation penalty can be expected in Mg(TFSI)»/CEPE,
which explains the much enhanced kinetics of Mg plating/stripping relative to

Mg(TFSI),/DME:TEP.

7.6 Tuning nanoscale and dendrite-free Mg plating/stripping morphology

Electrolyte

11l i

Pristine Mg

Figure 7.17 (a-d) Plated Mg morphologies (insets are the images of representative Mg globules with
estimated thickness from a tilt angle of 60°). (e-f) Schematic illustration of stripping current distribution
on plated Mg. g-h, Fully stripped Mg morphologies in different electrolytes: (a, ¢, e, g)
Mg(TFSI),/CEPE; (b, d, f, h) Mg(TFSI),/DME:TEP. All electrodes were retrieved from the Mg||Mg

symmetric cells that were cycled at a current density of 1 mA cm™ and areal capacity of 1 mAh cm?,

To delve more into the function of co-ethers in sustained long-term Mg

plating/stripping, we used scanning electron microscopy (SEM) coupled with EDX to probe
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the Mg electrodes retrieved from the Mg||Mg symmetric cells. In Mg(TFSI),/CEPE, nanoscale
Mg nuclei of around 10 nm were observed with much smoother surface morphology that
merged in globules (Figure 7.17a, ¢). In Mg(TFSI)/DME:TEP, however, Mg deposits as
microscale flaky crystals with a dimension of ~500 nm (Figure 7.17b, d). Mg plated in
Mg(TFSI)>/DME vyielded a spherical morphology of core-shell multilayers (Figure 7.8e and
7.18). The nanoscale nucleation and growth in Mg(TFSI)2/CEPE leads to denser and thinner

Figure 7.18 SEM images of plated Mg in Mg(TFSI),/DME.

hemisphere deposition with a thickness of ~ 20 um, in contrast to ~ 60 um in
Mg(TFSI)2/DME:TEP. The uniform deposition in CEPE can be attributed to the increase in
isolated Mg?" clusters with lower binding energies and weakened Mg?*-DME interactions
(Figure 7.12) that results in a faster desolvation process at the Mg/electrolyte interface. We
thus expected a more homogeneous distribution of local interfacial currents during stripping
(Figure 7.17e, f), which was verified by the smoother and cleaner stripping morphologies in
Mg(TFSI)./CEPE (Figure 7.17g). In Mg(TFSI)./DME:TEP, by comparison, large quantities
of cracked Mg globules were observed on the cycled electrode (Figure 7.17h). We believe that
voids can be formed between the flaky crystals due to a non-uniform distribution of stripping
current (Figure 7.19), which leads to electrolyte penetration through the plated Mg globules
and results in inactive Mg.'®! With continuous plating/stripping, the accumulation of cracked

globules leads to a mossy surface that can easily induce short circuits (Figure 7.20). Therefore,
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Mg||Mg symmetric cells show outstanding stability with Mg(TFSI)./CEPE but quickly short
with Mg(TFSI),/DME:TEP.

Mg(TFSI),/DME:TEP Mg(TFSI),/CEPE

Figure 7.20 SEM images of a half-stripped Mg electrode in TEP-based electrolytes: (a)
Mg(TFSI)./DME:TEP; (b) Mg(TFSI),/CEPE.

Mg(TFSI),/DME:TEP Mg(TFSI),/CEPE

Figure 7.19 SEM images of multiple-cycled Mg in TEP-based electrolytes: (a) Mg(TFSI)./DME:TEP after
10 cycles; (b) Mg(TFSI),/CEPE after 50 cycles.
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7.7 Interfacial SEI chemistry on plated Mg surface

High-resolution X-ray photoelectron spectroscopy (XPS) was used to investigate SEI
compositions on the plated Mg surface in different electrolytes. For Mg cycled in the baseline
Mg(TFSI)./DME (Figure 7.21a), we observed abundant surface species including MgF»
(688.5¢eV, F Is), MgS (163.2 eV, S 2p), -CF (686.2 ¢V, F Is) and -SO, (x <2, 167.4 eV, S 2p).
These likely result from the reduction of TFSI™ anions. In addition, F-rich -CF3 (688.6 eV, F
1s) and -SO» (169.2 eV, S 2p) signals imply copious adsorption of TFSI" anions on the Mg
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Figure 7.21 (a) XPS spectra of bare Mg and plated Mg in different electrolytes. (b, ¢) Atomic
concentration of different TFSI-related species on the plated Mg surface and (c) magnified view of the

circled region.

surface (Figure 7.21b). These results correlate with the large fraction of CIPs in the electrolyte,

which facilitates the adsorption and reduction of TFSI" on the Mg surface to form the
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passivation layer. Owing to the significantly decreased CIPs in Mg(TFSI),/DME:TEP,
intensities in the Fls and S 2p region are greatly diminished on plating Mg, showing effective
suppression of these anion-related species. In Mg(TFSI),/CEPE, no evident anion-derived

species were observed. We attribute this to the G2-optimized solvation structure and the

-S0,

Mg(TFS|)2/CEPE CF (TFSI) -SOx (x<2)
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Figure 7.22 XPS analysis of plated Mg in Mg(TFSI),/CEPE with/out BTFE. (a) F 1s and S 2p XPS
spectra of plated Mg. (b) Atomic concentration of different TFST-related species on the plated Mg
surface. The electrolyte composition of Mg(TFSI),/CEPE without BTFE is: 04 M
Mg(TFSI),/DME:G2:TEP (5:5:1 in vol).

adsorption of BTFE on the Mg surface that further suppresses the decomposition of TFSI”

(Figure 7.21¢). Indeed, the Mg(TFSI),/CEPE without trace BTFE shows more electrolyte

decomposition products  (Figure 7.22), with significantly lower kinetics of Mg
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plating/stripping (Figure 7.23). In addition, no phosphorus signals were found for electrodes
retrieved from both Mg(TFSI)/DME:TEP and Mg(TFSI)./CEPE (Figure 7.24), suggesting

TEP is not decomposed. This is in strong contrast to previous studies on the TMP additive that
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Figure 7.23 Electrochemical performance of Mg plating/stripping in Mg(TFSI),/CEPE with/out
BTFE. (a) Rate performance of Mg|[Mg symmetric cells. The areal capacity was fixed as 0.1 mAh
cm?, and the stripping overpotential at the central point was collected. (b) Nyquist plots of Mg||Mg

symmetric cell after 10 cycles. The data were fit (shown by line) with the indicated equivalent

circuit.
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showed its extensive reduction to form a Mg3(PO4),-rich interface,*>!?° which implies additive
consumption causes the continuous increase of voltage hysteresis during Mg plating/stripping.
While it is surprising that the additional -CHz group in TEP results in remarkably increased
stability against electrochemical reduction, we speculate that this originates from a steric
effect. This results in different Mg?" solvation structures that presumably exist with higher

stability.'®? Identifying the exact origin of this difference is beyond the scope of this work and
will be part of a future study.
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Figure 7.25 (a-c) STEM-HAADF images with Cr coating (white) on top of Mg samples (black) and
corresponding EDX chemical maps with Mg/S and Mg/F overlap. (d-f) distribution of F and S by EELS
line scan analysis taken along the indicated lines shown in STEM-HADDF images. (a, d)
Mg(TFSI),/CEPE; (b, e) Mg(TFSI),/DME:TEP; (¢, f) Mg(TFSI),/DME.

The structural characteristics and chemical mapping of these interfaces formed on Mg
were further probed using cryogenic focused ion beam (Cryo-FIB) milling and transmission
electron microscopy (TEM). Figure 7.25a, b shows the high-angle annular dark-field
(HADDF) images at the surface of Mg deposited in Mg(TFSI),/CEPE and
Mg(TFSI)/DME:TEP, along with color maps showing the Mg/S and Mg/F elemental
distribution. Trace amounts of S and F can be observed on the Mg surface that originate from

the formation of a very thin SEI. This is in good accord with the XPS results above. The
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thickness cannot be well defined due to the low quantity of S/F present that is comparable to
the background noise. In contrast, in baseline Mg(TFSI)./DME (Figure 7.25c¢), a ~30 nm thick
S-rich and F-rich passivation layer is formed. In addition to the accumulation of S/F at the
interface, significant amounts decorate the underlying Mg region. In both
Mg(TFSI)/DME:TEP and Mg(TFSI),/CEPE, the S/F species were greatly diminished at both
surface and Mg region, as confirmed by EELS line scan analysis (Figure 7.25d-f and 7.26).
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Figure 7.26 The elemental distribution of an EDX line scan analysis taken along the indicated lines

shown in the STEM-HADDF images in Figure. 7.25

7.8 High-voltage stability in Mg-organic full cells

To assess the anodic stability of the CEPEs, linear scan voltammetry (LSV) was
performed on three-electrode cells with commercial Al foil as a working/counter electrode and
Mg as the reference electrode at a slow scan rate of 5 mV s, as commonly utilized. All
electrolytes exhibit an oxidation stability of around 4 V on Al foil (Figure 7.27a), consistent
with previously reported Mg(TFSI)./glyme electrolyte systems. We chose polyaniline (PANI)
as a readily available, high-voltage (~ 2.3 V) organic cathode material to benchmark the
oxidative stability of the Mg(TFSI)./CEPE system. We demonstrate the cycling of a PANI|Mg
cell up to a high cut-off voltage of 3.5 V (Figure 7.27b), providing a specific discharge
capacity of 250 mAh gpani™! at C/10 (1C = 250 mA gpani’') with an average discharge voltage
of ~2.05 V. The dominant TFSI" anion storage chemistry is confirmed by EDX analysis
(Figure 7.28), in accord with previous studies. A very large specific capacity of PANI is
obtained in due to CEPE’s good oxidative stability, whereas the use of chloride-based

electrolytes in previous studies limits PANI’s high-voltage application and hence gave rise to
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a low specific capacity of less than 150 mAh gpani”! in the range of 0.1-2.8 V.!®! More
importantly, PANI in Mg(TFSI),/CEPE shows excellent rate capability, with a capacity of 239,
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Figure 7.27 (a) LSV curves of Mg(TFSI),/CEPE and Mg(TFSI)./DME at a scan rate of 5 mV s™'. The
onset of oxidation in CEPE is slightly higher at 4.16 V. (b, ¢) Charge-discharge curve of PANI||Mg
cells at different rates (1C = 250 mA gpani™') in (b) Mg(TFSI)»/CEPE and (¢) Mg(TFSI)/DME. (d)
Long-term cycling of PANI||Mg cells at 2C in different electrolytes.
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Figure 7.28 SEM and EDX of (a) pristine, (b) charged and (c) discharged PANI in Mg(TFSI),/CEPE
at C/10.
215, and 165 mAh gpani’!' at C/2, 1C, and 2C, respectively. In the baseline Mg(TFSI),/DME

electrolyte, however, a high voltage polarization of around 2.08 V was observed for the
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PANI||Mg cell at C/10 (Figure 7.27¢), yielding a discharge capacity of only 120 mAh g™'. The
long-term cycling stability of PANI||Mg cell was further investigated at a 2C rate (Figure
7.27d). In Mg(TFSI)2/CEPE, the cell retains a high discharge capacity of ~ 113 mAh g'! with
99% CE after 400 cycles, corresponding to a capacity retention of over 72%. In contrast, a low
discharge capacity of only 65 mAh g! was obtained in Mg(TFSI),/DME, which quickly drops
to around 24 mAh g! after 200 cycles due to the poor kinetics of Mg plating/stripping. The
desirable performance of PANI in CEPE under high voltage conditions confirms the high
oxidative stability of CEPE and suggests a facile anion desolvation process due to suppressed
CIP formation. This in turn simultaneously results in fast desolvation of Mg?" at the cathode
side, as proven by using an n-type pyrene-4,5,9,10-tetraone (PTO) cathode that also shows
good rate performance (Figure 7.29). However, the PTO|Mg cell shows limited cycling
stability due to the relatively high solubility of MgiPTO as reported,Error! Bookmark not defined. 514

was not pursued further in this study.
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Figure 7.29 Charge-discharge curve of PTO|[Mg cells at different rates (1C = 408 mA gpro™)

in Mg(TFSI),/CEPE

7.9 Conclusions

A new type of co-ethereal phosphate electrolyte (CEPE) system is developed for stable

and high-voltage Mg batteries. This electrolyte system relies on two key components: ethyl
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phosphate additives to unlock the activity of Mg?*/Mg redox and co-ether solvents to improve
the kinetics and stability of Mg plating/stripping. The complex interactions between cation,
anion and solvents were revealed by advanced spectroscopies and MD simulations, providing
new design principles for efficient Mg electrolytes. In addition, the use of cost-effective and
commercially available Mg salts simplifies scalability and expedites the development of
MMBs. The assembled PANI||Mg batteries show excellent electrochemical performance with
high cycling stability at an operating voltage of 3.5 V. Our design opens up new frontiers for
low-cost and high-voltage electrolyte development that could take advantage of facile
desolvation processes at the interfaces, and can establish a platform for new avenues of

investigation for next generation energy storage in MMBs.
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Chapter 8 Summary and Future Prospects

8.1 Summary

This thesis presents the investigations of a series of electrolyte engineering approaches
to tackle the dilemmas on electrolyte/electrode interface and to achieve fast-kinetic and long-
lived AZMBs and MMBs that are functioned at practical current densities and areal capacities.
That also includes the development of fundamental understandings of divalent-ion solvation
structures and their effect on electrode/electrolyte interface, which plays critical role in

stabilizing both cathode and anode in the long-term cycling.

Dendrite Zn formation can shorten the lifetime of batteries and is one of most
challenging issues for AZMBs. A novel DOTT additive was developed for a cost-effective and
low-concentration 2 M ZnSOs electrolyte. The use of this modified electrolyte leads to
dendrite-free and highly reversible Zn plating/stripping with ~100% average CE of Zn
plating/stripping under a practical cycling condition of a high current density of 4 mA cm™ and
a high areal capacity of 4 mAh cm™. By using multiple advanced ex/in-situ microscopy and
spectroscopy characterization techniques, a robust nanostructured SEI layer was revealed and
lead to the suppression of detrimental LDHs and a nanoscale nucleation-growth process during
Zn electrodeposition, thus enhancing the superior Zn stability and reversibility. The origin of
this Zn?*-conducting SEI is speculated to be a result of the water assisted dissociation of DOTf
into neutral ion pairs, resulting in the interfacial acidic environment during initial cycles.
Zn||Zno25V205-nH0O full cells at low N:P ratios based on this electrolyte exhibit excellent

cycling performance with different depth of proton intercalation.

Proton intercalation into the Zn cathode hosts has been rarely studied and overlooked
phenomena in the early studies of AZMBs, and attracted more attention recently. The
consequence of proton intercalation is the poor cycling stability of AZMBs at practical and
moderate current densities. LVP was chosen as the example cathode to comprehensively study
this phenomenon. The existence of phase transition induced by H' intercalation of LVP was
confirmed in 4 m Zn(OTf),. Through the comparison between 4 m Zn(OTf), and ZnCl, WiSE,

such H* intercalation is revealed to be effectively suppressed by altering the Zn>" solvation
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sheath to weaken the hydrogen bonding network of H>O. Dominant Zn?" intercalation in LVP
host was confirmed quantitatively by both Rietveld refinement and EDX. In addition, a PEG-
based hybrid aqueous Zn electrolyte was proposed to replace ZnCl, WiSE for a low-cost
AZMBs application, where 70PEG shows excellent reversibility and stability for Zn
stripping/plating. Further evaluation of LVP in 70PEG showed that H" intercalation was
effectively suppressed and dominant Zn?* insertion/extraction chemistry worked steadily.
These unique properties can be ascribed to the strong interaction between PEG and water,
resulting in a similar weaker hydrogen bonding and stronger O-H covalent bond of water. Our
work not only successfully solves the detrimental H' intercalation that has obsessed the
detailed charge storage mechanisms research in this emerging area, but also builds up a new
avenue to design appropriate Zn electrolytes from Zn*" solvation structure point of view,
aiming for real Zn?" intercalation and highly reversible Zn utilization. This work lays the

foundation of the discovery of sulfolane-based hybrid electrolyte.

With a practical goal of constructing high areal loading metal oxide electrodes that
function under moderate rates, a sulfolane-based hybrid Zn electrolyte was developed. This
electrolyte greatly suppresses the proton interaction and achieves dominant Zn>" intercalation
that stabilizes the ZVO at a high areal capacity of over 4 mAh cm™. Simultaneously, a fully
hydrated Zn?" solvation structure was revealed to enable a facile interfacial desolvation process
at the solid/electrolyte interface, which assists to achieve highly reversible Zn plating/stripping
with a sulfolane-derived SEI, and demonstrate excellent low-rate cycling stability of practical-
level anode-free cells. This work represents a practical strategy to stabilize both electrodes by
tuning the hybrid electrolyte network and also provides an understanding of Zn*'-
(de)intercalation in conventional oxide cathodes which could expedite the commercialization

of practical AZMBs.

Realizing reversible and stable Mg plating/stripping of Mg metal anode for non-
aqueous MMBs is much more challenging compared to that of Zn metal anode in AZMBs.
This is mostly due to the parasitic reaction between Mg anode and electrolyte during Mg

electrodeposition. The resulting undesirable interface on Mg leads to the non-uniform Mg
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deposition morphologies in the state-of-art electrolyte with bulky alkoxy-borates. A low-cost
zeolite membrane was discovered as an effective protective interface for a Mg metal anode in
this type of electrolytes, leading to dendrite-free and highly stable Mg plating/stripping with
an ultralong lifetime. Reduced free solvent content on the Mg/electrolyte interface was
revealed with the presence of this membrane, resulting in alleviated solvent decomposition.
More exciting is the verified superiority of the zeolite membrane-protected Mg anode in high-

voltage full cells that can be cycled stably at fast rates.

The state-of-the-art alkoxy-borates/aluminates-based Mg electrolytes suffer from
difficult-accessibility and expensiveness due to the reagents needed for their complex synthesis
and purification procedures. Designing Mg electrolytes that are commercially available is of
necessity. A cost-effective and commercially available co-ethereal phosphate electrolyte
(CEPE) system is developed for stable and high-voltage Mg batteries based on ethyl phosphate
additives to unlock the activity of Mg?"/Mg redox and co-ether solvents to improve the kinetics
and stability of Mg plating/stripping. The complex interactions between cation, anion and
solvents were revealed by advanced spectroscopies and MD simulations, providing new design
principles for efficient Mg electrolytes. The assembled PANI||Mg batteries show excellent

electrochemical performance with high cycling stability at an operating voltage of 3.5 V.

8.2 Future Prospects

Aiming to tackle the fundamental issues in current AZMBs, I developed the electrolyte
engineering strategy as the solution to these obstacles step by step. The electrolyte was initially
designed for only anode (chapter 3) or cathode (chapter 4), nonetheless, laying the foundation
of deep understanding towards the relationship between electrolyte network and
electrode/electrolyte interface. This finally leads to the very practical electrolyte recipe
(chapter 5) that can simultaneously support both state-of-art metal oxide cathode and Zn anode
under realistic conditions. However, the challenges remain on the sluggish solid-state Zn*"
diffusion in these oxide cathodes, which may not be a concern for a long-duration energy
storage scenario, but indeed significantly limits the reversible capacity and rate capacity for

high-power applications that requires charging and discharging batteries in short time. For the
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next generation of AZMBs, more practical considerations directly related to realistic working

scenarios should be included when we design the electrolytes and electrodes.

To design the next generation of aqueous Zn electrolyte, the consumption of
electrolytes during cell cycling needs to be considered. In the practical situation, lean
electrolyte condition is needed to decrease the volume and weight of the cell to maximize the
energy density, which requires the minimum electrolyte loss during the long-term cycling of
batteries. The consumption of aqueous electrolytes normally originates from the loss of water
solvent due to OER and HER, and the loss of salt due to the formation of SEIs, LDHs and
other parasitic interfacial reactions. The formation of a functional SEI on Zn surface have been
proved to effectively suppress these side reactions over limited cycles, nonetheless, it can also
lose it efficacy due to the continuously change of electrode volume over cycling that leads to
the breakdown of SEI, and finally cause cell failure. Therefore, new design principles of
forming robust SEI with seal-healing ability that can stand high-areal-capacity cycling (high
electrode volume change) are needed. The conventional WISEs can effectively suppress OER
and enhance the anodic stability of aqueous Zn electrolytes, nonetheless, suffers from the high
cost, corrosivity and low kinetics. The aqueous-nonaqueous solvent electrolyte is a feasible
strategy to obviate these difficulties. Its future research direction should focus more on the
choice of aqueous-nonaqueous solvent that requires low-cost, nonflammable and

environmentally friendly on a basis of good compatibility with both Zn anode and cathodes.

To commercialize MMBs so that it can be a replacement for the state-of-art LIBs,
lowering down the cost of electrolyte is one of the biggest challenges, which requires the
exploration of conceptual new electrolytes based on the low-cost salts and solvents. The
development of CEPEs in this thesis is a starting point towards this goal, where the
fundamental understandings of the interaction between cation, anion and solvents was
established, and its relevance with Mg/electrolyte interface was revealed as the core to achieve
reversible and stable Mg plating/stripping. However, in this newly designed electrolyte, the
CE of Mg plating/stripping is insufficient and well below the state-of-art alkyoxy-
borates/aluminates or chloride-based electrolytes. Aiming for high-energy-density MMBs, the
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CE is one of most important factors that determines the amounts of Mg metal anode required
in the full cell. Therefore, increasing the CE of Mg plating/stripping in these cost-effective Mg
electrolyte systems should be the goal in future studies.

The CE of Mg plating/stripping is determined by several reaction during Mg deposition,
including the reduction of Mg?* to Mg and the anion or solvent decomposition activity. To
achieve high CE, highest possible Mg?*/Mg redox activity and lowest possible anion/solvent
decomposition activity is needed. Therefore, two different strategies can be applied when
designing high efficient Mg electrolyte: (1) controlling Mg2+ solvation structures that
facilitate fast Mg2+ desolvation process and subsequent Mg?*/Mg redox kinetic, which can be
tuned by selecting polarized solvents or additives to interrupt the original Mg*" solvation
structures; (2) selecting or designing the structure of anions that can easily dissociate with Mg?"
cation and are electrochemical stable during Mg?" plating. Theoretically, a synergetic strategy
that can simultaneously facilitate fast Mg®"/Mg redox activity and low anion decomposition is
expected to achieve high CE of Mg plating/stripping. In addition, designing functional
interface at Mg anode surface that only allows Mg?" to travel is a feasible way to suppress the
solvent/salt decomposition, thus enhancing high CE.

In order to commercialize AZMBs and MMBs, it is also highly needed and important
to rationally design the next generation of high-voltage Zn cathodes and Mg cathodes, which
is an even more challenging task for practical divalent metal batteries. As mentioned above,
the sluggish Zn?* and Mg*" solid state diffusion in most inorganic intercalative-type cathode
hosts plagues their commercialization. Strategies including pre-intercalation of functional ions
or molecules in the layered-type cathodes and heteroatom doping can probably reduce the
strong interaction between Zn>" and cathode hosts. Conventional method of downsizing the
active materials particle could shorten the diffusion length of divalent ions. However, these
strategies inevitably increase the cost and complexity of producing active materials, and lower
the volumetric energy densities of batteries. New protype divalent-ion cathode materials for
are of necessity. For AZMBs, the use of MnO/Mn?" redox at cathode side attracts intense
academic interests due to its high theoretical capacity (> 600 mAh g™!), high voltage (~2 V vs.

Zn*"/Zn) and the low cost of manganese.'®*!85 To achieve reversible and stable MnO/Mn?*
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redox reaction, however, very acidic environment (pH < 1) with dilute aqueous electrolyte is
usually needed, which directly causes the chemical dissolution of Zn metal, severe HER and
other corrosion issues towards battery casing. Therefore, the new electrolyte that can tackle
these issues is also needed in this emerging area. For MMBs, with the discovery of more Mg
electrolyte with high oxidative stability, developing high-voltage Mg cathode becomes
increasingly urgent, which can be foreseen as an even more difficult challenge due the sluggish
Mg?* solid state diffusion in most inorganic oxide cathodes as mentioned above. The feasibility
of using these high-voltage oxides for MMBEs is still in question. Most of reported high-voltage
cathodes only show reversible charge/discharge in electrolytes that are incompatible with Mg
anodes, but are not functional in Mg-compatible electrolytes. Future research direction in this
area probably should first focus on verifying the Mg?" (de)intercalation in these oxides and
understanding its mechanism in the newly designed, Mg compatible and highly efficient
electrolytes. Only when these academic problems are tackled can the MMBs technology come

into the consideration of commercialization for some certain areas.
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