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Abstract

Battery technologies have been revolutionizing industries and our daily lives. As energy
storage and conversion systems, batteries are playing the role of transitioning the source of
energy from fossil fuel dependence to renewable-fuel dominance. Battery-powered electric
vehicles are replacing petrol vehicles, which has been intensifying the need for batteries with
high energy density. Lithium metal batteries (LMBs) are regarded as such a potential candidate,
which could achieve an energy density of up to 500 Wh kg . The main drawbacks for LMBs
are severe corrosion of Li metal during air exposure, dendrite growth induced short-circuit risk,
excessive side reaction between Li metal and electrolyte, and poor battery life. Large-scale
energy storage is essential for renewable energy such as solar and wind to balance electricity
supply and demand. Zinc ion batteries (Z1Bs), featured with safety, low cost and environment-
friendliness, are promising in this field. However, real applications of ZIBs are hindered by
unwanted dendrite growth, Zn corrosion, cathode material degradation, insufficient
temperature adaptability and electrochemical stability window (ESW).

This Thesis aims to optimize the battery performance of LMBs and ZIBs, especially anode
reversibility and cathode stability, via electrode/electrolyte interface modification and

electrolyte design.

In this Thesis, a systematic literature review is provided in Chapter 2 covering the most
advanced strategies of artificial protection layer design for LMBs, in the category of mono-
component inorganic layers, reactive inorganic layers, hybrid inorganic layers, polymer-like
inorganic layers, polymer layers, and inorganic-organic composite layers. Chapter 2 also
includes a review of the ZIBs electrolyte design, with the aspects of optimizing the
compatibility between cathode materials and electrolytes, inhibiting anode corrosion and
dendrite growth, extending electrochemical stability windows, enabling wearable applications,

and enhancing temperature tolerance.

Chapter 3 focuses on designing a protection layer on the Li metal surface. A silane coupling
agent is used as the adhesion promoter to address the adhesion issue between the SEI layer and
Li metal anode, and as a protection layer to avoid the Li metal from corrosion by air. This
design provides a promising pathway for the development of Li metal electrodes that will be

stable both in electrolytes and in the air.



Chapter 4 proposes a hybrid electrolyte (HE) with dimethylacetamide (DMAC), trimethyl
phosphate (TMP) and H20 as the solvent for ZIBs. We show that the strong polar DMAC and
TMP molecules have a significant impact on H2O to strengthen the O—H bonds and suppress
activity. We evidence that the hybrid electrolyte obviates anode corrosion, extends operation
temperature, guides the (002) plane preferred orientation during Zn plating, and is compatible

with the high-voltage cathode.

Chapter 5 investigates the different electrochemical performances of sodium vanadate in the
hybrid electrolyte and the aqueous electrolyte. It is observed that the structural stability of the
NaV30s-1.5H,0 cathode is significantly improved during continuous charging/discharging if
fewer water molecules are included in the Zn?* solvation structure. This is the reason
accounting for the longer lifespan of Zn||NaV30g-1.5H,0 cell obtained in the HE compared to
that in aqueous electrolyte.
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Chapter 1 Introduction

1.1 Project Significance

The development of battery technologies is essential for numerous modern technologies, such
as portable devices, electric vehicles, and renewable energy systems. Researchers, therefore,
have higher expectations for battery technologies, such as higher energy density, higher safety,

lower cost, better durability, and more friendly environmental impact.

LMBs are featured with considerably higher energy density, up to 500 Wh kg, compared with
Li-ion batteries, 150~260 Wh kg, because Li metal, with a specific capacity as high as 3860
mAh g%, is used as the anode to supersede for traditional graphite anode. However, new
challenges raise when Li metal serves as the anode. Because of high activity of Li metal with
air, severe atmospheric corrosion may occur during battery assembly unless strict inert
atmosphere protection is applied, which may result in increased production costs. Dendrite
growth and continuous side reactions between Li metal anode and electrolyte are also crucial
factors accounting for the failure of LMBs. To address the above issues, interface chemistry
analysis and protection layer design are of great significance for optimizing the performance
of LMBs.

Another challenge for energy storage technologies is the limited resource of lithium, which
calls for searching for suitable alternatives, especially one that can be used in the large-scale
energy storage area. ZIBs stand out from the alternative options as the most promising
stationary energy storage systems to cope with renewable energies, due to their safety, low cost,
environment-friendliness and impressive electrochemical performance. Before real
applications, significant drawbacks, including unwanted dendrite growth, Zn corrosion,
cathode material degradation, insufficient temperature adaptability and electrochemical
stability window (ESW), need to be properly addressed. The electrolyte is an essential
component, which determines the temperature properties, ESW, and ionic conductivity of ZIBs.
Moreover, it has significant impacts on the interface properties of the Zn anode and the Zn?*
ion storage mechanisms of cathode materials. Optimizing the electrolyte would be an effective
way to improve the battery performance of ZIBs.

1.2 Research Objectives

The main goal of Thesis is to optimize the battery performance of LMBs and ZIBs, in particular

the anode reversibility and cathode stability, via electrode/electrolyte interface modifications
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and electrolyte design. To achieve this, we use a combination of electrochemistry, interface

chemistry characterization, in-situ structural observations, theoretical calculations, and

material characterization techniques. To be specific, the objective is to:

Design an artificial protection layer on the surface of Li metal. The function of this layer is
to increase the air tolerance of the Li metal anode and to mitigate side reactions between
the electrolyte and the Li metal.

Formula promising electrolytes that are highly stable with Zn anode, compatible with the
high-voltage cathode, and have excellent temperature adaptability and sufficient stable
electrochemical window.
Compare the electrochemical performance of NaVsOg-1.5H,O cathode in aqueous
electrolytes and hybrid electrolytes, observe the structural evolution of NaV30s-1.5H,0
cathode during charging/discharging, and reveal the underlying mechanisms of the
performance difference.

1.3 Thesis Outline

This Thesis presents the results of research conducted during my PhD candidature. The

chapters in this Thesis are presented as follows:

Chapter 1 provides background to the thesis and outlines the project scope
and key contributions to the field of energy storage and conversion.

Chapter 2 is a literature review covering the recent development of Li metal batteries and
Z1Bs, especially reviewing the interface modification strategies and advantaged electrolyte
design principles.

Chapter 3 explores the surface modification of Li metal derived from the self-assembly of
the silane coupling agent and characterizes the mechanisms of this layer in increasing air
stability and reinforcing the solid electrolyte interphase (SEI) layer of Li metal anode.
Chapter 4 proposes a high-quality hybrid electrolyte for ZIBs and determines its functions
in inducing dendrite-free Zn deposition, confining water activity, extending the temperature
range of battery operation and stabilizing Zns(Fe(CN)s)2 cathode.

Chapter 5 investigates how the solvation structure of electrolytes affects the structure and
the electrochemical performance of the NaV30s-1.5H20 cathode in ZIBs.

Chapter 6 presents the key findings and conclusions and provides outlooks for future work

on the design of electrolytes and functional interfaces toward LMBs and ZIBs.



Chapter 2 Literature Review

Metal anodes, such as Li and Zn, distinguish themselves from anodes based on ion insertion or
alloying reactions by employing a plating/stripping mechanism to store or release charge
carriers, resulting in superior energy density. During the charging process, Li* or Zn?* ions are
reduced and deposited at the anode/electrolyte interface, while metallic Li or Zn is oxidized
and dissolves into the electrolyte upon discharging. However, the utilization of Li and Zn metal
anodes presents notable challenges associated with electrolyte activity and interface properties,
including volumetric expansion, dendrite formation, and side reactions with electrolytes, all of
which contribute to the deterioration of cycle performance and raise safety concerns. The
plating behavior of Li* or Zn?* ions is profoundly influenced by ion diffusion in the electrolyte,
particularly in the proximity of the anode/electrolyte interface, as well as the distribution of the
electric field. Once the Li* or Zn?" ions become depleted at the interface, dendritic growth can
initiate, potentially leading to short-circuiting of the batteries. Concurrently, side reactions
between the anode and electrolyte often lead to the formation of by-products or SEI layers,
which significantly impede ionic transport during plating processes. Research efforts on Li and
Zn metal anodes commonly focus on key parameters such as Coulombic efficiency,
morphologies of deposited metal, side reaction products, and the stability of the
anode/electrolyte interface.

Given that these challenges primarily originate from the electrode/electrolyte interface and
electrolyte itself, optimizing the electrochemical performance of Li and Zn metal anodes
necessitates effective strategies in interfacial engineering and electrolyte design. Interfacial
engineering entails the introduction of functional components onto the surface of the metal
anode. Artificial solid electrolyte interface (ASEI) layers have emerged as a promising
approach to passivate the metal anode and mitigate side reactions with the electrolyte. For both
Li and Zn metal anodes, the primary requirement for ASEI layers is to enable the transport of
Li* or Zn?* ions while impeding electron conduction. Moreover, these layers must exhibit
sufficient stability and robustness to endure the repetitive plating/stripping processes. Low
interfacial resistance is a crucial consideration during the design phase, as polarization effects
can significantly impact charge transfer efficiency. Mechanical integrity, flexibility, and
adhesion are also vital factors, as they govern the long-term durability of ASEI layers.
Alternatively, protective layers can be generated through electrolyte engineering. The
incorporation of specific additives or selection of appropriate electrolyte salts can facilitate the
formation of desirable SEI layers. The concentration and composition of the electrolyte
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solvents can also be adjusted to modulate the properties of the SEI layers. Furthermore,
electrolyte design should prioritize enhanced compatibility with Li and Zn metal anodes by
considering the solvation structure, which dictates the thermodynamic stability of the
electrolytes.

In conclusion, the main strategies and underlying principles for optimizing the performance of
Li and Zn metal anodes exhibit substantial similarities. This chapter provides a comprehensive
literature review on the recent advancements in Li metal batteries and Zn-ion batteries (ZI1Bs),
with particular emphasis on interface modification strategies and advantageous electrolyte

design principles

2.1 Recent advances in interfacial engineering towards practical lithium

metal electrodes

This part is under preparation and has not been submitted. It includes recent literature covering
the most advanced strategies of artificial protection layer design for LMBs. In this review, the
contents are classified according to the chemical composition and structure, which are mono-
component inorganic layers, multi-component inorganic layers, inorganic layers with
polymeric network, organic polymer layers, and inorganic-organic composite layers. This

topic is relevant to my research as presented in Chapter 3.
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2.1.1 Introduction

Battery electric vehicles (BEVs) play an essential role in eliminating the use of fossil fuels and
building a carbon-neutral world. However, the development of the BEV market has been
hindered by so-called “range anxiety”! 2. This is because traditional graphite-based lithium-ion
batteries (LIBs), which are the main power sources of current BEVs, have almost reached the
theoretical limit in energy density (~250 W h kg% 3. The best strategy to break this bottleneck
is to improve the output voltage and specific capacity of batteries. Compared with a traditional
graphite anode, metallic Li has an ultra-high specific capacity of 3860 mA h g™t (Figure 2.1a),
which is 9 times higher than that of graphite* °. In addition, Li metal anode has the lowest
electrochemical potential of —3.04 V vs. the standard hydrogen electrode (SHE) among the
alkali metals. When matched with high-voltage cathodes, such as Li1.xMnzyMyQOs, the Li metal
batteries (LMBs) can deliver a working potential of approaching 5 V* . Therefore, LMBs can
achieve a boosted energy density of 500 Wh kg2, and it has been regarded as the most

promising candidate for power sources for future BEVs'.
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Figure 2.1 Opportunities and challenges of Li metal anode. (a) Voltage versus capacity for
anode and cathode materials of Li-ion batteries and Li-metal batteries. Reproduced with
permission. Copyright 2021, Royal Society of Chemistry*. (b) Schematic showing the Li
stripping/plating process. (c) Correlations among the different challenges in the Li metal anode,
originating from high reactivity and infinite relative volume change. Reproduced with

permission. Copyright 2017, Springer Nature®?.



Nevertheless, Li metal anode is thermodynamically unstable against electrolytes. It will react
with all electrolytes to form a solid-electrolyte interphase (SEI)8. The SEI layer is electrically
isolated but ionically conductive, and thus it can block e-tunneling but allow the diffusion of
Li*. Unfortunately, the natural SEI is brittle and fragile, which can be easily destroyed by the
morphology and volume change of Li metal anode®. Moreover, Li* is prone to deposit on the
negatively charged prominent points of the substrates, inducing a dendritic morphology. In the
following non-uniform stripping from the routes of the dendrite, the Li metal may lose
electrical contact with substrate and become electrically “dead” Lil®. The SEI layer is broken
up and repaired during the continuous plating/stripping cycles. As a consequence, the electrode
becomes porous, and finally, a “dead” Li layer is accumulated (Figure 2.1b). Worse still, the
Li dendrite could pierce separators and incur an internal short-circuit. These challenges lead to
electrochemical performance decay and even safety hazards in working batteries, and

fundamentally hinder the practical applications of LMBs (Figure 2.1c)*.

Mono-component
inorganic layers

Inorganic-organic Multi-component
composite layers inorganic layers
Artificial SEI
Organic Inorganic layers
polymer layers with polymetric

network

Figure 2.2 lllustration of the categories of ASEI discussed in this chapter.

An ideal SEI layer should be electrically insulative but ionically conductive, and therefore
prevent further reaction between Li metal and electrolytes® 2. However, the natural SEI layer
formed in the traditional carbonate and ether electrolytes is organic-rich, which is fragile and
can be easily destroyed by the interfacial strains ® 3. Constructing artificial SEI (ASEI) layers
is a widely used and effective strategy to address these challenges'* *°. According to the
chemical composition and structure, the reported ASEI can be classified into five categories,

i.e., mono-component inorganic layers, multi-component inorganic layers, inorganic layers



with polymetric network, organic polymer layers, and inorganic-organic composite layers, as

illustrated in Figure 2.2.
2.1.2 Mono-component inorganic layers

In the early research stage of ASEI, researchers mainly focused on mono-component inorganic
layers, because they can be feasibly modified on Li metal anode via in-situ or ex-situ methods.
Generally, these ASEI layers are characterized by higher Young’s modulus than that of Li
dendrite, and are expected to suppress the formation and growth of Li dendrite™® 1°. Newman
etal.l” proved that a Young’s module at least 6 GPa is required to stop the growth of Li dendrite.
Based on this criterion, a thin LisPO4 layer with a thickness of 200 nm was prepared by in-situ
chemical reaction on Li metal®8, in which the Young’s module is measured to be as high as ~11
GPa and the suppressing effect on Li dendrite was achieved. The passivation layer composed
with high hardness Al,O3!° was also verified to be useful in protecting the Li metal from

electrolyte erosion and dendrite formation.

Besides the requirement for high Young’s modulus, high ionic conductivity of Li* is also a
crucial factor to be considered when design ASEI layers. Alloys such as LixSb® have high
superior ionic conductivity and have been applied as ASEI layer for Li metal anode. LisN%,
LisP?2, LipS%, and LixSe?, featured with ionic conductivity higher than ~107° S cm™, also
attract intensive interests. The most common fabrication methods for these ASEI layers are
treating the Li metal foil with N2 gas or vapor elemental P/S/Se, and wet chemistry treatments.
Cui et al. developed a pinhole free a-LisN ASEI layer, in which the grain boundaries are
strongly interconnected to improve the mechanical strength of the layer?. This group also
proposed a Li2S coated Li anode?®, which extends the lifespan of LMBs even under the working
condition of low negative/positive electrode capacity (n/p) ratios. Lithium halides, mainly
including LiF, LiCl, and LiBr, are another category worth investigating. These components
exhibit both high Young’s modules and high interfacial energy, promoting Li deposition in a
parallel rather than vertical direction?® 27, Although the ionic conductivity is relatively low
(~107° S cm™), lithium halides, especially LiF, can facilitate Li* transportation through the

grain boundaries.
2.1.3 Multi-component inorganic layers

In general, the advantages and disadvantages of the mono-component inorganic layer are quite

distinct, and their functions are relatively limited. To maximize the superiority and overcome



the shortcomings of these inorganic components, researchers pay more attention to the

compositions and structure of ASEI layers.
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Figure 2.3 Reactive inorganic ASEI layers. (a) Illustration for the LiZrO(NO3). layer coated
on Li, (b) Working mechanism of the LiZrO(NOs), layer?®. Reproduced with permission.
Copyright 2022, Wiley-VCH. (c) Collaborative assembly process of the LiF-enriched hetero-
structured SEI®L. Reproduced with permission. Copyright 2022, American Chemical Society.
(d) Schematic illustration of the reaction process for zinc silicates and Li metal. (e) and (f)
HRTEM images of cycled zinc silicate. (g) Schematic illustration of the mechanism of Li*
transference and deposition process in the modified Li. Reproduced with permission.
Copyright 2023, Wiley-VCH.*

Xiong et al. proposed a LiZrO(NOs). ASEI layer synthesized via a spontaneous reaction
between Li metal and ZrO(NO3). solution?® (Figure 2.3a). The LiZrO(NOs), could form a
dense and uniform inorganic SEI layer composed of ZrO», Li»O, LisN, and LiNxOy on Li
surface with a grain-boundary-rich structure (Figure 2.3b). This structure ensures fast diffusion
of Li*, while high mechanical strength grains, ZrOzand LizN, can inhibit dendrite growth. With
this functional layer, the symmetric cell can run for more than 500 h even at ultrahigh current
density of 10 mA cm2 and high plating capacity of 10 mAh cm™2. A similar strategy is adopted
by inducing the precursors on the surface of the Li metal. These precursors can react with Li*



to generate useful SEI components that regulate Li* uniform deposition, conduct Li*, and
suppress Li dendrite formation. Metal sulfides?® and nitrides, were reported to react with Li*
and form Li>S or LizN on Li surface. Yi et al. modified a K2ZrFe layer on Li metal, which can
react with Li* to form F-enrich (LiF) layer on the outer surface! (Figure 2.3c). The residual
K2ZrFs and the formed LiF construct a heterostructure that cooperatively enables fast
conduction of Li* and inhibits the formation of Li dendrites. Qu et al. constructed a dense multi-
functional ASEI layer via an in-situ reaction between zinc silicate (Zn3SizO10(OH)2-nH20)
nanosheets and Li. The lithiophilic phase, Zn metal and LixZny alloy, and single-ion conductor
phase, LixSiOy, Li,O and LiOH, are reasonably distributed in this layer® (Figure 2.3d-f). In
thus a design, the lithiophilic phase works as the nucleation sites to reduce nucleation barrier
and facilitate the charge transfer during the deposition of Li*, while the single-ion conductor
phase could increase the Li* conductivity and reduce the concentration gradient (Figure 2.3g).
MXene® is also reported to generate a fluorinated SEI layer because of the reaction between
its terminal fluorine groups and Li*, which will contribute to the deposition behaviour of Li*

and stabilize the Li metal surface.

Researchers also concern the microstructure optimization of ASEI layers and therefore
investigate a series of hybrid inorganic layers combining functionalized inorganic materials
with three-dimensional (3D) structure. Lithium halides and nitrides* are the widely adopted
components to build 3D inorganic hybrids, because these chemicals have positive interaction
with Li*. The inert Cr metal is an ideal framework because of its high mechanical strength and
the inability to form an alloy with metallic Li. A hybrid ASEI layer is constructed by Wu et al.
using LiF as the ionic conductor phase and the in-situ formed nano-Gr as the reinforcement
phase (Figure 2.4a)%®. The Cr/LiF layer facilitates the Li deposition even at high current
densities and large area capacities in the plating/stripping process, and it also prevents the side
reactions between the electrolyte and the Li metal, as evidenced by the significantly reduced
corrosion current of the Cr/LiF coated Li. It has been reported that a combination of Li>C> and
LiF can be realized by treating the Li metal with CF4 plasma. This hybrid layer shows the
advantages of LiF with high interfacial energy and mechanical strength, and the merit of Li>C>
with low Li* diffusion barrier (Figure 2.4b), achieving a ultralong lifespan of 6500 h in the
symmetric cell test at a current density of 2 mA cm™2 and a capacity of 1 mAh cm2.% Similar
hybrid ASEI layers including sulfide/LiF®’, Li,Se/LiCI*®® Ag/LiF*, and LisSb/LiF* also
achieve impressive effects in improving the electrochemical performance of LMBs. Zhang et

al. realized that flexibility of the ASEI layer should be taken into account and therefore adopted
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flexible carbon nanotubes as the scaffold for the LisN@c/s-CNT layer. One side of this layer
is dense enough to isolate the Li metal from electrolytes while the other side leaves sufficient
space to accommodate deposited Li (Figure 2.4c)*. Graphene-like carbon nitride (g-CsNa)
nanosheets are featured with abundant N species, which interact with Li* to form Li—N bonds
and homogenize the Li* flux. When combined with MXene, the hybrid ASEI layer therefore
has enough space to cope with the shape change of Li metal anode during plating/stripping
processes (Figure 2.4e-f)*2. Inspired by the intercalation behavior of Li-ion batteries, Gong et
al. designed an insulator/metal/insulator sandwiched structure using graphene as the electron
conductive phase and g-C3sN4 as the 3D ASEI layer. During plating, Li* is deposited into the
van der Waals gap of the graphene/g-CsNs interface, resulting in uniform Li deposition and

effective electrolyte isolation (Figure 2.4g)*.

Homogeneous nucleation

Li with LisN@c/s-CNT
protection layer

Figure 2.4 Hybrid inorganic ASEI layers with 3D structure. (a) Schematic diagram of for the
working mechanism of Cr-LiF layer. Reproduced with permission. Copyright 2021, American
Chemical Society.>® (b) Depiction of the crystal lattice plane and Li* diffusion energy barriers
for LiF (110) and Li2C, (110). Reproduced with permission. Copyright 2022, the authors*® (c)
Schematic diagram of for the working mechanism and (d) SEM image of the LisN@c/s-CNT.

Reproduced with permission. Copyright 2022, Elsevier*! (e) Schematic illustration and (f)
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SEM image of the TisC2Tx/g-C3N4 hybrid layer. Reproduced with permission. Copyright 2022,
the authors. %% (g) Schematic illustration for Li deposition on the 3D g-C3N4/G/g-C3Ns electrode.
Reproduced with permission. Copyright 2021, Wiley-VCH. *®

2.1.4 Inorganic layers with polymeric network

One of the shortcomings of the inorganic ASEI is fragile, which could be destroyed by the
strains caused by the volume expansion/shrink of Li anode. Increasing the toughness of the

inorganic ASEI layer can be realized by building polymer-like networks.

[ Sstabilizing LIBFEP layer -

(L) Lithium ions

S Solvent

Figure 2.5 Polymer-like inorganic ASEI layers. (a) Schematic illustration of the preparation
for the [LINBH], layer. (b) Relaxed atomic configurations of two adjacent [LINBH], chains
and the bond lengths between Li and N atoms (the unit of the values is A). Reproduced with
permission. Copyright 2020, Wiley-VCH.** (c-d) Schematic illustration of the role of
TEOS/TEOT additives in forming a polymer-like SEI. Reproduced with permission. Copyright
2021, Wiley-VCH.* (e) Schematic illustration of the working mechanism of HBFEP on Li
surface. (f) Molecular structure of the coordination polymer (LiBFEP). - DME, where O is in

red, P in orange, and Li in purple. Reproduced with permission. Copyright 2022, Wiley-VCH.*

Our group fabricated a [LINBH], layer on the Li metal anode via a two-step dehydrogenation
reaction between Li metal and ammonia borane (NH3zBHs3) (Figure 2.5a)*. In this layer, the

[LINBH]n chains are crosslinked with the intermolecular Li—N bonds to form a 3D polymer-
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like structure (Figure 2.5b), effectively reinforcing mechanical flexibility. The [LINBH]»
could tolerate the interfacial change and keep effective for more than 700 h even under the
current density of 3 mA cm™2. This structure can also be constructed by using silicate/titanate-
based coupling reagents. Lai et al. introduced tetraethyl orthosilicate (TEOS) and tetraethyl
orthotitanate (TEOT) into the electrolyte to form a polytitanosiloxane (PTS) networks via
spontaneous condensation reaction. The Si—O-Si linkages facilitate the Li* diffusion by
reducing the diffusion energy barriers, while the Si—O—Ti linkages strengthen the PTS skeleton
and help to mitigate the strains derived from volume changes (Figure 2.5¢c-d)*. The
phosphoric-acid derivate, bis-(1,1,1-trifluoroethyl)-phosphoric acid [(CF3CH20).PO(OH)]
(HBFEP), is reported to react with Li to generate LiBFEP and further form an inorganic
coordination polymer when contacting with electrolytes(Figure 2.5e)*. It is revealed that the
polymeric structure is constructed with two [BFEP]™ chains linked with Li>O> units, in which
dimethoxyethane (DME) molecules are coordinated to the Li atoms via oxygen atoms (Figure
2.5f). Such a structure exhibits self-healing or self-adaptive properties, resulting in improved

electrochemical performance of Li anode.
2.1.5 Organic polymer layers

The most noteworthy characteristics of the polymer ASEI layer is the excellent flexibility,
allowing this layer to bend, stretch, and twist. The flexibility of polymer is derived from the
freedom of rotation around the covalent bonds and is affected by the intermolecular force
strength among chains. Targeting at the application in Li metal anode, researchers have been
introducing lithiophilic functional (polar) groups into the polymer chains to have positive
interaction with Li* ions. Sun et al. developed a thin “polyurea” layer on the surface of Li metal
using molecular-layer deposition method*’. The polyurea contains abundant —NH groups,
which have intensive interactions with the F atoms of Li salt by forming N—H—F bonds and
therefore induce the formation of LiF. Moreover, the —NH groups also contribute to the
uniform distribution of Li* flux and dendrite-free Li plating. Silk fibroin, a natural polymer
containing plenty of peptide bonds and amino groups, is regarded as a ready-made functional
layer for the Li metal anode. Upon direct contact, a LizN-rich SEI with fast Li* diffusion ability
and high Young’s modulus is generated on the surface of Li metal anode*®. Besides, poly-
dioxolane (PDOL)*, poly(propylene carbonate) (PPC)>°, polymer of intrinsic microporosity®:

were also developed to stabilize Li metal anode.

In addition to polymers with a single structure/component, the design of novel polymers with

functional structures makes it possible to effectively manipulate the surface properties of Li
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metal anode. Wang et al. synthesized a dual functional polymer layer, poly((N-2,2-dimethyl-
1,3-dioxolane-4-methyl)-5-norbornene-exo-2,3-dicarboximide), in which cyclic ether groups
ensure good affinity with Li and the polycyclic main chain could exhibit high modulus. Such
a design helps to isolate electrolyte and accommodate deposited Li under the polymeric skin®2.
Pan et al. designed a self-healing ASEI layer with trifluorophenyl-modified poly(ethylene
imine) (PEI-3F) (Figure 2.6a)%. In this layer, the trifluorophenyl moieties serve as the active
site to attract Li* and regulate Li* flux while the imine bonds contribute to the flexibility,
elasticity, and self-healing capability (Figure 2.6b). A bicomponent polymer,
polyvinylidenefluoride/polyacrylonitrile (PVDF/PAN), is introduced as the ASEI layer for Li
metal (Figure 2.6¢)**. The porous structure derived from phase separation process works as
fast Li* diffusion channels to regulate the distribution of Li* flux (Figure 2.6d) and the
functional groups, C=N and C—F, could interact with Li* to promote uniform Li plating (Figure
2.6e). To guarantee a high ionic conductivity and Li* ion transference number, zwitterionic
polymer, which have both cationic and anionic in the molecule, are designed using a reversible
addition-fragmentation chain transfer polymerization and spin-coating approach.> The
obtained novel polymer hybrid, 3-((2-(methacryloyloxy) ethyl) (dimethyl) ammonio)-1-
propanesulfonate (PDMAPS)/2-methacryloyloxyethyl phosphorylcholine (PMPC), has
functions in promoting Li salt dissociation and homogenizing Li* flux (Figure 2.6f). The ionic
conductivity of the proposed ASEI layer is measured to be as high as 0.75 x 1074 S cm™, and
the Li*" ion transference number is up to 0.81. Park et al. developed a block copolymer
consisting of two portions of chemicals with specific functions, in which the styrene portion
(PS) determines the mechanical strength, and the butadiene portions (PB) decides the
deformability and adhesive ability (Figure 2.6g). A good balance in mechanical and elastic
properties can be achieved when the weight ratio of PS/PB reaches 4:6, and the structural
integrity of the ASEI layer is well maintained during Li plating/stripping®. A similar design
principle was adopted by rationally integrating poly(oligo(ethylene glycol) methyl ether
methacrylate)-grafted (xPCMS), hypercrosslinked poly(4-chloromethylstyrene) nanospheres
(PEGMA), and lithiated Nafion, in which the xPCMS functions as rigid skeletons to enhance
the mechanical strength, the flexible PEGMA helps to homogenize the three-component layer,
and the lithiated Nafion facilitates Li* diffusion and increases the Li* transference number®’.
With this ASEI layer, impressive lifespan of Li metal anode, 1 year, was achieved even at an
ultrahigh current density of 10 mA cm™2.

14


javascript:;
javascript:;

__________________ s
.......... - Self-healable Iy
a - b d .

1 : :
- . e Li-regulating,
F I 1 ® £ F P
5 ¥ ‘ |
N N 1 PEI network o |
H—< = N
P '..| 1 :
4 7T ®,
FEF 1] >
—H . H
N F< ¥ N PEI ’.| ISEI — " X X
Pl A
AN
H ;
N R
™ | ZS=Z==SzZZZSSSZSRSSTIRSSS
e C ¢ CN e Uniform Li* flux
F

© © © ©

FER— © SO,0rPO; © N*
(‘"’E%L 722900 Li metal
‘./vt.g 5 “‘x}—b‘vu“:’hs M Cu metal

(%) g,/ @ PDMAPS+PMPC

| eLeCeC " | Polybutadiene (Soft)
! e rtetotel | : |
. . ‘ » I
I og ® o L = e ¢! S i ik e Elasticity |
> oy ik Tl M/ H o0 I | AN aa A
Y  ERaoott ! () — !
1 NRaay! on | ~
. - e|oTe | e : !
' ‘) S e i @S ©P | Polystyrene (Rigid) Polystyrene portion t 1
I oL CTFSF I
: (. 1
1 Lo !
| Lo !
I
] ! !

Figure 2.6 Organic polymer ASEI layers. (a) Schematic illustration of the PEI ASEI coated on
Li surface and (b) its working mechanism. Reproduced with permission. Copyright 2021,
American Chemical Society.* (c) Schematic illustration of structure of PVDF-PAN protective
layer on Li foil. (d) SEM image of the PVDF-PAN blending layer. () Schematic illustration
of the C=N and C—F groups in stabilizing Li metal anode. Reproduced with permission.
Copyright 2022, American Chemical Society.>* (f) Schematic illustration of the Li deposition
behaviors on a substrate with and without the (PDMAPS+PMPC) coating. Reproduced with
permission. Copyright 2021, American Chemical Society.> (g) Chemical structure of SBS-
BCP polymer and schematics showing the Li deposition morphologies underneath the polymer
layer as a function of PB/PS ratio. Reproduced with permission. Copyright 2021, Wiley-
VCH.5®

2.1.6 Inorganic-organic composite layers

In general, inorganic ASEI layers have high ionic conductivity and high Young's modulus but
low toughness, while organic layers have high elasticity and high flexibility but low ionic

conductivity. Inorganic-organic composite ASEI layers have been proposed to overcome the
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shortcomings and maintain the advantages of both individual components. To date, significant
progress has been made on this front. The conventional organic parts were mono-component
polymers, such as poly(tetramethylene ether glycol) (PTMEG)®, poly(vinylidene fluoride)
(PVDF)*, poly(tetrahydrofuran) (PTMG)®, poly(1H,1H,2H,2H-perfluorodecylmethacrylate)
(PFDMA)®, polydopamine (PDA)®?, polyacrylonitrile (PAN)® etc. The inorganic components
are generally LixSn, SiOz, LisN, and lithium halides, etc. The LixSn/PTMEG hybrid layer®®
exhibits fast Li* transport ability because of the abundant Li vacancies in the Li/Sn alloy and
excellent affinity to Li metal because of the plentiful C—O bonds. The 3D ZnCl,/PVDF
networking exhibits an additional advantage, superlithiophilia, originating from the Zn—F
bonds because of the intensive interaction between ZnCl, and PVDF®*. The composite of
mesoporous TiO, and F-rich PFDMA has excellent mechanical strength and the abundant
mesoporous channels in TiO; facilitate rapid transport of Li* ions. Fan et al. developed a
molybdenum (MoOs) anchored polysulfone composite ASEI to improve the Li deposition
kinetics.%® The composite ASEI can reduce the Li* transport resistance, lower the overpotential
for Li plating, and guide Li uniform deposition. A SiO2/PDA composite with high-dielectric
property is fabricated to homogenize the electric field at the Li electrode/electrolyte interface®?.
It is revealed that SiO> improves the dielectric permittivity and therefore prevents current
variation during Li plating/stripping, and the elastic PDA is lithiophilic/hydrophilic, which can

stabilize Li metal and suppress dendrite growth.

In addition to the above-mentioned conventional organic parts, novel organic parts with hybrid
structures have been designed in recent years. Among them, the poly(vinylidene fluoride-
hexafluoropropylene) (PVDF-HFP) gel was representative because it provided more functional
groups than individual PVDF or HFP. It can be used as a matrix to load or anchor inorganic
particles. Liu et al. introduced LixSny alloy into the PVDF-HFP matrix via dropping
SnF2/PVDF-HFP solutions on Li surface®®. The SnF- is reduced by Li metal and forms Li-Sn
alloy and LiF (Figure 2.7a). The LixSny alloy serves as fast ion conductor to promote dendrite-
free Li deposition while the flexible PVDF-HFP matrix helps to improve the interfacial
compatibility and overcome the fragile nature of LixSny alloy. A sandwiched rGO-SiO2-rGO
with additional PVDF-HFP top layer is also designed out of similar consideration(Figure
2.7b)%. On the one hand, the lithiophilic SiO; acts as nucleation sites for Li deposition, and on
the other hand, these particles are beneficial to maintain a floatable storage space for Li. The
insulated PVDF-HFP top layer guarantees that the Li deposition occurs in the SiO»-filled rGO
space. He et al. in-situ photopolymerized the pentaerythritol tetraacrylate (PETEA) and
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poly(ethylene glycol)diacrylate (PEGDA) in a PVDF-HFP matrix incorporated with GO®®.
This ASEI layer is compatible with carbonate electrolyte and achieves satisfactory ionic
conductivity. Another example of hybrid ASEI layer is constructing a LiCl layer at the bottom
of PVDF-HFP via in-situ dehalogenation®”. The LiCl layer exhibits reduced Li+ diffusion
barriers (0.09 eV) and high mechanical strength (6.5 GPa), which is beneficial to suppressing
dendrite growth, and the upper PVDF-HDF layer is used to isolate the Li metal from electrolyte.
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Figure 2.7 Inorganic-organic composite layer. (a) Schematic diagrams of the working principle
of LixSn/PVDF-HFP protective layers in regulating Li deposition. Reproduced with permission.
Copyright 2022, Elsevier.% (b) SEM image of the rGO-SiO2/PVDF-HFP composite.
Reproduced with permission. Copyright 2021, American Chemical Society.% (c) Schematic
illustrations of the evolution of polymer bottlebrush ASEI layer, the synthesis route of CNF-g-
PSSLi and LiI@CNF-g-PSSLi anode (bottom left), and the electrostatic repulsion between the
negatively charged -SO3™ groups of side chains and the negatively charged tip surface of Li
dendrite (bottom right). Reproduced with permission. Copyright 202, Elsevier.®® (d) Schematic
illustrations for the bionic design and rational synthesis of UiO-66-ClO4 and the UCLN ASEI
layer. Reproduced with permission. Copyright 2021, Wiley-VCH.%° (e) Refined crystal
structure of the LiAI-FBD composite. Reproduced with permission. Copyright 2022, Wiley-
VCH."®
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In addition to PVDF-HFP based polymers, novel polymer components can bring additional
functions. Wu et al. synthesized a polymer brush with a single-ion conductor character by
grafting poly(lithium pstyrenesulfonate) (PSSLi) from cellulose nanofibril (CNF) via surface-
initiated atom transfer radical polymerization (Figure 2.7c)%®. The role of the CNF is to
maintain the mechanical strength and the functions of PSSL.i are to coordinate with Li* and
facilitate Li* transport with the —SO3™ functional groups. The proposed ASEI layer exhibits a
high elastic modulus of 5.3 GPa, comfortable interfacial contacts, and fast Li* diffusion. A
combination of ClIO4 -anchored metal-organic framework (UiO-66-Cl04) and flexible lithiated
Nafion is proposed as ASEI layer to meet the requirements of fast Li* transport and good
structural stability (Figure 2.7d)®. The highly electronegative and lithiophilic CIO4~ groups
provide the single-ion conducting pathway for Li* and the flexible lithiated Nafion ensures the
interfacial integral stability of this protective layer during battery operation. Bao et al. designed
a brand-new ASEI component, LiAl cooperated with 2,2,3,3-tetrafluoro-1,4-butanediol (LiAl-
FBD), in which anion clusters are contrasted by bridging the FBD2~ ligands to the AI** ions
and the Li* ions are weakly bound (Figure 2.7¢)’°. Benefiting from this structure, the Li* ion
conductivity reaches 9.4 x 10°° S cm and the fluorinated anions make the ASEI layer phobic
to electrolyte. The LiAl-FBD protected Li metal works well to pair the NCM811 cathode, even
under harsh testing conditions. Yun et al. prepared a 3D ASEI hybrid layer with poly(sulfur-
random-1,3-diisopropenylbenzene) (poly(S-r-DIB)) and carbon black’. Sulfur copolymer
reacts with Li* ions to form Li.S, and the DIB molecules are involved in the formation of
organic SEI compounds with the electrolyte. This layer protects the Li metal anode during the

long-term cycling and achieves an increased Coulombic efficiency.
2.1.7 Summary

ASEI layers are an interfacial modification strategy that aims to mimic and go beyond the
properties of the natural SEI layer. In this review, we have compared five categories of ASEI
layers based on the basic requirements including high Li-ion conductivity, stability, and good
mechanical properties. Fast and uniform transport of Li* ion ability is the first principle in
designing the ASEI layers, because this factor directly determines the morphology of deposited
Li. Some inorganic components, such as LisN, LisP, Li2S, Li>Se, LiNxOy, and LixSiOy, have a
natural sort of advantage in Li* ion diffusion and electronic insulation, and therefore, they are
usually used as the crucial components in the design of ASEI layers. However, these chemicals
are usually fragile and are likely to be damaged by the interfacial strains originating from the

volume changes during Li plating/ stripping. Since the lack of effective chemical bonds, the
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inorganic ASEI may fall off the surface of the Li metal anode in the first few cycles. Adhesion
between the inorganic ASEI and the Li metal is an overlooked issue. Polymeric ASEI layers
show tremendous potential because of their designable functions, especially in terms of
mechanical properties and lithiophilic groups. Adjustable strength and elasticity can be
achieved in polymeric ASEI layers by selecting specific sections and adjusting the ration.
Lithiophilic groups, such as —NH, C=N, C-F, —SO3", and ClO4", can be inserted into the
polymer chains via specific synthesis methods, which makes it possible for the ASEI layers to
interact with Li* effectively and guide dendrite-free deposition. One more merit of the
polymeric ASEI layer is its affinity to electrolytes because of similar functional groups, which
is important in reducing interfacial resistance. Inorganic-organic hybrid ASEI layers can
combine the benefits of inorganic and organic materials and have a large possibility to design
targeted functions. For hybrid ASEI layers, the key point lies in further reducing the thickness

and achieving a rational distribution of different compositions.
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2.2 Electrolyte engineering enables high performance zinc ion batteries

This part is published in the journal Small 2022, 18, 2107033. In this review, we overview
advanced electrolyte strategies for optimizing the compatibility between cathode materials and
electrolytes, inhibiting anode corrosion and dendrite growth, extending electrochemical
stability windows, enabling wearable applications, and enhancing temperature tolerance. The
underlying scientific mechanisms, electrolyte design principles and recent progress are
presented to provide better understanding and inspiration to readers. In addition, a
comprehensive perspective on electrolyte design and engineering for ZIBs is included. This

topic is relevant to my research as presented in Chapter 4, Chapter 5, Chapter 6.
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2.2.1 Introduction

Energy storage and conversation technology has revolutionized the world and human’s life
styles via paving the way for multi-functional applications such as portable devices, electronic
products, and electronic vehicles.: 2 Nowadays, the rising concern about environmental
protection and targets for carbon neutrality further intensify the demand for suitable energy
storage systems.® Moreover, the increasing scale of alternative energy sources, such as solar
and wind power, also calls for reliable battery technologies to integrate the generated electricity
into electric grids.* > Lithium (Li)-based batteries have achieved great commercial success
due to their relatively high output voltage, high energy density and long lifespan.’: 8 9 10.11.12
13 However, their flammable nature, limited Li resources and ever-increasing price make them
unsuitable for use in large-scale energy storage,'* > ® leading to the development of
resourceful sodium ion batteries,*” 18 1% 20 potassium ion batteries,?" 22 2 and ZIBs.?* ?° ZIBs
stand out from the alternative options as the most promising stationary energy storage systems
to cope with renewable energies, due to their safety, low cost, environment-friendliness and
impressive electrochemical performance. Their valuable merits also make them representative

of green batteries and widely considered as candidate for various applications.

Metallic Zn is the most ideal choice for a ZIBs anode. Unlike metallic Li, sodium (Na) and
potassium (K), metallic Zn shows excellent tolerance to atmosphere and the majority of
solvents, which is a solid foundation for battery safety.?® Its theoretical capacity reaches 820
mAh g2, higher than that of intercalation-type anode materials, and its reduction potential is
—0.76 V vs Standard Hydrogen Electrode (SHE). Moreover, its abundance is evaluated to be
300 times that of Li. Thanks to the high chemical stability of metallic Zn, both aqueous and
nonaqueous electrolytes can be applied in ZIBs.?": 28 22 Among these options, researchers think
highly of aqueous electrolytes due to their intrinsic safety and fast kinetics. Although metallic
Zn is relatively inert to aqueous electrolyte, unwanted side reactions still cannot be entirely
avoided.?® In early 1900s, Zn-based primary batteries, such as Zn/Ni, Zn/Ag, Zn/air batteries,
were proposed using alkaline electrolyte, like KOH solution, in which Zn anode is greatly
corroded and the dendrite growth is quite severe. The situation is effectively relieved in mild
electrolyte, like ZnSOg4 solution. In late 1900s, researchers replaced alkaline electrolytes with
mild electrolytes, making it possible to construct rechargeable ZIBs based on reversible Zn
plating/stripping processes.®® Xu et al. proposed a rechargeable zinc ion chemistry composed
of an a-MnO; cathode, a zinc anode, and a mild aqueous electrolyte, in which Zn?* ions can

be reversibly intercalated into the host of a-MnO;, as illustrated in Figure 2.8a.%! To date, the
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mild electrolytes, based on ZnSQO4, Zn(CF3S03). and Zn(N(CFsS02)2). solution , are widely
applied in ZIBs because of their stability and good compatibility with electrodes. Nevertheless,
dendrite growth, similar to other metal anodes,®? 33 34 3% has not been eliminated and remains
a pressing problem for real application of ZIBs, which may lead to the formation of inactive
powdery Zn particles, poor Coulombic efficiency (CE) and even short-circuiting of batteries if
dendrites penetrate separators.®® For cathode materials, manganese-based compounds,
vanadium-based compounds, organic materials and Prussian blue analogues all exhibit the
ability to store Zn?*.3” The divalent Zn?" is expected to provide high energy density since two-
electron transfer occurs during insertion/extraction of a single ion at the cathode. However, the
divalent cation induces much higher electrostatic attraction with the host materials, leading to
difficult solid-state diffusion.® The inherent disadvantages of cathode materials can further
increase the difficulties in reversible Zn?* storage. Vanadium-based materials are challenged
by their intrinsic dissolution character, which causes severe capacity loss during storage or a
slow discharge process.3® Manganese-based cathodes suffer from irreversible phase changes,
structural collapse, the Jahn-Teller effect inducing Mn?* dissolution and low electric
conductivity, resulting in fast capacity fading and unsatisfying cyclability.*°

Electrolyte is an essential component of ZIBs, serving as transport medium to transfer charge
carriers between cathode and anode. It has multifaceted impacts on the performance of batteries,
such as electrolyte/electrode interfacial properties, charge carrier movements, temperature
tolerance and mechanical properties. The liquid aqueous electrolytes are characterized for their
high ionic conductivity (range from 1~10 S cm~!) and low viscosity,*> 42 which enable
excellent rate performance of ZIBs. The ionic conductivity is affected by viscosity,
concentration, solvation structure and temperature. The movement of charged carriers
associates with the fluidity of solvents. The ionic conductivity of an electrolyte decreases as
the viscosity increases, and that is the reason why aqueous electrolytes have much higher ionic
conductivity than the non-aqueous electrolytes. Restricted to the solid/quasi solid-state, the
ionic conductivity of polymer hydrogels is much lower than the liquid electrolytes, and that is
the main obstacle for their applications. The transference number of Zn?* is defined as the
fraction of total electrical current carried by Zn?*, reflecting the electrical mobility of Zn?*. In
liquid electrolytes, Zn?* is solvated by more solvent molecules than the anion, and therefore its
migration ability is lower than the anion. Low transfer number of Zn?* would induce high
concentration polarization and arise dendrite growth when Zn?* is depleted. It can be increased
by restricting the migration of anions and reducing the solvation degree of Zn?*. Attention

30



should also be paid to the electrochemical stability window (ESW) of electrolyte, which
determines the working voltage range of cathode materials. Restricted by activity of water, the
ESW of dilute aqueous electrolytes can reach to around 2.0 V due to the existence of
overpotential and the effect of salts.*® Strategies for reducing water activity, such as increasing
salt concentration and adding functional additives with inhibiting effects, should be taken if an
ESW higher than 2.0 V is required.** Another important issue is the unsatisfactory operation-
temperature window of aqueous ZIBs, resulting from the low boiling point and high freezing
point of water, plus aggravated side reactions at high temperature. Nonaqueous electrolytes
have superiority for both wide ESWs and good temperature tolerance, but the balance between
performance and safety needs to be carefully evaluated. In some applications, such as wearable
devices, the requirements for good mechanical properties, prevention of liquid leakage and
flexibility lead to polymer electrolytes being favourably viewed. In ZIBs, the challenges lie in
overcoming the low ionic conductivity, insufficient mechanical strength and poor interfacial
properties.** To increase the feasibility of ZIBs for various applications, researchers have
developed a variety of functional electrolyte formulas. In this review, we provide a deep
understanding of fundamental mechanisms, overview detailed synthesis and construction
methods and evaluate materials engineering design effects on the resultant battery performance.

Lastly, we also outline unsolved challenges and proposed some potential solutions.
2.2.2 Enhancing compatibility between cathodes and electrolyte
Vanadium-based materials

Over the past decade, vanadium-based materials have attracting growing interest as the
electrode materials for the ZIBs, owing to the various oxidation states (+5, +4, +3, +2) of
vanadium and their distinctive redox processes.*® To date, many vanadium-based cathode
materials, including vanadium oxides and metal vanadates have been studied, showing superior
capacity and rate capability in ZIBs.* %647 VVanadium-based materials, especially vanadium
pentoxides (V20s), possess large interlayer distances or large-tunnel frameworks, presenting
good possibilities to accommodate numerous Zn?* ions for high-energy-density storage. In
addition to vanadium oxides, metal vanadate materials with different metal ions have also been
widely investigated. The presence of alkaline or divalent ions (eg. Li*, Na*, K* and Zn?*) can
act as “pillars” to enhance the structure stability of the materials and favor fast Zn?* diffusion.
Although, most of these materials can achieve excellent capacities at large rates, they are facing
the challenge of significant capacity decay at small current densities (<0.1 A g 1) and disputable

reaction mechanisms caused by multi-ion intercalations. The main reason behind the
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degradation of vanadium-based materials is their intrinsic dissolution property in water-based
electrolytes, resulting in structural or phase transformation, which has been a big obstacle for
their application. Besides these effects, the underlying reaction mechanism of Zn?* ions with
vanadium-based materials is controversial, as protons usually contribute most capacity to the
overall performance during the fast-charging process, and the vanadium cathodes undergo
phase or structure evolution. Therefore, the true charge carriers in the vanadium-based cathodes

along with their by-products needed to be pin-pointed by future research.*®

Although it is tempting to thoroughly inhibit the side reactions of vanadium-based materials
with electrolytes, it is worth the effort to probe the underlying mechanisms and adopt
appropriate methods to buffer the adverse reaction processes. To boost the performance of
vanadate-based materials for water-based ZIBs, various electrolyte strategies have been put
forward: (i) adjusting electrolyte composition through increasing salt concentration or adding
organic solvent;** 0 (ii) utilizing the electrode/electrolyte reaction for reversible intercalation

or conversion reactions.®?

Following these strategies, advanced techniques, such as operando pH and in-situ XRD
measurements are necessary for shedding light on the failure mechanisms and transformation
processes in vanadium-based materials in water-based solutions. As shown in Figure 2.8b. Liu
et al. highlighted the importance of a pH technique for probing the real interfacial reactions.>
A novel pH detection was set up to uncover the separate intercalation roles of Zn?" and H* in
8-V20s, where the two ions follow an exchange intercalation/deintercalation mechanism in 3
M Zn(CFsSOzs)2 aqueous electrolyte. Since the H* comes from the electrolyte, the
intercalation/deintercalation causes pH changes, monitoring the electrolyte’s pH is an indirect

tool to discriminate clearly between the H* and Zn?* intercalation processes.

Electrolyte concentrations are reported to have significant effects on the performance of
vanadium-based cathode materials. The early report by Liang’s group on V20s has
preliminarily evaluated aqueous electrolytes with different concentrations and salts affecting
the performance of V205 cathodes, highlighting the better result of ZnSO4 salt than ZnCly,
Zn(CHsCOO0),, and Zn(NOs)2.>® Adjusting the electrolyte composition by adding organic co-
solvent into the aqueous solution is also reported to reduce side reactions of V,Os and enhance
stability. Zhang et al. reported a hybrid aqueous/organic electrolyte
(Zn(Cl04)2/EC+EMC+10%H,0,%° where EC is ethylene carbonate and EMC is ethyl methyl
carbonate) that enabled long cycling performance of free-standing V2Os/carbon nanotube

(CNT) film electrode. This is a successful example of the hybrid strategy for inhibiting cathode
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dissolution. The resultant electrolyte adopted 90% of EC and EMC (1:1 v/v) solvents and 10%
of H20, which may sacrifice the safety of the electrolyte, and results in slow Zn?* ion
intercalation/de-intercalation kinetics. In addition, the high proportion of highly flammable
EMC solvent in the electrolyte sacrifices the intrinsic safety of the aqueous electrolyte.
Therefore, others safe organic solvents, were also studied as hybrid solvent components for
solving the cathode issue in water-based electrolyte. It is reported by Liu et al. that triethyl
phosphate (TEP) is a promising co-solvent,?* as it not only has a fire-retardant property, but
also possesses a much higher donor number (DN = 26 kcal mol™), favouring a stronger
coordination capability with Zn?* and H,O. Compared with EC (DN = 16.4 kcal mol™?) and
EMC (DN = 6.5 kcal mol ™), the higher DN of TEP will need less water to achieve a good side
reaction depressing effect. This is because the TEP can form a strong bonding with H.O and
can better regulate the electrolyte behaviour with the electrode interface, as illustrated in

Figure 2.8c.

Other than vanadium oxides and metal vanadates, layered VOPO4 has received a lot of attention
due to its high working potential and high oxygen redox (over 2.2 V).>* Benefiting from the 21
M LIiTFSI/1 m Zn(CF3S0:s)2 electrolyte, VOPO4 material showed highly reversible oxygen
redox chemistry in addition to the traditional vanadium redox process, which is promising for
high-voltage operation, as seen in Figure 2.8d. However, this material is extremely unstable
in water-based solution, limiting its potential for aqueous ZIBs. Reports have made about
controlling the content of water in electrolyte to utilize the advantages of this material. It is
reported by Wang et al. that restricting the water ratio to 1% in 0.1 M Zn(CF3sSO3)2-AN can

boost the intercalation kinetics of Zn?* in VOPQ,.%®

Progress has also been made through utilizing the spontaneous reactions of vanadium oxide
with electrolyte to obtain new stable metal vanadate phases. As reported by Huang et al. V205
formula units can transfer into Zn3V>07(OH)2 H20 (“ZVO”) as a new intercalation material by
soaking the material in 3 M of Zn(CF3sSOg)zelectrolyte for 10 days, as shown in Figure 2.8e
and f.%° This work also provided insights into the pH influence on the transformation of V205
by giving a H-log [V°*] diagram (as seen Figure 2.8g), where different pH ranges favor
different valence species. Following this work, related works on the in-situ or phase
transformation of vanadium-based materials, such as interlayer-expanded VSz-NHs,% dual-

cation pre-intercalated-VO2°" and Zn«V»0s-nH20,% were also investigated.
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Figure 2.8. (a) Schematics of the chemistry of the zinc ion battery;3! Reproduced with
permission. Copyright 2012, Wiley-VCH. (b) The configuration for operando pH measurement
in a battery;>? Reproduced with permission. Copyright 2020, American Chemical Society. (c)
Schematic illustration of the effects of hybrid TEP-H,O electrolytes on V20s electrode during
the electrochemical reactions;?* Reproduced with permission. Copyright 2021, John Wiley and
Sons. (d) First charge/discharge curves of VOPOs-Zn full batteries with two different
electrolytes;>* Reproduced with permission. Copyright 2021, John Wiley and Sons. (€) The pH
changes of V20s with soaking time in 3M Zn(CF3SOz3). aqueous electrolyte; (f) XRD pattern
of the soaked material compared to the standard ZVO phase; (g) Log[V°*] vs pH phase diagram
showing V valence changes in response to pH.%® Reproduced with permission. Copyright 2022,

Elsevier.

To sum up, although vanadium-based materials have the merit of high-capacity, it is still
challenging to employ vanadium-based materials as cathodes in ZIBs due to their inherent
dissolution property in water. To address the above issue, strategies of electrolyte modification
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are one of the most effective ways to improve the compatibility of cathode with electrolyte.
The other strategy of letting the material transform into another more stable and workable state
is also useful but is not suitable for large-scale application. Therefore, it is worth the effort to
improve the stability of vanadium-based cathodes through exploring low-cost and effective
electrolyte combinations. Meanwhile, to assist the study of different strategies, a
comprehensive understanding of vanadium-based material reaction mechanisms in water-
based electrolytes is required. Since protons and Zn?* co-exist during the electrochemical
charging/discharging process, it is necessary to figure out the roles of protons in the electrolyte

via advanced interfacial analysis techniques.
Manganese-based materials

Manganese oxide (MnO.) materials had a resurgence in attention as rechargeable ZI1Bs became
a hot research topic. MnO: is characterized by various crystal structures, such as a-MnQO3, [3-
MnO2, y-MnO2, A-MnQO2, R-MnQ2, §-MnO,, and &-Mn02.% In microcosm, they are all
composed of MnOe octahedral subunits, which can form tunnels, chains and layered
configurations by choosing different bonding orientations. Besides MnO2, researchers also
developed Na;Mnz07, ZnMn04, MgMn,04,Ca>2MnO4 and other manganese-based materials
as cathode materials for ZIBs.*° Generally, the working principles of manganese-based
materials can be concluded as a reversible Zn?" intercalation mechanism,®® a H*/Zn?*co-
insertion mechanism,®® a chemical conversion reaction mechanism,%> and Mn?*
electrochemical deposition/dissolution.®® When serving as cathode in aqueous ZIBs,
manganese-based materials are facing scientific challenges through the dissolution of
manganese in the form of Mn?* ions. This mainly occurs during discharge processes, where
Mn®" ions are generated due to the electrochemical reduction of Mn** in cathode materials.
Unstable Mn3* is susceptible to undergoing a disproportionation reaction and forms Mn** and

Mn?* based on the following reactions.®*
Mn** (s) + e — Mn®* (s) (1)
2Mn®* (s) — Mn** (s) + Mn?* (aq)  (2)

Continuously dissolved Mn?* ions can account for nearly 1/3 of the total amount of manganese
in a cathode, leaving abundant manganese vacancy sites in the electrode.®® Even worse, the
original structure of the host materials will be destroyed, resulting in significant capacity fading.

These undesirable issues can be effectively relieved by skilled electrolyte chemistry.
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It has been reported that pre-adding Mn?* into an electrolyte is a useful strategy to control the
equilibrium between the dissolution and recombination of active materials, and therefore
improve the electrochemical performance of manganese-based materials.® The addition of
MnSOs in 2M ZnSO; electrolyte notably increased the specific capacity and cyclability of
Zn/6-MnQO; cells, and the improvement is attributed to the function of MnSOg in facilitating
the charge process, suppressing the dissolution of manganese and inhibiting the formation of
basic zinc sulphates (ZnSO4-3Zn(OH)2-nH20).5” Using 3 M Zn(CFsS0s); as electrolyte with
0.1 M Mn(CFsS03): as additive can boost the electrochemical performance of Zn/MnQO: cells,
with a reaction mechanism as illustrated in Figure 2.9a. Besides the functions of compensating
the loss manganese of cathode material, increasing ionic conductivity and improving initial
Coulombic efficiency, the pre-added Mn?* also contributes to the formation of a porous MnOx
film on the electrode, which can promote charge transfer and protect the cathode.%® Although
the positive role of Mn?* additive has been widely recognized, researchers have made differing
claims about the underlying mechanisms. Some researchers disagree that manganese
dissolution is suppressed by Mn?* additive, instead ascribing the improvement to the
electrodeposition process of Mn?*, which counteracts the capacity loss caused by phase
transition from layered to spinel structure.®® They point out that the continuously increased
capacity and extended lifespan of Zn/MnO- cells is highly related to the concentration of Mn?*
additive. The more Mn?* additive added, the more MnO. can be electrodeposited onto the
cathode, and thus higher capacity can be achieved. Once the Mn2* from additive is exhausted
due to the generation of inactive phase, then capacity fading is inevitable. This opinion is
supported by the analysis of Zn/ZnMn2Os; cells, in which an electrochemical
deposition/dissolution of manganese occurs simultaneously when a ZnMn2Os cathode
undergoes charge/discharge processes. Besides these aforementioned effects, insoluble MnOy
that is deposited on the surface of a ZnMn2O4 cathode could also serve as host material for
Zn?* insertion/extraction, further increasing the capacity of the cell.”® Another useful approach
to solve the manganese dissolution issue is to form an interfacial layer on the cathode. When 2
M ZnSO4 and 0.1 M MnSOs is used as electrolyte to couple with Ca2MnQOs cathodes, the
sulphate from the electrolyte combines with calcium ions extracted from the cathode and
generates a high-quality CaSO4-2H.0 film on the surface of cathode, as illustrated in Figure
2.9b. This layered SEI film is verified to significantly supress the dissolution of manganese
and promote cyclability of the battery.”
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Figure 2.9. (a) The working principle of a Zn/MnO; cell using CF3sSOs~ based electrolyte;®®
Reproduced with permission. Copyright 2017, Springer Nature. (b) Schematic of interface
layer formed in-situ on a Ca,MnQ4 cathode;’* Reproduced with permission. Copyright 2019,
American Chemical Society. (c) The role of ZnsSO4(OH)e-4H20 in the Zn/MnO. discharge
process;’® Reproduced with permission. Copyright 2020, Elsevier. (d) Discharge curves of a
Zn/MnO; battery using electrolytes with different amounts of H2SO4;”? Reproduced with
permission. Copyright 2020, John Wiley and Sons. (e) Schematic illustration of a Zn/MnO:
energy storage system in acetate-based electrolyte;’* Reproduced with permission. Copyright
2020, John Wiley and Sons. (f) The function of SDBS in Li-ion migration.”” Reproduced with
permission. Copyright 2019, John Wiley and Sons.

Considering the instability of Mn®" and solubility of Mn?*, some researchers regard the
Mn*/Mn?*redox mechanism may be a better choice for constructing Zn/MnQO; batteries.
Soluble Mn?* from a suitable electrolyte is electrochemically deposited onto the cathode in the

form of solid MnO> during charging and it undergoes a reverse reaction during discharging,
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achieving a highly reversible energy storage system. Compared with the one-electron reaction
based on the Mn**/Mn3* redox couple, this two-electron redox reaction boosts the theoretical
capacity of cathode material to a high 616 mAh g1.°® Besides these good features, the
discharge voltage during MnO: dissolution process can even reach a higher value than that of
the insertion mechanism. However, this theoretical state is hard to achieve because
Zn4SO4(OH)e-4H,0 (ZHS) generated during the first discharge process covers the surface of
MnO> and impedes its further dissolution (Figure 2.9¢). The situation is mitigated in acidic
solution. By adding H2SO4 into 1M ZnSO4 and 1M MnSOs electrolyte in an electrolytic
Zn/MnQO; system, the capacity contribution of the high-voltage region, corresponding to the
reaction of Mn?* +2H,0 <> MnO; + 4H* +2e~ (E=1.228 V vs SHE), increases with the
increasing concentration of H.SO4and reaches 100% at 0.1 M, realizing a stable output voltage
of 1.95 V (Figure 2.9d).”? Although acidic electrolyte favours the reaction of MnQy, it brings
the risk of hydrogen evolution and corrosion of a Zn anode. To meet the different pH value
requirements for anodes and cathodes, hybrid electrolytes have been proposed and realized by
separating an acidic catholyte and alkaline anolyte with a selective separator.” In such a design,
the Mn*/Mn?* redox mechanism dominates the cathode reaction and high capacity and
discharge voltage can be obtained. Alternatively, a more compatible solution environment for
both MnO; and Zn anode can be created by using acetate-based electrolyte, 1 M Zn(CH3COO)>
with 0.4 M Mn(CH3C0OO),.”* This near-neutral electrolyte is anode-friendly and the acetate
ions play an important role in facilitating the dissolution process of MnO> via modifying its
surface properties (Figure 2.9¢e). Similar functions can be achieved by a I /13~ mediator strategy,
in which 1" reduces solid MnO2 into Mn?* and its product, Is~, can subsequently get electrons
from electrode to reduce into 17> With /13~ serving as an electron shuttle, the dissolution
process of MnO is promoted and its capacity is completely delivered.”

Based on above discussion, we agree that manganese-based materials are the most promising
cathode candidates for Zn-based batteries, not only because of their environment-friendliness
and low cost but also because of their controllable reaction mechanisms. For the conventional
insertion reaction, the effects of pre-adding Mn?* into electrolyte is quite prominent in
enhancing the capacity and cyclability of batteries. However, its full functions are still in
dispute and need further investigation. Compared with the sluggish cation insertion reaction,
the deposition/dissolution reaction of MnO2/Mn?* can fully exhibit the merits of Zn/MnO,
batteries, in terms of theoretical capacity, output voltage, rate performance and reversibility.

Nonetheless, it is worth noting that the theoretical capacity calculation based on MnQO: is not
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reasonable when it comes to practical application. In fact, the capacity is stored in the
electrolyte so its weight and volume should be taken into consideration when labelling the
energy density. In addition, some proposed battery systems would not use regular assembly
methods, such as coin cells or pouch cells, and therefore, the devices design and optimisation

should be taken seriously to minimize the mass and volume of inactive materials.
Other materials

Prussian blue analogues (PBAs) usually refer to low-cost transition-metal hexacyanoferrate
metal-organic frameworks (MOFs),”® which have three-dimensional (3D) pathways permitting
the insertion/extraction of Zn?*. It has been verified that Zns[Fe(CN)s]> can serve as an
intercalation host material and exhibits an discharge voltage of 1.7 V.”® KCuFe(CN)s is
reported to deliver a capacity of 60 mAh g! in a 20 mM ZnSOs electrolyte.® Despite the
impressive voltage, extremely low capacity and poor cyclability make PBAs less competitive.
To further boost the capacity, a two-species redox reaction of Co?*/Co®* and Fe?*/Fe3* is
induced by CoFe(CN)s. It is realized by extracting K* in-situ from KCoFe(CN)s in 4 M
Zn(CF3S0s3), electrolyte during the first discharge process. Due to the overwhelming
superiority in concentration, Zn?* rather than K* is inserted into the host material in the
following cycles, contributing a capacity as high as 173 mAh g8 Xu et al. reported a
manganese metal-organic framework, Mn(BTC), in which BTC is 1,3,5-benzenetricarboxylic
acid, serving as the cathode material for ZIBs®. The Mn(BTC) exhibits a Zn?*-storage capacity
of 112 mAh g* and an outstanding cycling stability of 900 cycles. Similar MOFs, such as
Mn(BDC), Fe(BDC), Co(BDC), and V(BDC) (in which BDC is 1,4-dicarboxybenzene), also
show the capability to storage Zn?* ions in their frameworks, but the electrochemical
performance is not as good as that of Mn(BTC). Some other oxides, such as TiO2, Fe304, C0304
and MoOs were also reported to be used as cathode materials.® Zhi’s group fabricated a Co(I1I)
rich-Co304 cathode material, where the ratio of Co®*/Co?* is 1.696, and applied mild electrolyte
(2 M ZnS04 with 0.2 M CoSOg) to replace alkaline electrolyte, realizing both improved voltage
(2.2 V) and capacity (158 mAh g 1).84 Strategic electrolyte choices are also made for optimizing
interfacial properties. Sodium dodecyl benzene sulfonate (SDBS), a low-cost additive, is added
into a hybrid Zn/LiFePO, battery, promoting its rate capability to 5C for 500 cycles.”” The
wettability of electrolytes for LiFePOa4electrodes has been greatly enhanced (Figure 2.9f). The
advantages are attributed to the reduced wetting free energy, where SDBS is adsorbed on
LiFePO4 (010) crystal faces and serves as medium to facilitate water absorption and Li*

migration.
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Layered transition-metal disulfides, such as VS, and MoS;, are investigated as the host
materials for the Zn?* insertion/extraction, due to their graphene-like structure.®® The weak van
der Waals forces between layers facilitate the diffusion of Zn?*, however, these materials
usually exhibit low redox potentials. Organic cathode materials, represented by quinones and
polyaniline, are emerging recently, exhibiting advantages in flexibility, considerable capacity,
eco-friendliness and lightweight. At present, the research towards these materials still focus on
their energy storage mechanism, design of molecular structure and material modification.
How electrolytes affect the performance of organic cathode has rarely been reported, so these

contents are not involved in this review.
2.2.3 Protection of Zn anode and the development of dendrite-free Zn anode

Technically, Hz evolution potential (—0.41 V vs SHE) is higher than zinc reduction potential of
—0.76 V vs SHE, which means H> evolution is thermodynamically preferred in aqueous
electrolyte. Thanks to the high H> evolution overpotential of Zn metal, H2 evolution becomes
a slow process, thus making Zn metal a possible anode choice. As Hz evolution progress, the
local pH value within a cell fluctuates due to the increase of OH™ concentration. This can trigger
the formation of Zn(OH)., and ZnO by-products on the Zn metal surface. It is believed that
electrolyte salt also takes part in parasitic side reactions to form Zn-based basic salts. Another
major issue for zinc metal anodes is dendrite growth. Zn?* tends to distribute and deposit
unevenly on Zn metal anodes. The notorious dendrites not only compromise battery
performance but also present safety issues.

Solvation structure manipulation

In the aqueous ZIBs electrolyte, one zinc ion is typically coordinates with six water molecules
to form Zn(H20)e?*, which is deemed detrimental to Zn metal anodes. The strong coordination
between Zn?* and water molecules means the Zn?* needs to overcome a high energy barrier to
desolvate and deposit on a Zn metal surface, which leads to a high overpotential 8" Apart from
this, the interaction between Zn?* and O atoms in the solvating water molecules weakens the

H-O bonds. As a result, the solvated water molecules are more likely to decompose.8®

Using highly concentrated electrolyte can prevent the formation of Zn(H20)s?*, as the high
population of the salt anions would force them into the inner solvation shell of Zn?* to replace
the water molecules 8% 9091929394 The splvation shell in concentrated electrolyte facilitates
fast and even zinc deposition. The elimination of solvated water molecules and the scarcity of
free water effectively avoids water decomposition-related hydrogen evolution and other
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parasitic side reactions.®® Therefore, high CE and excellent cycling stability are achieved.
However, the use of large amounts of salt in the electrolyte certainly compromises the cost
advantages of aqueous electrolyte. Also, ionic conductivity of concentrated electrolyte is even
lower than the dilute electrolyte, due to the high viscosity.

To avoid the use of large quantities of expensive salt, relatively low-cost organic solvents such
as dimethyl sulfoxide (DMSO),% %" ethylene glycol (EG),% % TEP,?* 1% dimethyl carbonate
(DMC), 1, 2-dimethoxyethane (DME)®? and glycerol,!% were applied to reorganize the
solvation structure of zinc ion electrolyte. Compared to the concentrated electrolyte, electrolyte
containing organic solvent is cheaper, but in most of cases, the organic component is either
toxic or flammable. In a previous report, the addition of TEP in electrolyte was found be able
to suppress hydrogen evolution and parasitic side reactions, and achieve enhanced
electrochemical performance of zinc metal anodes (Figure 2.10a-d),® but the mechanism
behind the positive effect remained unexplained. Wang et al. first ascribed the organic solvent
DMSO’s influence over the zinc metal anode performance due to solvation structure
manipulation, as DMSO has higher DN of 29.8 than that of water (18), which promotes a region
of the inner solvation shell being occupied by DMSO molecules (Figure 2.10e-i).% Soon after
that, “antisolvents” were introduced into electrolytes. When methanol as an antisolvent, was
added into 2M ZnSO; electrolyte, the interaction between water and methanol was stronger
than between Zn?* and water, which means that methanol molecule is able to enter the inner
sheath of Zn?* and replace the position of water.'® Coordination between Zn?* and other
organic molecules has also been detected in solvation shells after the use of various

cosolvents, 101 103, 104

Low-cost and eco-friendly solid additives are considered a better choice for solvation structure
manipulation than organic solvents. A series of small Lewis base molecules, including
triethylamine hydrochloride (TEHC), diethylamine hydrochloride (DEHC), ethylamine
hydrochloride (EHC), and ammonium chloride (NH4Cl) have been reported to regulate Zn?*
solvation structure.!® Similarly, glucose was found to replace water molecules in the inner
solvation shell.1% The introduction of Mg?* ion into electrolytes also promotes interaction with
water molecules and impairs water inclusion in Zn?* solvation sheath.'%’ Very recently, a water-
free solvation structure was achieved by after adding chloride salt with a bulky cation. The
elimination of solvated water molecules results in an average Zn plating/stripping CE of
99.9%.%8
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Figure 2.10 (a) Galvanostatic cycling of Zn/Zn cells at 0.1 mAcm (blue), 0.25 mAcm (red)
and 0.5 mAcm2 (black) in a 0.5M Zn(CF3SO3).-TEP electrolyte. (b) Cycling stability of a
Zn/Zn cell with 10 h deposition followed by 10 h stripping, Cycling performance of a Zn/SS
cell in TEP (c) and an aqueous electrolyte (d).1%° Reproduced with permission. Copyright 2019,
John Wiley and Sons. (e) Scheme of Zn?* solvation structure and zinc surface passivation in
H>O (left) and H2O-DMSO (right) solvents. SEM images of Zn electrodes in Zn/Zn
symmetrical cells after 50 plating/stripping cycles at 0.5 mA cm2 and 0.5 mAh cm 2 in ZnCl»-
H.0 (f) and (g), and ZnCl-H,0-DMSO electrolytes (h) and (i). Reproduced with permission.%
Copyright 2020, American Chemical Society. (j) Schematic of changes in the Zn?* solvent
sheath, together with methanol addition.'® Reproduced with permission. Copyright 2021, John
Wiley and Sons.
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Eutectic electrolyte is another strategy to manipulate the solvation structure. The scarcity of
water molecules make it impossible for the zinc ion to form an complete Zn(H20)s?* solvation
structure. Cui et al. reported a eutectic electrolyte composed of hydrated salt (Zn(ClO4)2:6H20)
and a neutral ligand.!® The Lewis basic SN participate inner zinc ion solvation structure to
form [Zn(OH2)x(SN)y]** cations, resulting in enhanced Coulombic efficiency and prolong
cycling performance. It is widely believed that less solvation by water molecules favours
enhanced electrochemical performance. However, most of the additives employed only
eliminated part of the solvated water from the inner solvation shell and the mechanism behind

the solvation structure influence on zinc metal anode performance remains a bit vague.
Electrolyte and Zn metal electrode interface engineering

The construction of artificial solid electrolyte interface (SEI) layers is considered to be an
effective strategy to protect Zn anode, with the advantage of blocking direct contact between
Zn metal and liquid electrolytes. However, artificial SEI layers are fragile and would crack
during cycling, exposing fresh Zn metal to electrolytes. In-situ SEI layers could make up the

shortage because of their self-repairable advantages.

In most cases, decomposable component is needed to construct an SEI layer. A zinc fluoride
(F)-rich organic/inorganic hybrid SEI derived from FSI™ anions was obtained in an acetamide-
Zn(TFSI), eutectic electrolyte (Figure 2.11a-b).1% It is still challenging to construct SEI in-
situ with an aqueous electrolyte, since most of the chemicals are quite stable in the narrow
working voltage window of aqueous electrolyte. Wang’s group conducted pioneering research
work in in-situ SEI formation by introducing decomposable additives, including SnCly,*°
Zn(NOs), (Figure 2.11c-d),*™ phosphonium-based cations,**? alkylammonium salt'*® and
tris(2,2,2-trifluoroethyl)-phosphate (TFEP),'° to form SEI layers together with other
electrolyte components. The as-prepared SEI layers not only possess high ionic conductivity
to allow the transportation of Zn?* between electrode and electrolyte, but also protect the zinc
metal surface from electrolyte to prevent further corrosion. NaPFs,'** Zn(ClO4)2,'*® and LiCI
were also used by other researchers to achieve protected layers for zinc metal anodes. Very
recently, our group added Zn(H2PO.)2(Figure 2.11e)*” and dopamine!® into the electrolyte as
SEI precursors for hopeite and polydopamine SEI, respectively. The constructed SEI layers
shown strong adhesion to the surface of the Zn metal, remarkable hydrophilicity and high Zn?*

conductivity.

43



SEI layers can also be created by the adsorption of additive molecules. Some additives, such
as ethylene diamine tetraacetic acid tetrasodium salt (NasEDTA)'°, polyacrylamide (PAM),?°
polyethylene oxide (PEO),?! MXene,'?? and polyethylene glycol (PEG),'?® possess functional
groups that have strong interaction with Zn?*. By adsorbing on the surface of Zn anode, these
functional groups play an important role in regulating the Zn?* flux and therefore facilitating
smooth Zn deposition. In addition, the adsorpted molecules also build a protection layer to

shield the anode from the attack from electrolytes, mitigating the H2 evolution.

An ideal SEI should possess high ionic conductivity to facilitate Zn?* transportation, strong
mechanical strength to withstand volume change and prevent dendrite growth, and also a “self-
healing” ability to maintain integration during cycling. In-situ SEI normally outperforms an
artificial counterpart because of its self-healing ability, but it should be noted that it is easier to

optimize artificial SEI component to obtain high ionic conductivity and enhanced mechanical
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Figure 2.11 (a) Zn dendrite growth along with Hz evolution observed in 1M Zn(TFSI)2 and (b)
SEl-regulated uniform Zn deposition in Zn(TFSI).-based eutectic solvent.! Copyright 2019,
Springer Nature. (c) Zn dendrite growth in aqueous electrolytes; (d) ZnF2-Zns(COz)2(OH)e-
organic SEI formation mechanism.!'! Reproduced with permission. Copyright 2021, John
Wiley and Sons. (e) Schematic illustration of Zn surface evolution and the SEI formation

mechanism.!*” Reproduced with permission. Copyright 2021, John Wiley and Sons.

Zn deposition behaviour regulation
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Similar to other metal anodes, Zn metal anode also suffers from the dendrite formation. During
initial cycles, some protuberant tips develop due to uneven Zn?* deposition. These protuberant
tips have higher local electric field which attract more Zn?* and evolve into Zn dendrites.
Introducing metal ions with more negative deposition potential than Zn?* into electrolytes is
expected to suppress the so called “tip effect”. For example, Mg?* (Figure 2.12a) 1% and Na*'
as additives preferentially adsorb on the protuberant tips due to the higher electric fields. The
occupied sites prevent further deposition of Zn?* and drive Zn?* to other nearby regions.!%
Beside metal cation, tetrabutylammonium (TBA™) cation (Figure 2.12b)'?® as well as highly-
polarized Et,O molecules (Figure 2.12c-e) 27 also have the ability to regulate Zn?* deposition
under the same mechanism. Pb?* and Sn?* ion also play a role in nucleation and growth of zinc
metal.1? Both of the metal ions would reduce to metal because of their higher standard potential
than Zn?*. Detailed investigation revealed that, in the case of Pb, nucleation behaviour was
significantly changed from initial stages of deposition, while, micro-steps evolution was
gradually mitigated by Sn addition. Qin et al. reported that graphene oxide (GO) can promote
an even electric fields near the electrode/electrolyte interface.'?® Organic solvents, including
cetyltrimethylammonium bromide (CTAB), sodium dodecyl sulfate (SDS), polyethylene-
glycol (PEG-8000), thiourea (TU) and branched polyethyleneimine (BPEI) have been proved
to have an influence on the Zn crystal growth.*® 3! The presence of BPEI helped reduce the

Zn crystal size and achieve relatively smooth Zn deposition.

Some effort also devoted in electrolyte salt optimization. Salt has direct influence on some of
the electrolyte properties, such as pH value, ionic conductivity, stable working voltage window,
as well as reversibility of Zn anode. Different salts, including ZnSOa, ZnCl,, Zn(ClO4)2, ZnNOs,
ZnF2, Zn(CH3COO),, Zn(TFSI)2 and Zn(CF3S0s)2, have been employed as salt for electrolyte
in the ZIBs.?® It is found that some salts (ZnCl,, Zn(ClO4)2, ZnNOs) with strong oxidizing
ability are not desired choice for uniform zinc deposition. The use of these salts are tend to
form loose, rough and insulated by-product on the zinc anode surface, which would worsen
dendrite growth.3! 32 Recently, Zn(CFsSOs), and Zn(TFSI), are investigated and show
remarkable electrochemical performance.*? 13 The CF3sSOs™ and TFSI™ anions have the ability
to alleviate the solvation effect and reduce the solvated water molecules around the zinc ion,
as a result, facilitate the migration of zinc ion. A dendrite-free zinc deposition on Ti foil was
observed when used 3 M Zn(CF3SOz3)..

Under the above-mentioned zinc deposition regulation mechanism, uniform Zn deposition is

much easier to achieve at low current density. It is still challenging to obtain satisfactory
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electrochemical performance at high current density, as most of additives would lose their
function to regulate the Zn deposition. Efforts needed to develop strategies to prevent dendrite

growth at high current density in order to meet practical application.
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Figure 2.12 (a) Schematics of Zn deposition process in the 2 M ZnSQO4 (top row) and ZnMg-
0.1 (bottom row) electrolyte. Reproduced with permission.?” Copyright 2021, John Wiley and
Sons. (b) Schematics of the Zn?* ion diffusion and reduction processes on electrodes in 2 M
ZnSO4 electrolyte (upper part) and 2 M ZnSOs electrolyte with 0.05 mM TBA2SO4 (lower
part). Reproduced with permission. Copyright 2020, American Chemical Society. (c)
Schematics of morphological evolution of Zn anodes in mild aqueous electrolyte with and
without Et2O additive during Zn stripping/plating cycling. Planar SEM images of Zn anode
surface after 125 plating/stripping cycles obtained from Zn/Zn symmetrical cells with (d) and
without (e) Et.O additive.'? Reproduced with permission. Copyright 2019, Elsevier.

2.2.4 Widening electrochemical stability window

Although many advantages are highlighted in aqueous electrolytes, their relatively narrow
electrochemical stability window (ESW) confines the application of high-voltage cathode
materials, greatly limiting the energy density of ZIBs. The ESW of electrolyte is codetermined
by solvents and solutes, and the concentration of solutes also has great influence on the stability
of solvents. Dahn found the stability of water can be modified by high salt concentrations.3
In 2015, Wang’s group reported a ‘water in salt’ electrolyte, more than 20 M LiTFSI dissolved

in water, dramatically expanding the ESW to an upper value of ~ 3.0 V.3 This group later
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applied this design in ZIBs by using 1 M Zn(TFSI), and 20 M LiTFSI in their electrolytes.’’
The extremely high concentration ensures that the water molecules are severely confined in Li*
solvation clusters, therefore weakening the interaction between water and Zn?* and further
eliminated the hydrolysis effects. This electrolyte formula is stable enough to support the high-
voltage cathode, C0o.247V205-0.944H,0, in which a voltage of 1.7 V is obtained.*® A similar
electrolyte, 21 M LiTFSI and 0.5 M ZnSQOg4, was used in a Zn/LiMnogFeo.2PO4 cell, allowing a
high cut-off voltage of 2.35 V (Figure 2.13a).1*" Considering the high cost of organic salts,
low cost inorganic salt-dominant electrolytes have been proposed, such as 30 M ZnCl, aqueous
electrolyte.'®®

Another example is acetate-based concentrated electrolyte, composed of 1 M zinc acetate and
31 M potassium acetate.'® The ultra-high concentration of salts successfully minimises water-
splitting reactions and widens the ESW to 3.4 V (Figure 2.13b). This mild alkaline electrolyte
brings a different mechanism of energy storage to the cathodes of Zn/MnO; cells, in which
OH ions serve as charge carriers. The concentrated and ‘water in salt’ electrolytes confine the
activity of water, but it is at the cost of reducing ionic conductivity. Expanding the ESW of
dilute electrolytes is of realistic significance. Unlike confining free water with great amount of
salts, adding antisolvent can induce strong interactions with water and therefore suppress
water-induced Hz generation and enhance electrolytes stability.*%* Surfactant additives, such as
sodium dodecyl sulfate, can prevent water from splitting by building a dense hydrophobic
barrier layer on electrode, which means more energy will be consumed when water molecules
pass this layer.1®® Therefore, the evolution of hydrogen or oxygen should occur at a higher
overpotential, and the ESW of electrolyte spans between —1.15 V and 1.4 V vs SHE.™* Li et
al. put forward a bi-cation electrolyte, composed of 1 M Al(CF3S03)z and 1 M Zn(CF3S0:s)2,
to increase the output voltage of Zn/MnO- cells and simultaneously expand the ESW of their
electrolyte. They discovered a new phase formation during the first charge process in a bi-
cation electrolyte, where the host material reacts with AI** from electrolyte and generates
layered AlxMnO2-nH-0, leading to a higher discharge plateau at around 1.7 V. The presence
of AIP* also enhances the stability of its coordinated water molecules and supresses the

hydrogen as well as oxygen evolution, widening the ESW to 1.9 V (Figure 2.13c).1°
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Figure 2.13. (a) CV curves of Zn and LiMnogFeo.2PO4 in electrolyte containing LITFSI (21 M)
and ZnSO4 (0.5 M); the ESW of the LIiTFSI-ZnSOs electrolyte and Li2SO4-ZnSO4
electrolyte;*3” Reproduced with permission. Copyright 2016, Elsevier. (b) ESW of acetate-
based concentrated electrolytes;'*® Reproduced with permission. Copyright 2019, John Wiley
and Sons. (c) The ESW of bication and mono-cation electrolytes.;'*° Reproduced with
permission. Copyright 2020, American Chemical Society.(d) LSV curves of 0.5 M AN-
Zn(TFSI)2, AN-Zn(CF3S0s)2, and PC-Zn(TFSI); electrolytes.'** Reproduced with permission.
Copyright 2016, American Chemical Society.

Unlike aqueous electrolytes limited by the proton/hydroxyl electrolytic decomposition, the
nonaqueous electrolytes are able to bear a wide operating window of more than 3V. Burrell et
al. analysed the oxidation behaviours of various salts and organic chemicals, and found that
acetonitrile shows an outstandingly better stability than propylene carbonate, N,N-
dimethylformamide or diglyme. The electrolyte, 0.5 M Zn(TFSI)2 dissolved in acetonitrile,
shows a wide ESW up to 3.7 V vs Zn/Zn?* (Figure 2.13d).}*! Inspired by the result, a
nonaqueous electrolyte, 0.3 M solution of Zn(CF3S0O3)2 in acetonitrile, was applied to a
Zn/ZnAlCo,xOs battery, ensuring a high-voltage output of around 1.7 V.*2 N,N-

dimethylformamide also proved to be feasible as solvent in a Zn/phenanthrenequinone
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macrocyclic trimer (PQ-MCT) battery,'4®

Zn/Zn%.

whose anodic stability extends to about 2.5 V vs

To develop a wide ESW electrolyte for ZIBs, some strategies, including increasing salt
concentration, adding functional additives/solvents and using nonaqueous solvents, have been
put forward and achieved some improvements. However, it should be noted that the value of
Z1Bs is determined by low cost, high safety, environmental-friendliness and excellent Kinetic
properties. Taking this into consideration, it is hard to say this issue has been addressed
successfully. The concentrated and ‘water in salt’ electrolytes are too expensive to be applied
in real applications. Besides, their high viscosity and reduced ionic conductivity also damage
the performance of batteries at high current densities. The use of nonaqueous solvents,
generally harmful and flammable organic chemicals, sacrifice the safety and environment-
friendliness principles. What is more, these materials also induce compatibility issues between
nonaqueous electrolytes and cathode materials, such as low capacity and slow rate capability.
Nazar et al. noticed that the interfacial charge transfer in nonaqueous electrolyte is very
sluggish because high desolvation energy is required for Zn?* to escape its solvation shell.*4
Adding additives into dilute electrolytes could suppress water decomposition, but any

improvements are limited, failing to support high-voltage cathode materials.
2.2.5 Extending operating temperature adaptability

For ZIBs that operate in grid-scale energy storage systems, there are huge challenges resulting
from weather changes, load and temperature fluctuations. The traditional aqueous electrolytes
cannot work at sub-zero temperature due to the high freezing point of water and their low ionic
conductivity at low temperatures. On the other hand, the side reactions between the electrodes
and the electrolyte become more serious at high temperatures, leading to rapid battery
performance decay as well as gas-generation issues. Therefore, extending the operating
temperature adaptability of electrolytes is of great importance for the practical application of
ZIBs.

The high freezing point of water comes from the unique intermolecular H-O--H hydrogen
bonds (HBs).1%% 146147 When water transform into ice below 0 °C, there is 0.52 extra HB per
H.0 molecule.®® By introducing HB acceptors into aqueous electrolytes, the freezing point of
the electrolytes can be reduced.!#® 149150 The mechanism utilizes the competition between the
intermolecular HBs of water to water and the strong electrostatic interactions of these HB
acceptors to water. The HBs between H,O molecules can thus be weakened, and the electrolyte
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solvation structure can thus be modulated. Aqueous electrolytes with HB acceptors exhibit low
freezing points, enhanced ionic conductivity, and reduced viscosity at low temperature,
therefore improved battery performance at sub-zero temperatures. The Zn?* and anions in salt-
concentrated electrolytes can be simply used as HB acceptors to break some HBs between H.O
molecules. The strong dipole-dipole force between Zn?* and O atoms of water leads to
solvation structural rearrangement in the electrolytes, and thus promotes the binding of O atoms
with Zn?* rather than with H atoms of water. For example, Chen et al. studied the relationship
between the concentration of ZnCl. and the freezing point (solid-liquid transition temperature,
Tt) of aqueous electrolyte, and found that T: reduced with the increase in ZnCl, concentration
and reached lowest level of —114 °C at 7.5 M.% The 7.5 M ZnCl, electrolyte exhibited a high
ionic conductivity of 1.79 mS cm™ at —60 °C, and remained liquid even at —70 °C (Figure
2.14a).%° The ZIBs using the 7.5 M ZnCl; electrolyte delivered an impressive lifespan of 2000
cycles with a capacity retention of ~100% at 0.2 A g~ (Figure 2.14b). A 1.15 Ah pouch cell
with stacked multilayers can power light emitting diodes (Figure 2.14c) and can retain a high
capacity of 0.50 Ah at —70 °C.% Furthermore, it was pointed out that F atoms of salt anions
had higher electronegativity compared with N and O, and can easily form HBs with the O
atoms of water (O-H:--F), which can significantly influence the original HB network of water
and render an ultralow freezing point for the electrolyte.'*® 4 M Zn(BF)2 aqueous solution was
used as an electrolyte, and achieved a freezing point of —122 °C and a high ionic conductivity
of 1.47 mS cm™* at —70 °C.1*® It was proved that each BF4~ anion can form weak HBs with up

to three H>O molecules, and thus disrupt their ordinary HB network. 148

In addition to the application in aqueous electrolytes, concentrated salts are also useful HB
acceptors in hydrogel electrolytes. One related approach is to introduce cooperatively hydrated
cations. In previous work conducted by Zhu et al., 2 M ZnSO4 and 4 M LiCl were dissolved in
a PAM based hydrogel.*®* It was found that the cooperative cation hydration significantly
dissociated the HBs between water molecules (Figure 2.14d). The designed electrolyte
delivered satisfactory electrochemical performance at —20 °C when tested in Zn/LiFePOg4
hybrid cells. Due to the highly solubility of ZnCl; salt, ZnCl; is the most commonly-used salt
in the high concentration anti-freezing hydrogel electrolytes. Wang et al. obtained a hydrogel
electrolyte at low temperature of —40 °C by simply increasing the ZnCl2 concentration to 4 M
in a xanthan gum polymer gel.?®? Zhou et al. further reduced the salt concentration (2 M ZnSOx
and 0.1 M MnSOs) and developed a GG/SA/EG hydrogel electrolyte.’>® In the resultant

hydrogel, the EG formed stable molecular clusters with H,O molecules that compete with
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water-water HBs , which decreases the vapor pressure of water and reduced the electrolyte
freezing point. The cross-linked GG-SA network gave a flexible mechanical characteristic
(Figure 2.14¢).1%3

Besides, organic solvents, such as DMSO,* 1 Et,0, EG,% 1% and oligomer poly(ethylene
glycol) dimethyl ether (PEGDME),*>" can be also used as additives to regulate agqueous
electrolyte solvation structure and widen the operating temperature range of ZIBs. In this
regard, Wu et al. added 20% DMSO into aqueous electrolyte, which participated in the
solvation of Zn?* and broke HBs between water molecules (Figure 2.14f-g), thus enabling a
stable cycling in Zn/MnO battery at —20 °C.**> PEGDME was introduced into aqueous as a
competitive solvent,*>” and it indicated that PEGDME could re-construct HBs with water and
take part in the solvation of Zn*. Therefore, both HBs of water and the water/Zn?* interactions
have been weakened, and the ionic conductivity at low temperature has been improved, which
could help to suppress Zn dendrite growth. Benefiting the re-constructed solvation structure,
the side reaction between the electrolyte and electrodes has also been alleviated even at high
temperature (65 °C) (Figure 2.14h).® Similarly, adding organic components into hydrogel
electrolytes is an effective approach to decrease their freezing point. In this regards, ‘vicinal’
is used to describe the structure of a compound in which the two groups are bonded to
neighbouring carbons. Meanwhile, an alcohol “ol” group can compete with water molecules
for hydrogen bonds, thus, preventing the formation of intermolecular HBs between water
molecules.?® 1° As a result, an aqueous electrolyte in polymer gel networks with added “ol”
groups can maintain liquid state even at subzero temperatures. One of the most-used vicinal
alcohols is EG, known for its environmental friendliness. To obtain anti-freeze hydrogel
electrolyte while maintaining flexibility, Zhi et al. reported a novel EG-based waterborne
anionic polyurethane acrylate (EG-waPUA)/PAM electrolyte.'®® The strong HBs with water in
the EG-WAPUA and PAM matrix can inhibit water-water interactions and hence inhibit ice
crystallization. The obtained EG-waPUA/PAM hydrogel electrolyte shows a high ionic
conductivity at —20 °C. Other researchers also applied EG in different hydrogel electrolytes,
including PAM/GO/EG?!! and guar gum (GG)/sodium alginate (SA)/EG electrolytes,®2

wherein similar results were also observed.

Relacing water with organic solvents in electrolytes is also other strategy to extend the
temperature adaptability of ZIBs. For instance, a DMF-based electrolyte remained liquid and
worked well even at —70 °C. Because of its enhanced stability with electrodes, it was shown to

support battery functioning even at 150 °C (Figure 2.14i).1* Apart from liquid electrolytes
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with full organic solvents, full polymer electrolytes are also promising. For example, Zhi et al.
developed a solid polymer electrolyte based on poly(vinylidene fluoride-co-
hexafluoropropylene) filled by the poly(methyl acrylate) grafted MXenes (denoted as
PVHF/MXene-g-PMA).1%3 In the electrolyte, there were abundant F-H HBs between PVHF
and PMA, and homogeneous dispersion of MXenes was achieved from the intriguing
interaction between the highly grafted PMA and PVHF matrix. The electrolyte functioned well

across a temperature range of =35 °C to +100 °C.

In brief, various HB accepters, including Zn salts, anions, and organic solvents, have been
introduced into aqueous and hydrogel electrolytes to reduce the electrolyte freezing point and
enable sub-zero temperature ZIBs. Despite these advances, the capacities and rate
performances of ZIBs at low temperature are still unsatisfactory, as summarized in Table 2.1.
To improve this, the electrolyte recipes and SEI structures should be further optimized and the
ionic conductivity at low temperature should be enhanced. In addition, to achieve high energy
density, the area capacity of cathodes and the electrolyte amounts should be further controlled
in low temperature tests, because these aspects are not mentioned in most of the published
results. Besides the aforementioned considerations, the cycling stability and gas-generation
issues in aqueous or aqueous-based electrolytes at high temperature have not been fully
explored and should be carefully considered in future studies. Furthermore, polymer
electrolytes for ZIBs have mostly been focused on low-temperature (anti-freezing)
performance. Test batteries have normally been tested at —35 °C or higher temperatures, and
low current densities (see Table 2.1), suggesting the mass transfer kinetics in these electrolytes
is still poor. Similar to the studies involving liquid electrolytes, the studies about high
temperature performance are fairly sparse. In addition, to guarantee appropriate volumetric
energy density, the thickness of polymer electrolytes should be quantified and adequately

controlled.
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Figure 2.14. Extending the operating temperature adaptability of liquid electrolytes. (a)

Optical photographs of the electrolytes with different ZnCl> concentrations at 25 and —70 °C,

(b) Cycling performance of polyaniline batteries at —70 °C and 0.2 A g%, and (¢) Schematic of

assembled pouch cell used to light LEDs by two series-wound cells at —70 °C.%® Reproduced

with permission. Copyright 2020, Springer Nature. Schematic illustration of synthesis of the
PAM based hydrogel (d),**! (Reproduced with permission, Copyright 2020, John Wiley and
Sons), and the structure of GG/SA/EG hydrogel electrolytes (e).®® Reproduced with

permission. Copyright 2020, Elsevier. Conceptual diagrams of Zn?* solvation structure

evolution in aqueous electrolyte (f) and DMSO hybrid electrolytes (g).*® Reproduced with

permission. Copyright 2021, John Wiley and Sons. (h) Hlustration of thermal instability of Zn
metal anodes in PEGDME-0 (without PEGDME) and highly improved stability in PEGDME-
50 (50% PEGDME)."®" Reproduced with permission. Copyright 2021, Elsevier. (i)
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Temperature-dependent investigation of a Zn/phenanthrenequinone macrocyclic trimer

rechargeable battery.** Reproduced with permission. Copyright 2020, John Wiley and Sons.
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Table 2.1. Summary of electrolyte engineering towards wide-temperature range ZIBs.

Low ) High
Cycles/capacity ) )
Electrolyte  Electrolyte components Anode/Cathode  temperatur enti tempera  Cycles/capacity retention Ref.
retention
e ture
4 M
Zn/Tetrachlorobe
Zn(BF4)2 aqueous . =30 °C 1000/94% at 1 C / / 148
nzogquinone/Zn
solution

7.5 M ZnCl2 aqueous . 2000/~100% at

] Zn/Polyaniline =70 °C / 95
solution 0.2A¢gt
2MZnS0O4+ 0.2 M

) 500/~77% at 3

- MnSO4 aqueous solution Zn/MnO> —10 °C 25°C 500/88.3% at 3 A g? 156
Liquid Agt
+ 1% Et,0 and 30% EG

300/~63% at 1

2 M ZnS0O4/H.0-DMSO Zn/MnO> —20 °C c RT 3000/~100% at 10 C 155
1 M Zn(CF3S0s):2

aqueous solution + 450/~50% at 0.1

Zn/V70s —15°C 50 °C 200/32% at 0.1 Ag? 157

PEGDME competitive

solvent

Agt
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Zn/Phenanthreneq

] uinone
0.5M ZnTFEMS in DMF ) =70 °C / 150 °C / 143
macrocyclic
trimer
3 M Zn(CFsS03)2 PAM  7n/Mgo1V20s-H: 100/~110% at
30 °C ) 60 °C 100/~100% at 0.2 A gt 164
hydrogel O/ 0.2Ag
PAM hydrogel with 2 M
) _ 500/~95% at 0.2
ZnS0O4 and 4 M LiCl Zn/LiFePOy —20 °C Agl / 151
solution :
Polyzwitterionic
hydrogel electrolyte with Zn/MnO> —20 °C / RT 600/~95% at 1.5 Ag? 165
Hydrogel/
2 M ZnSO4
polymer
5.5 M ZnCl; + PAAM
Zn/MnO; / / 50°C  100/~10% at 12 mA cm2 166
hydrogel
PVA/glycerol gel with 2
2000/~95% at 1
M ZnSO4 and 0.2 M Zn/MnO> —35°C Agt 25°C 2000/95% at 1 A g 167
MnSO4 :
1000/~62.5% at
PAM/GO/EG gel Zn/MnO> —20 °C 20 °C 1000/~80.6% at 1 A g* 161

1Agt
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EG-waPUA/PAM gel

600/~64% at 0.2

Zn/MnO- —20 °C 20 °C 600/~80% at 0.2 A gt 160
electrolyte Agt
4 M ZnCl; + xanthan Zn/NH4V30s-1-9 1500/~72% at 1
—20 °C / 168
gum H20 Agt
12 M ZnCl; + xanthan Zn/NH4V30g-1.9 450/~128% at
—20 °C 20 °C 800/~74% at 1.5 Agt 152
gum electrolyte H-0 05A¢g!
PEG/bacterial cellulose _ 300/~100% at
Zn/LiFePOq —20 °C / 169
electrolyte 85mAg?
Zn/Manganese
PVHF/MXene-g-PMA —35°C / 100 °C / 163
hexacyanoferrate
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2.2.6 Summary

Challenges Electrolyte strategies
Degradation of cathode .\
materials Additives
Dendrite growth

Organic solvents

Anode corrosion . .
Concentrated and ‘water in

salt’ electrolytes

Figure 2.15 The challenges and associated strategies for electrolytes of ZIBs.

We have discussed the main challenges that ZIBs are facing and the corresponding solutions
in terms of electrolytes, which is summarized in Figure 2.15 ZIBs are the most alternatives for
lithium ion batteries for grid-scale energy storage, therefore, good temperature adaptability and
excellent electrochemical stability are the essential consideration in designing electrolytes for
Z1Bs. Organic, aqueous-organic hybrid or concentrated electrolytes have been reported so far
to meet the requirements. Their temperature adaptability is based on eliminating or breaking
HBs, while their functions in enhancing reversibility of Zn anode relies on solvation structure
manipulation. Organic components are aprotic and their side reactions with Zn metal are
minimal, while concentrated electrolytes could supress the activity of water but significantly

increase the viscosity and the cost of electrolyte.

Z1Bs are also proposed as the candidate power for portable devices, in which the energy density
of ZIBs becomes incredibly important. To cope with high-voltage cathode materials,
electrolyte strategies such as adding additives, using organic solvents and high concentrated
electrolytes should be taken to mitigate O2/H. evolution reactions and therefore ensure a
sufficient ESW. Additives work by adsorbing on the surface of electrode to increase the

overpotential of O2/H> evolution, however, their effect on preventing water splitting are far

58



from enough, especially considering that a high cut-off voltage at around 2.4 V is required.
Benefiting from the aprotic nature of non-aqueous electrolytes and the low water activity in
‘water in salt’ electrolytes, organic or “water in salt” electrolyte could be used for high-voltage
cathodes. However, the high cost of ‘water in salt’ electrolytes make it almost impossible for
Z1Bs to replace lithium ion batteries. Non-aqueous electrolytes suffer from high desolvation
penalty and high charge-transfer impedance, which restrain the cathode materials from
delivering their full capacity. Reducing the cost of concentrated electrolytes and increasing the
compatibility between organic solvent and cathode materials are the remaining challenges for

further research.
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Chapter 3 Lithium metal electrode with increased air stability and
robust solid electrolyte interphase realized by silane coupling agent
modification

This chapter includes work published in the journal Adv. Mater. 2021, 33, 2008133. It proposes
to use a silane coupling agent as an adhesion promoter to address the adhesion problem between
the SEI layer and the Li metal anode, and as a protection layer to avoid the Li metal from air

corrosion. This design provides a promising pathway for the development of Li metal

electrodes that will be stable both in electrolytes and in air.
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3.1 Introduction and significance

Li metal is widely regarded as an ideal anode material for next-generation batteries because of
its ultra-high theoretical specific capacity (3860 mAh g 1) and low redox potential (—3.04 V vs.
standard hydrogen electrode). 234 The commercial promotion of Li metal based batteries are
greatly hindered, however, by Li metal’s intrinsic shortcomings.® Li metal is themodynamically
unstable with non-aqueous solvent and therefore, continuous chemical reactions occur until the
Li metal surface is passivated by a solid electrolyte interphase (SEI) layer. This layer is
mechanically unstable under the large interfacial fluctuations during Li plating/stripping
processes, and it cracks and reforms continuously, consuming both the Li anode and the
electrolyte.® What is worse, Li dendrites, the main hidden danger of Li metal based batteries,
are prone to grow from cracks in the SEI layer.” It has been observed by operando scanning
transmission electron microscopy that the SEI layer is damaged during interfacial fluctuations
and finally exfoliated, leaving an exposed electrode surface in the electrolyte.® The SEI layer
exfoliation can be attributed to poor chemical adhesion between the SEI layer and the Li
substrate. Obviously, a stable and robust SEI layer is the decisive factor for safe, dendrite-free,
and long-lifespan Li metal based batteries. To optimize the SEI layer, researchers developed
functional additives,>!° novel solvents,'*? and high concentration electrolytes'® to adjust its
composition and structure in situ. Reinforcement of the SEI layer was also realized by ex-situ
coated protective layers, such as Nafion,** hexagonal boron nitride (h-BN), !¢ LiF,}" and
LisPO4.28 Although various strategies have been proposed, these research efforts have been
mainly focused on the properties of the SEI layer itself, while attention has hardly been paid to

the bonding between the SEI layer and the Li metal substrate.

Besides the serious challenges in the electrochemistry, how to increase the air stability of Li
metal and thereby simplify operation conditions is another significant challenge. Li metal is
immediately corroded by oxygen, carbon dioxide, and moisture when exposed to air, forming
electronically insulating products such as Li,O, Li.CO3 and LiOH,® which will greatly degrade
the electrochemical activity of the Li metal electrode. To increase the air tolerance of Li metal,
various methods have been proposed to fabricate isolation layers. Polymers or composite
materials, such as poly(tetramethylene ether glycol) (PTMEG)-Li/Sn,?® wax-poly(ethylene
oxide) (PEO),! polyvinylidene fluoride (PVDF)-hexafluoropropylene (HFP),?? paraffin wax,?
poly(methyl methacrylate) (PMMA),?* polyphosphoric ester (PPE)-LisP04,%® and
(Li20)m(Al203)n-LiF?® were coated on Li metal via solution methods, and the derived modified

layers were usually on the micron-meter scale, sacrificing both actual volumetric and
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gravimetric energy densities of Li metal electrodes. Nanoscale modification layers, such as h-
BN,%” Zr0,,2 and Al,?® are usually fabricated by chemical vapor deposition, atomic-layer
deposition, or magnetron sputtering, which are costly and unsuitable for large-scale industrial
processes.

To solve these challenges, herein, we design a facile but feasible way to realize both SEI layer
reinforcement and enhanced air stability via modifying the Li metal with 3-
methacryloxypropyltrimethoxysilane (MPS), an inexpensive silane coupling agent. By
immersing commercial Li foil in an MPS containing solution, MPS molecules are grafted
spontaneously to the surface of the Li foil and assembled into a thin and dense layer, denoted
as the MPS layer. This layer firmly adheres to the Li metal surface by forming covalent bonds
(Li-O-Si), and it connects with the SEI layer by chemical bonds and physical intertwining
effects. In this way, the Li metal and the SEI layer, two dissimilar materials can be well
connected. With reinforced adhesion, the MPS modified Li metal foil (MPS-Li) exhibits
excellent electrochemical performance. MPS-Li||[MPS-Li symmetric cells shows excellent
cycling stability for 1400 hours at a current density of 1 mA cm~2 and 600 hours at 3 mA cm 2
with a fixed capacity of 3 mAh cm™. Even with high cathode mass loading and limited
electrolyte, an MPS-Li||LiFePOQ4 full cell delivers a specific capacity of 122 mAh gt after 300
cycles at 1 C and an MPS-Li||S cell maintains a specific capacity of 652 mAh g after 300
cycles at 0.2 C. Meanwhile, the dense MPS layer is able to prevent the Li metal from being
corroded by air. The MPS-Li still maintains up to 88.1% of its theoretical capacity after
exposure to air for 2 hours, and batteries with air-exposed MPS-Li foil as anode shows

comparable electrochemical performance.
3.2 Experiments

Chemicals

3-methacryloxypropyltrimethoxysilane (MPS, 98%), anhydrous tetrahydrofuran (THF, 99.9%),
Lithium nitrate (LINO3, >99%), bis(trifluoromethane)sulfonimide lithium salt (LiTFSI,
99.95%), 1,3-dioxolane (DOL, 99.8%), 1,2-dimethoxyethane (DME, 99.5%), ethylene
carbonate (EC, 99%), diethyl carbonate (DEC, 99%), sulfur powder, carbon nanotube (CNT),
polyvinylpyrrolidone (PVP), N-methyl-2-pyrrolidone (NMP), and polyvinylidene difluoride
(PVDF) were purchased from Sigma-Aldrich. Li foil was purchased from China Energy
Lithium Co., Ltd. and stored in an argon filled glove box with oxygen and moisture

concentrations below 0.1 ppm. Lithium hexafluorophosphate (LiPFs, 99.99%) was purchased

78



from Duoduo Chem Co., Ltd. MPS, THF, and DOL were used without any further purification.
LiNOz was dried at 60 °C. and LiTFSI was vacuum-dried at 110 °C in a glove box. DME was
dried with a molecular sieve for over 2 days. LiFePO4 powder was purchased from Shenzhen
Dynanonic Co., Ltd. CMK-3 was purchased from Nanjing XFNANO Materials Tech Co., Ltd..

MPS-L.i fabrication

5% MPS/THF solution was prepared by thoroughly mixing MPS and THF in a volume ratio of
1:19. Li foil was totally immersed in 5% MPS/THF solution for 30 minutes. Upon removal
from the solution, excess liquid was removed by dripping, and then followed by a heating

process at 100 °C for 1 hour. The as-obtained sample was denoted as MPS-L.i.
Characterization

The XRD measurements on pristine Li were conducted on GBC MMA diffractometer with Cu
Ka radiation. To prevent oxidation, the Li metal foil was well sealed with a Kapton tape. The
surface morphology of fresh and cycled MPS-Li/Li foils was observed with a JEOL JSM-
7500FA field emission scanning electron microscope. XPS spectra were collected on a Thermo
Scientific Nexsa X-Ray Photoelectron Spectrometer System. The depth profiles was obtained
by etching the MPS-L.i with a Ar* ion gun with energy of 3000 eV and a raster size of 2.00 mm.
AFM characterization was conducted on a Bruker Dimension Icon instrument in an argon-
filled glove box. The Time-of-Flight Secondary lon Mass Spectrometer analysis was conducted
on an ION-TOF TOF-SIM®, and data for both the positive and negative polarities were
collected with Bis" at 30 keV as the ion source. To identify the components of the SEI layer, 1
mAh of Li* was plated on MPS-Li and then stripped before TOF-SIMS analysis. Fourier-
transform infrared spectra were obtained with a PerkinElmer Frontiers instrument with an
attenuated total reflectance (ATR) attachment. EIS tests were conducted on VMP3 instruments.
To obtain the cycled MPS-Li and Li anodes for SEM and XPS analysis, MPS-Li||MPS-Li and
Li|| Li cells were cycled at a current density of 1 mA cm2 with an areal capacity of 3 mAh

cm ™2 for 100 cycles.
Electrochemical Testing

To prepare LFP electrode, a slurry containing 80 wt% LFP, 10 wt% Super P, and 10 wt%
PVDF in NMP solvent was casted on aluminium foil. The areal mass loading of LFP cathode
was around 12 mg cm 2. For S cathode, S powders and CMK-3 were well mixed in a weight
ratio of 3:7 and heated at 155 °C for 12 hours to obtain CMK-3@S composite. A slurry
containing 80 wt% CMK-3@S, 10 wt% CNT, and 10 wt% PVP in NMP solvent was well
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mixed and loaded on carbon cloth. Afterward, the S electrode was vacuum dried at 55 °C for
12 h. The active material in the as obtained S electrode was around 3.6 mg cm 2. CR2032-type
coin cells were adopted for testing all electrochemical performances. 1 m LiTFSI in DOL/DME
(1:1 by volume) with 2% LiNO3 was used as ether electrolyte and 1 m LiPFe in EC/DEC (1:1
by volume) was used as carbonate ester electrolyte. The amount of electrolyte was controlled
at 50 ul for the symmetric cells. The E/C ratio was limited to 3 ul mg™* for Li||LFP and MPS-
Li||LFP cells, and 15 pul mg™* for Li||S and MPS-Li||S cells. Before galvanostatic long-term
cycling, the Li||LFP and MPS-LIi||LFP cells were activated at 0.1 C for 5 cycles, while the Li||S
and MPS-L.i||S cells were activated at 0.1 C for 2 cycles.

3.3 Reaction mechanism investigation
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Figure 3.1 (a) Top-view SEM image of pristine Li metal foil; (b) XRD partten of fresh pristine
Li metal foil.

MPS contains alkoxy groups (-OCHz) and organic reactive group (-COOC(CH3z)=CHy>) on the
two ends of the molecule, and it therefore shows good adhesion on metal surfaces and excellent
compatibility in organics. The presence of LiOH is an essential prerequisite for the hydrolysis
reaction of alkoxy groups, and it is found on the surface of pristine Li foil, as proved by its X-
ray diffraction (XRD) pattern (Figure 3.1).

To graft MPS molecules onto the metal surface, commercial Li foil is immersed in 5% (vol%)
MPS/tetrahydrofuran solution for 30 minutes, and the reaction between LiOH and the MPS
molecule, which is displayed as Equation 1, occurs spontaneously. A heating process at 100 °C
for 1 hour is then applied to promote the solidification of MPS layer. The thus-derived Li foil
is denoted as MPS-L.i.
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The surface morphology of MPS-L.i foil was observed by scanning electron microscopy (SEM)
and atomic force microscopy (AFM). As shown in Figure 1a, the surface of MPS-Li is as
smooth as that of pristine Li (Figure 3.2a), and the AFM image (Figure 3.2b) further confirms
that the modified layer covers the Li metal uniformly without obvious aggregates.
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Figure 3.2 (a) Top-view SEM image of MPS-L.i. (b) AFM morphology of MPS-L.i.
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Figure 3.3 (a) XPS spectrum of Si 2p of MPS-Li; (b) XPS depth profiles of Si 2p for MPS-L.i.

The Fourier transform infrared (FTIR) spectrum of MPS-Li (Figure 3.4) shows strong
absorption bands of Si-O stretching vibrations at 1193 cm™ and 1089 cm™, a C=0 stretching
vibrations band at 1728 cm™2, and a Si-C stretching vibrations band at 819 cm™,
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The X-ray photoelectron spectroscopy (XPS) spectrum in Figure 3.3a exhibits a strong peak
for Si 2p, indicating that MPS molecules have been grafted onto the surface of the Li foil. The
detailed peak interpretation is as follows: the peak at 103.8 eV is attributed to O-Si-O,* the
one at 102.6 eV is attributed to O-Si-C, while the one at 101.6 eV is assigned to Li-O-Si.*! XPS
depth profiling of Si 2p was further conducted to investigate the thickness of the modified layer
on MPS-Li. According to Figure 3.3b, the peak intensity of Si 2p decreases greatly after
etching by Ar* ion beam for 3 minutes, and the signal disappears after etching for 11 minutes,
indicating that the modified layer has a multimolecular structure and its thickness is around
320 nm.
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Figure 3.4 FTIR spectrum of MPS-L.i.

To further investigate the bonds between the MPS layer and the Li metal substrate, time-of-
flight secondary ion mass spectrometry (TOF-SIMS) was adopted to investigate the chemical
components on fresh MPS-Li. As displayed in Figure 3.5, ion fragments of Li-O-Si",
CH2CH,CH,-0O*, (LiO),Si*, and (LiO)sSi* are detected at the mass-to-charge ratio (m/z)= 51,
74, and 97, respectively, from positive spectra of MPS-L.i, illustrating that chemical bonds form
between the MPS molecule and the Li metal substrate via Li-O-Si bonds. The organic part of
MPS is also detected at m/z = 58 and m/z = 85 from its negative spectra, which are assigned to
COO-CH>™ and COO-C(CH3)=CH>". A weak peak belonging to the O-Si-O-Si-O" is found
from the negative spectra of MPS-Li at m/z = 104, indicating that a slight condensation among

siloxanes occurred during heating the modified Li metal foil at 100 °C.
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Figure 3.5 Selected TOF-SIMS ion spectra of fresh MPS-L.i.
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Based on the above comprehensive analysis, the structure of the MPS layer can be clearly

determined, as shown in Figure 3.6. The MPS layer clearly adheres to Li metal substrate by

forming firm Li-O-Si bonds instead of by weak adsorption. The condensation of siloxanes leads

to a multimolecular structure with cross-linked O-Si-O-Si-O bonds. This cross-linked structure

allows organic species to interpenetrate into the siloxane networks and thereby form

electrostatic forces. The physical effect based on interpenetration and intertwining is a

significant part of bonding mechanism and has been successfully applied to improve the

adhesion of composite materials.3?

H 'CH2CH2CH2'COO'C(CH3)=CH2

Figure 3.6 Schematic illustration of the structure of MPS-Li.
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3.4 The effect of MPS layer during battery operation
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Figure 3.7 XPS spectrum of Si 2p for MPS-Li foils after immersion in two electrolytes

respectively for 10 days: (a) ether based electrolyte; (b) carbonate ester based electrolyte.
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Figure 3.8 The comparison of the current response of Li and MPS-Li. During the direct
current-voltage measurement, the Li and MPS-Li were sandwiched between two stainless steel

(SS) blocking electrodes and subjected to a direct current of 5 mA.

To test the stability of the MPS layer in non-aqueous electrolyte, two MPS-Li foils were
immersed in an ether based electrolyte, which was 1 wm lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) in 1,3-dioxolane (DOL)/1,2-dimethoxyethane
(DME) (1:1 by volume) with 2wt% LiNOg; and in an carbonate ester based electrolyte, which
was 1 m LiPFs in ethylene carbonate (EC)/diethyl carbonate (DEC) (1:1 by volume), for 10
days respectively. After through cleaning, the XPS characterizations were conducted on the
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MPS-L.i foils and a strong peak of Si 2p was detected from their corresponding XPS spectrum
(Figure 3.7), indicating that the MPS layer is stable and insoluble in both kinds of electrolytes.
The electronic insulation property of MPS layer is verified by using direct current-voltage
measurement (Figure 3.8), revealing that this passivation layer can block electron transport

and thereby ensure that Li* is deposited beneath the MPS layer instead of on the top surface.
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Figure 3.9 The effects of the MPS layer towards suppressing Li dendrite growth. (a-b) Voltage
profiles of Li||Li and MPS-Li||[MPS-Li symmetric cells tested at different current densities.

The growth of Li dendrites is the main cause of battery failure. The weak SEI layer tends to
crack under volume changes, and these defects would stimulate the growth of Li dendrites. To
find out if the Li dendrites are effectively suppressed by reinforcing the SEI layer, MPS-
Li||MPS-Li symmetric cells were tested. VVoltage profiles from galvanostatic charge-discharge
cycling of MPS-Li||[MPS-Li and Li||Li cells with a fixed areal capacity of 3 mA h cm™ are
shown in Figure 3.9. 1 m LiTFSI in DOL/DME (1:1 by volume) with 2wt% LiNO3z was used
as electrolyte. When the cells works at a current density of 1 mA cm2, although the polarization
of the MPS-Li||MPS-Li cell is slightly high in the initial Li plating, it declines rapidly from 750
mV to 80 mV and remains at around 60 mV during the subsequent cycling (Figure 3.10).
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Figure 3.10 Voltage profiles for the first 20 hours of the MPS-Li||MPS-Li cells.
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Figure 3.11 EIS curves of Li||Li and MPS-Li||MPS-Li symmetric cells during different cycling
stages. The symmetric cells were cycled at a current density of 1 mA cm with a fixed areal

capacity of 3 mAh cm™,

After working for 1400 hours, the MPS-Li||[MPS-Li cell exhibits a slightly increased voltage
oscillation to around 100 mV. The Li|lLi cell, in contrast, shows relatively lower
plating/stripping polarization at the beginning, but it has an obvious plunge after 280 h,
revealing that the continuously growing dendrites has eventually touched the counter electrode
and causes a micro-short circuit. Electrochemical impedance spectroscopy (EIS) tests were

futher applied to investigate the interfacial changes during different cycling stages. As shown
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in Figure 3.11, the fresh MPS-Li||[MPS-Li cell has a high charge transfer resistance but it falls
back to the same level as for the Li||Li cell because of the activation process for the modified
layer that takes place during the first few cycles. These changes are well consistent with the

variation in the voltage profiles of MPS-Li||MPS-Li cell.

When the working current density is increased to 3 mA cm2, the MPS-Li||MPS-Li cell is able
to work stablely for 600 hours, while Li||Li cell fails due to the micro-short circuit caused by
dendrites after 70 hours. Based on the performance comparison, it is obvious that pristine Li is
prone to generate Li dendrites during repeated plating/stripping processes, and the dendrite
growth rate accelerates at high working current density. To further investigate the depletion of
Li metal during cycling, the thin Li metal anode with a thickness around 100 um was adopted
in the symmetric cells and tested at a current density of 3 mA cm2 with a plating/stripping
capacity of 3 mAh cm™2. As shown in Figure 3.12, the voltage polarization of the Li (100
pum)||Li (600 pum) cell soars up to 2 V after cycling for 80 hours, indicating that the thin Li foil
has been depleted. The MPS-Li (100 um)||[MPS-Li (600 pum) cell, in contrast, has a longer
lifespan of 180 hours. This advantage can be attributed to the robust SEI layer of MPS-Li,
which suffers from less damages during volume change, so that there is less Li consumption

during SEI layer repairs.
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Figure 3.12 Voltage profiles of symmetric cells. The Li||Li and MPS-Li||MPS-Li cells were
assembled with a thin foil around 100 um thick on the one side and a thick foil around 600 pm
thick on the other side.

To observe the morphology of cycled MPS-Li and Li foils, the symmetric cells, which worked
at a current density of 1 mA cm~2 with a constant plating/stripping capacity of 3 mAh cm2 for
100 cycles, were disassembled. According to the SEM images in Figure 3.13, the cycled Li
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anode has a rough surface, and its magnified image shows a large amount of irregular branched
Li. Most of these fragmented L.i particles are electrochemically inactive, since they are covered
with an SEI layer and dissociated from the Li metal matrix. The irregular morphology of cycled
Li particles in Li metal anode can be ascribed to the brittle SEI layer. It has been reported that
Li* tends to deposit in the cracks in the SEI layer and grow into dendrites.*® The cycled MPS-
Li anode, by contrast, has a smooth surface, and its large grains closely grow into a relatively
dense structure (Figure 3.13c). No obvious dendritic Li particles are found in its enlarged
image (Figure 3.13d). Obviously, the MPS modified layer plays a positive role in preventing
the formation of Li dendrites and “dead” Li. The brittle SEI layer of pristine Li metal results in
uneven Li* flux which in turn leads to the dendritic Li growth. The cell will fail when dendrites
reach the counter electrode. In contrast, the strengthened interlayer of MPS-Li anode promotes
uniform deposition of Li and therefore extends the lifespan of Li metal batteries.

Figure 3.13 Top-view SEM images of Li (a-b) and MPS-Li (c-d) electrodes after 100 cycles
at a current density of 1 mA cm2 with a capacity of 3 mAh cm™,

3.5 Surface chemistry analysis of Li and MPS-L.i

To investigate the components of SEI layer, XPS analysis was applied on cycled Li and MPS-
Li anodes. As shown in Figure 3.14, peaks at 684.9 eV,* 686.5 eV,* and 688.4 eV in the F
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1s specturm belong to Li-F, C-F, and C-Fs respectively, while peaks at 397 eV, 398.2 eV,
399.3 eV,% and 404 eV in N 1s are assigned to LiNxOy, LisN, N-S, and LiNO;, respectively.
Based on a relative peak intensity comparation, it is obvious that cycled Li anode has much
more by-products of electrolyte decomposition than the cycled MPS-Li anode, revealing that
the MPS modified layer is effective in alleviating the side reactions between the active Li metal

and the electrolyte.
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Figure 3.14 The surface chemicals of cycled MPS-Li and Li. High-resolution XPS spectra of
Li and MPS-Li anodes after 100 cycles.
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Moreover, a strong Si 2p peak is detected from the MPS-Li anode even after 100 cycles, and
the components of split peaks remain the same as for the fresh MPS-L.i foil, indicating that the
MPS modified layer is quite stable. Interestingly, the amount of Li-Si-O, which is proved to be
effective in facilitating Li* transportation through the interphase, increases after cycling,

verifying the activation process of the modified layer.

TOF-SIMS characterization was further used to indentify the component changes. As displayed
in Figure 3.15, the relevant peaks of Li-O-Si bonds are all found in the TOF-SIMS ion
spectrum of cycled MPS-Li anode, illustrating that the bonds between the MPS layer and the
Li substrate are well retained. Nevertheless, the organic reactive part of the MPS layer, COO-
C(CH3)=CHz>", is found to be greatly depleted in Figure 3.16a compared with that of fresh
MPS-Li, which means that it takes part in reactions during the formation process of the SEI
layer. Meanwhile, its possible derivatives, CO-CH(CHz3)-CH2-CHa-Li2" and COO-CF(CHs)-
CH2-Li*, appear at m/z = 96/97 and m/z = 110/111 in Figure 3.16b, respectively. We suppose
that the carbon-carbon double bonds of COO-C(CH3s)=CH, may be opened up and bonded with
the SEI components. Besides the fragment ions of the MPS layer, some new peaks are found
on cycled MPS-Li. These peaks can be assigned to LiOH (m/z = 31), Li.O (m/z = 36/37), LisN
(m/z =66/67), Li2COs (m/z = 80/81) and CH3CH2-O-COO-Li (m/z = 102/103). A small amount
of decomposition products of Li salt are also found in Figure 3.17. The NO2™ at m/z = 46
belongs to LINO., while N-S=0O" and N-SO>" are assigned to the decomposition products of
LiTFSI. These new species all belong to typical SEI components.
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Figure 3.15 Selected TOF-SIMS ion spectrum of cycled MPS-L.i foil.
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Figure 3.16 Comparison of TOF-SIMS ion spectra of fresh MPS-Li (green line) and cycled
MPS-Li (red line): (a) the weakened peak; (b) the newly emerged peaks. Full TOF-SIMS

spectra of cycled MPS-L.i are presented in Figures 3.17-18 and the precise values of the peaks

are listed in Table 3.1. Since only electrically charged fragments can be received by the

detector, some of the detected components are non-stoichiometric and have one more Li* than

the stoichiometric ratio.
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Figure 3.17 The full negative TOF-SIMS spectrum of (a) fresh MPS-Li and (b) cycled MPS-

Li.
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Figure 3.18 The full positive TOF-SIMS spectra of (a) fresh MPS-Li and (b) cycled MPS-L.i.
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Table 3.1. The theoretical and tested masses of the fragment ions of MPS-Li and MPS-L.i

with SEL.
) Tested Value
Polarity Fragment lons Th?\z;itslcal MPS-Li  with
MPS-Li SEI
oLi* 6.0151 6.0147 6.0153
Lit 7.0160 7.0159 7.0162
CHz* 14.0157 14.0144 14.0147
"Liz* 14.0320 14.0307 14.0317
CHs" 15.0235 15.0227 15.0232
"LiH* 15.0398 15.0391 15.0396
Sit 27.9769 27.9752 27.9740
"Li.OH* 31.0347 31.0338 31.0341
"LioF* 33.0304 33.0299 33.0296
°Li "Li2 O 36.0420 36.0420
Lis O 37.0429 37.0423
K* 38.9637 38.9643 38.9630
CsHs" 41.0391 41.0392 41.0384
Positive CsH7* 43.0548 43.0547 43.0542
LiOSi* 50.9878 50.9875 50.9865
CaH7" 55.0548 55.0550 55.0540
CH2CH2CH,0" 58.0419 58.0414 58.0412
®Liz 'LiN-CHzF* 66.0634 66.0637
®Li "Li2N-CH2F* 67.0643 67.0648
("LiO).Si* 73.9988 73.9988 73.9974
("LiO)2SiH* 75.0066 75.0059 75.0048
"LiOSi-C2H2* 77.0035 77.0026 77.0034
°Li"Li>COs3 80.0319 80.0313
"LisCOs3 81.0328 81.0315
(°LiO)("LiO).Si* 96.0088 96.0086 96.0079
CO-CH(CH3)-CH2-CHa-
oLio* 96.0878 96.0880
("LiO)sSi* 97.0097 97.0091 97.0083
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Tested Value
Polarity Fragment lons Theoretical MPS-Li _ with
Mass
MPS-Li SEI
CH3CH,-O-COO-5Li ‘Li* 102.0550 102.0542
CH3CH2-O-COO-"Liy* 103.0559 103.0554
Positive
COO-CF(CHs3)-CHa-5Li* 110.0425 110.0426
COO-CF(CH3)-CHp-"Li* 111.0434 111.0439
CHy 14.0157 14.0163 14.0159
o) 15.9949 15.9956 15.9952
F 18.9984 18.9987 18.9991
CaH" 25.0078 25.0087 25.0077
LiSH2 41.0037 41.0037 41.0034
COOH" 449977 449972
NO2 45.9929 45.9927
COO-CHz 58.0055 58.0053 58.0051
Negative | O-Si-O 59.9668 59.9673 59.9664
O-COO 59.9847 59.9847
O-Si-OH" 60.9746 60.9750 60.9739
N-S=0" 61.9701 61.9693
CH-O-COOr 72.9926 72.9930
N-SO2 77.9650 77.9643
CH>=C(CHj3)-COO" 85.0290 85.0295 85.0285
CH3CH2-O-COO" 89.0239 89.0239
0-Si-0-Si-O 103.9386 103.9392 103.9383
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3.6 The electrochemical performance of MPS-Li anode

To evaluate the electrochemcial advantages of MPS-Li anode, a full cell with LiFePO4 (LFP)
as cathode material was tested at 1 C (1 C = 170 mA g 1). The mass loading of the cathode was
as high as 12 mg cm2, and the ether electrolyte, which was 1 M LiTFSI in DOL/DME (1:1 by
volume) with 2% LiNOs, was limited to only 3 ul mg*. The Li||LFP and MPS-Li||LFP cells
show a very close initial specific capacity at around 140 mAh g%, but the Li||LFP cell falls
behind after 40 cycles (Figure 3.20a). The MPS-Li||LFP cell delivers a capacity of 122 mAh
g ! after 300 cycles, as shown in Figure 3.20c, which is much higher than that of the Li||LFP
cell (105 mAh g2). The full cells were disassambled after 20 cycles and the morphology of the
cycled Li anodes are presented in Figure 3.22a-b. There are some obvious cracks on the Li
foil of the Li||LFP cell, whereas the MPS-Li of the MPS-Li||LFP cell has a relatively sound

surface.
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Figure 3.20 (a) Cycling stability of Li||[LFP and MPS-Li||LFP cells. The mass loading of LFP
electrode was 12 mg cm~2 and the electrolyte to cathode (E/C) ratio was controlled at around 3
ul mgt. (b-c) Voltage profiles of Li||LFP and MPS-Li||LFP cells at the 100" and 300" cycles,
respectively.
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Figure 3.21 (a) Cycling stability of Li||S and MPS-Li||S cells. The mass loading of S electrode
was around 3.6 mg cm 2, and the E/C ratio was controlled at around 15 pl mg™. (b-c) Voltage
profiles of Li||S and MPS-Li||S cells at the 100" and 300" cycles, respectively. The electrolyte
used in these cells was 1 m LiTFSI in DOL/DME (1:1 by volume) with 2% LiNOs.

Li||S and MPS-L.||S cells were also adopted to verify the effects of the MPS modified layer.
The mass loading of S cathode was around 3.6 mg cm™2, and the electrolyte to cathode (E/C)
ratio was kept at 15 ul mgt. When cycled at 0.2 C (1 C = 1670 mA g 1), both the cells deliver
a specific capacity of around 800 mAh g at first (Figure 3.21a). The gap becomes obvious at
100" cycle (Figure 3.21b), and the difference is further enlarged at the 300" cycle, where the
capacity of MPS-Li||S is 652 mAh g and that of Li||S is 482 mAh g (Figure 3.21c). The Li
foil, cycled in the Li||S cell for 20 cycles, has a loose structure with irregular Li particles, while

the cycled MPS-Li foil is composed of closely packed grains (Figure 3.22c-d).
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Figure 3.22 SEM images of Li and MPS-L.i foils cycled in full cells for 20 cycles. (a) Li foil
from Li||LFP cell; (b) MPS-L.i foil from MPS-L.i||LFP cell; (c) Li foil from Li||S cell; (d) MPS-
Li foil from MPS-Li||S cell. The electrolyte used in these cells is 1 m LiTFSI in DOL/DME
(1:1 by volume) with 2% LiNOsa.
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Figure 3.23 Galvanostatic cycling performance of Li||LFP and MPS-Li||LFP cells in carbonate
electrolytes. The electrolyte is 1 m LiPFs dissolved in EC/DEC (1:1 by volume).

To find out if the MPS-Li is compatible in carbonate ester electrolyte, an MPS-Li||LFP cell was
assembled with 1 m LiPFg in EC/DEC (1:1 by volume) as electrolyte. As shown in Figure 3.23,
the reference Li||LFP cell suffers from a sudden decrease in its specific capacity after 110 cycles
due to electrolyte exhaustion, while the MPS-LI||LFP cell exhibits good cycling performance
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for 200 cycles. The full cells based on MPS-Li anode show distinct advantages even under
practical testing conditions, revealing that the MPS layer is effective in protecting the Li metal

anode and mitigating side reactions between Li metal and electrolyte.
3.7 Air stability of MPS-L.i

The dense MPS layer also exhibits positive effects towards preventing air penetration when
MPS-L.i is exposed to air. The optical photograph in Figure 3.24 displays the corrosion degree
of Li and MPS-L.i after exposed for different time period to air, where the humidity is ~30%.
The Li foil starts to lose its metallic luster and becomes darker after exposure to air for 20
minutes, and it turns to totally black after 1 hour. In contrast, the MPS-Li is still shiny after 2
hours, demonstrating that the MPS modified layer is dense enough to prevent the reaction
between active Li metal and air. The foils exposed to air for 1 hour are labeled as Li-1h and
MPS-Li-1h, while those exposed for 2 hours are labeled as Li-2h and MPS-L.i-2h.
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Figure 3.24 Optical photographs of Li and MPS-Li foils after they were exposed to air for
different time periods. The air humidity was ~30%.

As shown in Figure 3.25a, the capacity retention of air-exposed Li and MPS-Li was tested by
galvanostatic stripping from Li or MPS-Li foil and then plating on foamy copper until the
overpotential reached 1 V. The Li-1h only delivers a capacity retention of 80.3%, and Li-2h
becomes almost electrochemically inactive. In sharp contrast to Li foil, the MPS-Li-1h
maintains a capacity that is nearly the same as for fresh Li foil, and MPS-Li-2h still delivers
88.1% of its theoretical capacity. The failure of air-exposed Li foil can be ascribed to heavily
covered corrosion products, which block up both the electron and Li* transport and thereby

damage the capacity of Li foil.
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Figure 3.25 (a) The capacity retention of air-exposed Li and MPS-L.i foils. (b) EIS curves of

symmetric cells based on fresh and air-exposed Li and MPS-Li, with enlargement in the inset.

According to the EIS results on symmetric cells in Figure 3.25b, the charge transfer resistance
of MPS-Li increases slightly from 812 Q to 926 Q after 2 hours of exposure to air, but that of
Li is multiplied from 74 Q to 3167 Q. Due to the charge transfer barrier on the surface, the Li-
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2h fails to act as an electrode material in full cells (Figure 3.26).
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Figure 3.26 The first 3 cycles of (a) the Li-2h||LFP cell and (b) the Li-2h||S cell.

Although the Li-1h still shows electrochemical activity, the capacities of the full cells with Li-
1h as anode are greatly degraded. In comparison, the MPS-Li-2h||LFP cell shows a cycling
stability that is by no means inferior to that of MPS-Li||LFP (Figure 3.27a). The MPS-Li-2h||S
cell is still able to deliver a specific capacity of 600 mAh g after 300 cycles (Figure 3.27b),
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which is quite comparable to the performance of MPS-Li||S. The MPS-Li-2h||[MPS-Li-2h cell
also works well for 600 hours at high working current density and high plating/stripping

capacity (Figure S15).
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Figure 3.27 Full cell performance comparison of fresh Li/MPS-Li with air-exposed Li/MPS-

Li as anode.
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Figure 3.28 Voltage profiles of MPS-Li-2h||MPS-Li-2h cell.

3.8 Discussion

A silane coupling agent, a low-cost adhesion promoter, is adopted to serve as interface link
between Li metal anode and SEI layer. The treatment method as presented in this paper is
simple and feasible to be integrated into the existing manufacturing technique for Li metal

battery. Coincidentally, LiOH, the essential prerequisite for the bonding reaction, is found on
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the surface of commercial Li foil, and it would act as a source of reactive sites to guide the
assembly of MPS molecules, resulting in the formation of a thin, uniform, and dense MPS layer.
CH3OH, the product of the bonding reaction, will inevitably react with uncovered Li metal and
generate CH3OLI, but this side reaction is slight because the generated CH3OH is diluted by a
large amount of THF and thereby reducing its activity. Moreover, the generated modified layer
quickly covers the Li surface, preventing further reaction between CH3OH with Li metal. The
TOF-SIMS results confirm the formation of chemical bonds between the MPS layer and the Li
substrate in the form of Li-O-Si. Once MPS molecules are attached to the surface, the treated
Li foil inherits the reactivity characteristics of the organic groups. During Li deposition, the
electrolyte will decompose and generate a natural SEI layer on MPS-L.i. The organic functional
groups of the MPS layer will take part in the reactions in this process by opening up its carbon-
carbon double bonds and connecting with SEI components. Besides the chemical bonds,
physical intertwining effects between the SEI layer and the MPS layer also contribute to the
good adhesion. The organic groups of MPS have a high degree of compatibility with organic
species, which ensures good interpenetration and diffusion of the organic species of the SEI
layer into the MPS layer, thereby enhancing the adhesion of the SEI layer by forming
interpenetrating organic networks as illustrated in Figure 3.29. In brief, the MPS molecule
enhances the adhesion of the natural SEI layer to the Li metal substrate by bridging two

materials with both chemical bonds and physical intertwining effects.

@f‘m W\x

: -CH,CH,CH,-COO-C(CH,)=CH,
: SEl layer

Figure 3.29 Schematic illustration of the structure of MPS layer and the bonding mechanism.
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As illustrated in Figure 3.30, the reinforced SEI layer shows its advantages under interfacial
changes during cycling. The excellent adhesion between the SEI layer and Li metal substrate
is able to protect the SEI layer from fracturing and exfoliation, and further decreases the side
reactions between the active Li metal and the electrolyte. In the case of commercial Li foil, its
SEI layer is prone to crack easily, once the interfacial stress reaches its loading limits, and it
even loses adhesion to the Li metal substrate. As a consequence, the plating/stripping process
of Li is always accompanied by continual repair of the SEI layer, consuming both Li metal and
electrolyte. Worse still, the defects and cracks in the SEI layer would become “hot spots” and
attract Li* deposition on these areas, which accelerate Li dendrite growth. The symmetric cell
tests also demonstrate that Li||Li cells tend to short-circuit during cycling because of dendrite
growth, while the MPS-Li||MPS-Li cells show a much longer lifespan. The morphology
comparison of cycled Li and MPS-L.i electrodes further provides direct evidence that a robust
SEI guarantees uniform and dendrite-free plating of Li, while a fragile SEI layer breeds severe
dendrite growth. The surface chemical component analysis of the cycled Li electrodes shows
that the MPS layer is effective in decreasing side reactions between the Li metal and the
electrolyte, confirming that less damage is caused during cycling. With the protection of the
MPS layer, both MPS-Li||LFP and MPS-Li||S full cells showed satisfactory cycling

performance, even under high mass loading and with limited electrolyte.

"L e L‘-i:w.

L

_ mps &
After cycling
—)
MPS-Li MPS-Li with robust SEI
SEI =
b Air _— -
Corrosion . % B
) After cycling )
> LAk Dendrite
C oo
Li Li with fragile SEI

Figure 3.30 Schematic illustration of how the MPS layer protects Li metal in air and in
electrochemical plating/stripping processes. (a) The dense MPS layer isolates the Li from air.
The MPS layer also enhances the adhesion between Li foil and the SEI layer, and thus reduces
cracks in the SEI layer and the growth of dendrites. (b) Pristine Li is severely corroded when
exposed to air. The weak SEI layer of pristine Li cracks and exfoliates under volume changes.
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The MPS layer is firmly attached to the surface of Li foil via Li-O-Si bonds, which are effective
in building a dense barrier to block air diffusion, thus reducing the generation of oxidation
products. Unlike the Li-2h, which loses its activity because of sharply increased resistance of
charge transfer, MPS-Li-2h is still able to deliver good electrochemical performance both in
full cells and in symmetric cell. Compared with previously reported methods for the fabrication
of nanoscale protective layers, which make high demands on equipment and have high costs,
the silane coupling agent modification is one of the most simple, feasible, and low-cost
technique.

3.9 Conclusion

In summary, we introduced a promising method to solve the issue of Li metal electrode via
silane coupling agent modification. This modification layer protects the Li metal from air
corrosion, which would reduce the high requirement for protection from atmosphere in the
manufacture of Li metal based batteries. This layer can also act as promoter to enhance the
adhesion between the SEI layer and the Li substrate by forming chemical bonds and physical
intertwining effects. As a consequence, both increased air stability of the Li electrode and
enhanced electrochemical performance are achieved. MPS is introdued as an example, and
apart from it, various silane coupling agents with different organic functional groups are worth
investigating to further optimize the bonds between intermediates and the SEI layer.
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Chapter 4 Solvent control of water O—H bonds for highly

reversible Zn anode

This chapter includes work that has been accepted for publication. Here, we report a hybrid
electrolyte (HE) of dimethylacetamide (DMAC), trimethyl phosphate (TMP) and H2O as
solvent. We show that the strong polar DMAC and TMP molecules have a significant impact
on HxO to strengthen the O—H bonds and suppress activity. We evidence that the hybrid
electrolyte obviates anode corrosion, extends operation temperature, guides the (002) plane

preferred orientation during Zn plating, and is compatible with high-voltage cathode.
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4.1 Introduction and significance

The emergence of wind, solar and other volatile renewable energy sources calls for suitable
energy storage to integrate the generated energy into the electricity grid*. Lithium-ion batteries
are a successful energy storage system. However, limited Li resource, relatively high cost and
some safety risk impede their application to large-scale electrical energy storage?. Zinc ion
batteries (ZIBs) are seen as a practical alternative because of improved safety, attractive
gravimetric energy density, lower cost, the abundance of Zn and environmental ‘friendliness’3.
Z1Bs are composed of a metallic Zn anode, a Zn salt-containing electrolyte, together with a
Zn?* ion host cathode®. Compared with other metal anodes, including Li, Na and K, the low
reactivity and acceptable redox potential of —0.76 V vs standard hydrogen electrode (SHE) of
metallic Zn assures safety with ZIBs®. The electrolyte provides the environment for chemical
reactions during battery operation, including Zn plating/stripping and (de)intercalation of Zn?*
ions in cathode materials®. Electrolyte properties therefore significantly impact anode
reversibility and cathode reaction mechanisms®. In addition, the electrolyte determines ion
migrations between cathode and anode, the electrochemical stability window (ESW) and the
temperature adaptability of ZIBs’. Aqueous electrolytes, including ZnSOs and zinc
trifluoromethanesulfonate (Zn(OTf)2) solution, are safe, low cost and environmental-friendly,
making them attractive for practical application. However, drawbacks include that aqueous
Z1Bs have a narrow ESW, and exhibit, corrosion of the Zn anode, dendrite growth, poor
temperature adaptability and dissolution of cathode materials®. The operating voltage of the
battery is determined by the potential of cathode and anode materials, and ideally should have
an ESW for the electrolyte ca. 1.23 V, to prevent hydrogen or oxygen evolution®. Gas evolution
results also from self-corrosion of Zn anode because some H3O" exists in mild-acid electrolytes
that withdraws electrons from metallic Zn. Accompanying hydrogen evolution, accumulated
OH™ ions aggregate with Zn?* and anions to form passivation species, including zinc
hydroxysulfate [Zna(OH)sSO4-nH20]'°. These passivation species prevent diffusion of Zn?*
ions and electron transmission, to produce an ‘uneven’ Zn deposition and dendrite growth®?.
Because of the freezing and boiling point for water, respectively, 0 and 100 °C, the majority of
aqueous ZIBs do not work in sub-zero and ‘hot’ i.e. > 40 °C environments. Additionally, with
aqueous electrolytes there can be dissolution of cathodes that cause active material loss and
rapid capacity fading®?.

To address this, a number of approaches have been used including, constructing artificial

protection layers, adding functional additives™® and regulating Zn?* ion deposition behavior*.

111



However, practical difficulty remains because these challenges arise from the solvent, water.
It is widely acknowledged that self-ionization reaction exists with pure water, in which H.O
ionizes to form OH™ and H3O" (2H20 = H30" + OH"). Together with the dissolution of zinc
salts, including ZnSO4 and Zn(OTf)2, the pH value reduces from near 7 for pure water, to ca.
5 for 1 M ZnS04/Zn(OTf), aqueous solution, because Zn?*—water interaction causes water
molecules to ionize. The electric field for Zn?* exerts a force on water molecules to induce
electron transfer from coordinated H,O to empty orbitals of Zn?*, which significantly weakens
the O—H bonds of H,O molecules and promotes hydrogen evolution!® ¢, Theoretically, the
self-ionization of water cannot be restrained by limited additives, therefore, practically,
significant additive is necessary to ensure intensive interactions with water. Highly
concentrated ‘water-in-salt’ electrolyte is an example in which dissolved salts far outnumber
water, confining water molecules in ion solvation shells. Through suppressing Zn?*—H,0
interaction, hydrolysis of zinc salt is eliminated and the pH value for water-in-salt electrolytes
approaches pH = 7. Under these circumstances, water exhibits less activity and the ESW for
the electrolyte can be expanded to ca. 3.0 V°. However, this is not cost-effective. Researchers
therefore consider organic electrolytes to eliminate HzO*.  Organic electrolytes are
advantageous in ESW, operational temperature range and thermodynamic stability with
metallic Zn anode'” 8. A drawback however is that most of these electrolytes are flammable
and therefore are a safety risk in ZIBs. Additionally, organic electrolytes have high charge-
transfer impedance and a high desolvation penalty at the electrode/electrolyte interface,
restraining the cathode from exhibiting full capacity'®. To obviate these drawbacks in using
aqueous and organic electrolytes, it was hypothesized that a judiciously designed hybrid

electrolytes might be preferable?.

Various non-aqueous solvents, such as dimethyl sulfoxide (DMSO)?, dimethyl carbonate
(DMC)??, N-methylpyrrolidone (NMP)?, triethyl phosphate (TEP) 24, diethyl carbonate
(DEC)?®, propylene carbonate (PC)? and ethylene glycol (EG)?’, were added into aqueous
electrolytes to regulate the solvation structures®. The mechanism(s) is to break hydrogen bonds
between water molecules, restrict activity of water in solvation sheaths, or exclude water
molecules from the electric double layer (EDL), which aims to suppress water decomposition.
In this work, we proposed that water reactivity can be suppressed by increasing the electrostatic
attraction between O—H via increasing the electron density of the water protons.
Dimethylacetamide (DMAC) and trimethyl phosphate (TMP) are selected because they are
strong polar molecules with electron-rich regions, C=0 and P=0 groups, that exert interaction
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on both solvated and free water molecules, and therefore impact the O—H bond strength of
water. The decomposition of H20 in the hybrid electrolyte is less thermodynamically favorable
compared with that in aqueous electrolyte. By confining the activity of H>O, H.O
decomposition-related hydrogen evolution, together with undesired side reactions are obviated.
The Zn anode in the as-prepared electrolyte exhibits high plating/stripping efficiency of 99.5 %
over 2000 cycles at 1 mA cm2, and boosted anti-corrosion characteristics. DMAC could alter
the surface energy of Zn and therefore guide the (002) plane preferred orientation of Zn
deposition, which boosts the lifespan of the Zn anode to > 1600 hours despite high applied

current density and plating capacity of, respectively, 5 mA cm™2 and 5 mAh cm 2.
4.2 Experiments

Materials and Methods

Chemicals: Dimethylacetamide (DMAC, 99.8 %), trimethyl phosphate (TMP, 99 %), zinc
trifluoromethanesulfonate (Zn(OTf),, 98 %), zinc sulfate (ZnSO4-7H.0, 99%), zinc
perchlorate hexahydrate (Zn(ClOs)2-6H20, 99%) and zinc trifluoromethanesulfonate
(Zn(TSFI)2, 98%) were purchased from Sigma-Aldrich.

Zn3(Fe(CN)s)2 synthesis: 50 mL of 0.1 M ZnSO4-7H20 and 50 mL of 0.05 M KsFe(CN)s were
mixed with 25 ml deionized water, followed by heating at 60 °C under vigorous stirring for 5
h to complete the reaction. The precipitate was rinsed and centrifuged five times to remove the
residues. Then, the product was finally dried at 70 °C for 12 h.

Characterization: A Thermo Scientific Nexsa X-Ray Photoelectron Spectrometer System was
used to determine XPS spectra of cycled Zn foils. Fourier-transform infrared (FT-IR) spectra
and Raman spectra, were determined, respectively, with a PerkinElmer Frontiers instrument
with an attenuated total reflectance (ATR) attachment, and a Raman spectrometer (Horiba
LabRam Evolution). In-situ optical observation of the Zn deposition process in various
electrolytes was conducted with a customized cell (EL-CELL). Linear sweep voltammetry
(LSV) was conducted on a VMP3 instrument. Cyclic voltammetry (CV) was conducted with a
3-electrode EL-CELL using well-polished Zn as the reference electrode. NMR testing was
carried out with a Bruker Avance Neo 500-MHz NMR spectrometer using a cryoprobe. The
ionic conductivity of electrolytes was measured with a Thermo Scientific Orion
electrochemistry meter, and the viscosity is measured with capillary viscometers (Huanguang

Brand, Zhejiang, China) under certain temperatures. The Mettler Toledo thermogravimetric
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analyser (TGA)/differential scanning calorimeter (DSC) 3+ is used for TGA and DSC

measurement.

Electrochemical Testing: To prepare the Zn3(Fe(CN)e)2 (ZNHCF) electrodes, a slurry
composed of active materials, Super P and polyvinylidene difluoride (PVDF) at a mass ratio
of 7:1.5:1.5 was cast onto Ti-foil and followed with drying at 80 °C for 12 h. Electrochemical
data were collected from the Neware battery testers. CR2032-type coin cells were used in all
electrochemical tests. Zn foil (99.99%, 100 um) is used as the anode. For batteries using
aqueous electrolyte (AE), a glass-fiber membrane (740 um) was used as the separator, and for
those with hybrid electrolyte (HE) or non-aqueous electrolytes, nylon 66 membrane (130 pm)
is used. The glass-fibre membrane was purchased from Filtech Pty Ltd, while the nylon 66

membrane was purchased from Shanghai Xinya Purification Equipment Co., Ltd.

Molecular dynamics (MD) simulation: All of the ion parameters were obtained from the
literature, namely GAFF2 force field. Other molecules were optimized via gaussian 16 package
at a level of B3LYP/def2tzvp firstly and vibration analyses were performed at the same level
to ensure that there were no virtual frequencies. The ACPYPE webserver was used to obtain
the GAFF2 force-field topology file and Packmol software used for construction of the model.
Simulation was as follows: the 5000-step steepest descent and 5000-step conjugate gradient
method were used to obviate unreasonable contact with the system; NPT ensemble was used
to pre-equilibrate the system, and V-rescale temperature coupling and Parrinello-Rahman
pressure coupling were used to control the temperature to 298K; pressure was maintained at 1
atm, non-bonding cutoff radius was 1.2 nm; integration step was 2fs. 30 ns simulations were
performed in which bond length and angle were constrained by the LINCS algorithm. The two-
way intercept was set to 1.2 nm, van der Waals interaction and the long-distance electrostatic
interaction was set via the particle-mesh Ewald method. The trajectory file during simulation

was saved each 10.0 ps.

Density functional theory (DFT) computation: All DFT computations were performed via
Vienna ab initio simulation package (VASP) developed by Fakultit fiir Physik. A plane wave
energy cut-off of 500 eV was used. The generalized gradient approximation (GGA) and the
Perdew—Burke—Ernzerhof (PBE) XC functional combined with the projector augmented wave
(PAW) method were used to describe the exchange-correlation functional. The MonkhorstPack
scheme was used to generate the k-point sampling grids within the Brillouin zone. Energy
differences of 1 x 10~° eV/atom and energy difference gradients of —0.01 eV/A were used as

convergence criteria.
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For deprotonation reaction computation, we picked the Zn?* cluster structures from the MD
simulation for further analysis using DFT. The dispersion correction was used by employing

the DFT-D3 method. The deprotonation energy for H.O was computed from the following:

1
Edeprotonation = E(cluster) - Z(EHZ) - E(deprotonated cluster) (1)

where Ey, is the energy of H used for the standard hydrogen electrode scale (H* + &~ = %2 Hy),
E(ctustery @ E(geprotonated cluster) aré the energies of the cluster in the presence and absence

of H*, respectively.

For Zn bulk computations, a 9 x 9 x 9 grid was used for the supercells of Zn (100), Zn (101),
Zn (002), and for the solvation model covered structures, the grid was set as 3 x 3 x 1. The
solvation models were obtained using the MS FORCITE module, and FORCITE optimizations
are performed first, which was a molecular mechanics module for potential energy and
geometry optimization calculations of arbitrary molecular and periodic systems using classical
mechanics. The surface energy for Zn (100), Zn (101), Zn (002) surfaces (ys) was defined by:

Ve = i(Esunrelax — NE,) + %(E;elax _ Ebynrelax) )

where A is the area of the surface considered, ET¢'9* and E¥""¢!ax energies for, respectively,
relaxed and unrelaxed surfaces, N number of atoms in the slab and E}, bulk energy per atom.

For the solvation model the surface energy for Zn (100), Zn (101), Zn (002) surfaces (ys,;) Was

defined as:
Vsor = Vs + 2 ©)
where BE,,, is given by:
BEgo = (Estab—sot — Esiab — Esot) 4

here Eq.p—so1 1S €Nergy of the surface covered with the solvation molecules, E;,;, energy for
the Zn (100), Zn (101), or Zn (002) clean surface, and E,,; energy for the solvated models.

4.3 Electrolyte and characterization

The hybrid electrolyte formulation was based on the principles of dendrite-free deposition of
Zn and non-flammability. It was found that when the volume ratio for DMAC, TMP and H.O
was 5:2:3, the mixture could not be ignited, the preferred orientation of the (002) plane

appeared.
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Figure 4.1 Morphology evolution of Zn deposited in 1 M Zn(OTf)2 solutions. The solvent is a

DMAC/H20 mixture with various volume percentages of H20.

Figure 4.2 Digital images of ignition test for 1 M Zn(OTf)2 solutions. The solvent is (a) DMAC,
(b) DMAC/TMP (8:2 by volume); (c) DMAC/TMP (7:3 by volume); (d) DMAC/H20 (5:3 by
volume); () DMAC/TMP /H20 (5:2:3 by volume).
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As shown in Figure 4.1, the (002) preferred orientation of Zn deposition can be achieved when
the ratio of H>O in the DMAC/H.0 mixture is in the range of 20%-40%. Considering the merits
of H>O as solvent, the percentage of H>O is maximized to be around 40%. Unfortunately, the
DMAC/H20 mixture is flammable. Fire retardant, TMP, is used to partly replace DMAC to
ensure the non-flammability of the electrolyte but the amount needs to be minimized to
maintain the low viscosity of the electrolyte. Figure 4.2 confirms that the minimum usage of
TMP is around 30% in the mixture of DMAC/TMP. Therefore, the ratio of DMAC/TMP/H,0
is designed to be 5:2:3. 1 M Zn(OTf). dissolved in this mixture is denoted HE whilst 1 M
Zn(OTf), aqueous solution, AE.

In dilute aqueous electrolytes, including AE, Zn?* coordinates with six water molecules to form
Zn[H20]6** . To determine the solvation structure for HE, molecular dynamics (MD)
simulations were carried out. It is found that organic solvents, DMAC and TMP, together with
the anion were evidenced to take part in the solvation shells, Figure 4.3. Radial distribution
functions (RDFs) computed the distribution of the nearest-neighbor molecules around a
reference Zn?*, Figure 4.4. The coordination number for HE is six, which includes 3.7 H20
molecules, 1 DMAC molecule, 0.5 TMP molecule and 0.8 OTf anion, based on the statistical

findings.

o+

TMP OTf~ DMAC

0 %

Zn?*  H,0

Figure 4.3 Snapshots of MD simulation boxes for new hybrid electrolyte (HE).
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Figure 4.5 FTIR absorption and second derivative spectra for AE and HE.
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Fourier transform infrared (FT-IR) spectra that are significantly sensitive to molecular dipole
moment change, was applied to determine how polar molecules impact the O—H bonds of water.
For AE, the absorbance bands in the region of 2800 to 3800 cm ™! are related to O—H stretching
vibrations. The second derivative spectra located the three main peaks, 3204, 3375 and 3540
cm™L, corresponding to, respectively, network water, intermediate water and poorly connected
water, Figure 4.5.2° It was found that these peaks all undergo apparent blueshift in the spectra
for HE, demonstrating that hydrogen bonds are weakened whilst O—H bonds strengthened?®.
This result is different from the previous report, that adding DMAC into the aqueous electrolyte
leads to redshift of O—H vibrations because of increasing number of hydrogen bonds. The ratio
of DMAC/H20 is the crucial factor that determines whether the hydrogen bonds are

strengthened or weakened®.

/7 \
/ H H
—H,0
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Figure 4.6 'H NMR spectra for pure water, AE and HE.

IH nuclear magnetic resonance (NMR) spectroscopy confirmed that H.O molecules are under
influence from other molecules in HE. As is shown in Figure 4.6, water protons resonate at ca.
3.7 ppm for pure water. This peak broadens in AE because water molecules are involved in the
solvation clusters and induced by Zn?* accompanying a partial transfer of electron from the

water proton to the empty orbitals of Zn?*. The reduced electron density on the water proton
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deshields the H nucleus, and the proton resonance frequency shifts downfield. The water
protons have a significant upfield shift of ~ 3.52 ppm in HE, evidencing that the electron
density of water proton for HE increases compared with that for pure water and AE. Electron-
rich regions of DMAC and TMP, C=0 and P=0 groups, increase the electron density of water
protons when interacting with water, resulting in shielding of water protons. This significant
shift of water proton resonance frequency highlights that the dipole-dipole interactions between
DMAC/TMP and water are strong, and that it exists both in the solvation sheaths of Zn?* and

amongst the molecules that are out of the solvation structure.

Under the influence of DMAC/TMP, water molecules exhibit boosted O—H bonds and become
less likely to decompose. The deprotonation energy for H* dissociation from H20 in the Zn?*
inner solvation shell was therefore investigated using DFT, Figure 4.7. For AE, the
deprotonation energy for [Zn(H20)s]** was computed to be —4.94 eV. In HE, using the
representative solvation structure [Zn(H20)3(DMAC)1(TMP)1(OTf)1]*, the deprotonation
energy is —2.43 eV on average, evidencing that H* dissociation from H»O is less favorable in
HE than in AE.

[ ¢ o
JY‘ < - B J“ ¢ ® Zn ff{ﬁ TMP
0 ., S
?o,-f -494ev P )
b e ®c HO

[Zn(H,0)?* [Zn(OH),(H,0)s]*
DMAC

- H" ’
- 2 43 eV o g f OTf-
‘-’ { ¢ ) (%]
32‘ 9% .
[Zn(H,0),(DMAC); (TMP), (OTf),J* [Zn(H,0),(OH),(DMAC), (TMP), (OT),]

Figure 4.7 Deprotonation (H* dissociation of H,0) energy from Zn?* inner solvation shell of
AE and HE.

The ESW of HE is measured by linear sweep voltammetry (LSV), and it is stable up to 2.25V
at a scanning rate of 1 mV S™%, obviously higher than that of AE (1.93 V), confirming the higher
stability of water molecules in HE than that in AE (Figure 4.8). 3-electrode cyclic voltammetry
(CV) is conducted to evaluate the reversibility of Zn in AE and CE, respectively. The
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Coulombic efficiency (CE) of Zn plating/stripping is 97.1% for HE, higher than 91.6% of AE,
Figure 4.9.
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Figure 4.8 ESW for AE and HE measured in Zn||Ti battery at a scan rate 1 mV s*
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Figure 4.9 3-electrode CV curves and the corresponding CE of Zn plating/stripping in (a-b)

AE and (c-d) HE. The working electrode is Cu foil, couter and reference elecyrode is Zn foil.
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Figure 4.10 presents the lifespan and CE for Zn||Cu batteries using AE and HE as the
electrolyte at, respectively, a current density 1 mA cm~2 and plating/stripping capacity of 1
mAh cm™2, It is seen in the figure that HE exhibits a highly significant improvement in stability
and reversibility for the Zn anode with a CE as high as 99.5 %.
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Figure 4.10 CE for Zn||Cu cells using AE and HE as the electrolyte, respectively. The current

density is 1 mA cm2 and the plating capacity is 1 mAh cm™2.
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Figure 4.11 (a) DSC curves of water, AE and HE; (b) TGA curves for AE and HE under N>

atmosphere using a heating rate of 20 °C min ™.
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To investigate the operating temperature of AE and HE, differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA) were conducted. For AE, there is an exothermic peak
at around —29 °C corresponding to the crystallization of electrolyte and an endothermic peak
at —4 °C corresponding to the melting point. In contrast, no exothermic/endothermic peaks are
observed for HE even with the temperature cooling down to —80 °C (Figure 4.11). The TGA
curves show that AE loses weight faster than HE because of fast H2O volatilization. While in
HE, the strong interactions between H.O and DMAC/TMP effectively reduce volatilization
effects, increasing the stability of HE at high temperatures.

Table 4.1 The ionic conductivity and viscosity of AE and HE.

AE HE
Temperature  lonic conductivity ~ Viscosity  lonic conductivity Viscosity
(mScm™) mPa st (mScm™) mPa st
70 °C 65.8 0.96 22.1 3.73
50 °C 58.7 1.16 17.1 5.66
25°C 49.1 1.77 9.0 11.65
0°C 28.4 3.59 5.1 25.62
~20°C . . 2.1 155.13
—40 °C 0.73 1307

The ionic conductivity and viscosity of AE and HE are given in Table 4.1. AE has advantages
in both conductivity and viscosity at temperatures > 0 °C. Walden’s rule reveals that the product
of molar conductivity (1) of a liquid solution and its viscosity (y) is a constant at a given

temperature, as expressed by the following equation:
A n=C=Constant (1)
log A=log C + log % (2)

The data of a dilute aqueous KCI solution, an ideal solution that all ions are dissociated, can be
used as the “ideal” Walden line. In Figure 4.30, both the Walden plot of AE and HE are very
close to the “ideal” line, indicating that the Zn(OTf)2 salt is well dissociated in these two

electrolytes.
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Figure 4.12 Walden plot of temperature-dependent conductivities and viscosities for AE and
HE.

4.4 Zn deposition in HE

Solvents significantly impact the morphology evolution of the formation of solid metallic Zn
from the liquid electrolyte. When deposited in AE, ‘flaky’ metallic Zn loosely piles up,
resulting in a porous deposition layer on the copper current collector, Figure 4.13a. When this
flaky Zn loses contact with the conductive substrate, it becomes inactive and irreversible in
subsequent plating/stripping. Moreover, the non-planar, porous morphology leads to an
inhomogeneous local charge density distribution and therefore induces unwanted dendrite
growth that leads to a short circuit. In contrast, the deposited Zn in HE exhibits a close-packed
and stepped-surface with a hexagonal-like crystalline structure, Figure 4.12b, a typical
characteristic of (002) plane preferred crystal orientation® 32 33, Besides, intensity of the 002
reflection in its XRD pattern increases markedly compared with that in commercial Zn foil and
Zn deposited in AE, Figure 4.14. The exposed (002) basal plane has a relatively smooth surface

and therefore conducive to dendrite-free deposition of Zn?* ions.
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Figure 4.13 Surface morphology for deposited Zn in (a) AE and (b) HE.
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Figure 4.14 The XRD patterns for commercial Zn-foil, Zn deposited in AE and in HE.

To more directly observe Zn electrodeposition, real-time images of the Zn/electrolyte interface
were captured via an optical microscope, Figure 4.15. It can be seen in the figures that several
‘sharp’ protuberances appear in the initial stage when Zn is deposited in AE, and these
continually grow because additional Zn?* is attracted and accumulated on the tips. In contrast,
Zn deposition in HE is significantly more uniform and compact, and no protuberance is seen

during the entire deposition.
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Figure 4.15 Optical microscopy image of Zn/electrolyte interface during Zn deposition in AE

and HE.
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Figure 4.16 Voltage profile for Zn||Zn symmetric cell working in AE and HE, respectively.
Applied current density is 1 mA cm2 and plating capacity 1 mAh cm™,

Because a principal requirement for a Zn anode is to remain robust with extensive cycling,
galvanostatic plating/stripping with Zn||Zn batteries is widely used as a test to determine the

lifespan in different electrolytes. When a ‘regular’ current density of 1 mA cm 2 and plating
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capacity 1 mAh cm2 was applied, the lifespan of the Zn anode in AE was ca. 750 h, whilst it
was > 3200 h in HE, Figure 4.16. When the current density and cycling capacity were increased
to, respectively, 5 mA cm 2 and 5 mAh cm2 as is presented in Figure 4.17, the Zn||Zn battery
with AE as electrolyte exhibited a highly significant decrease after 70 h, indicating the anode
failed because dendrites penetrated the separator and caused a short-circuit. However in HE
the anode worked stably for > 1600 h. This finding is attributed to the preferred orientation of
the (002) plane during Zn plating, which has dendrite-free morphology during cycling.
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Figure 4.17 Voltage profile for Zn||Zn symmetric cell working in AE and HE, respectively.
Applied current density is 5 mA cm2 and plating capacity 5 mAh cm ™2,

Figure 4.18 Surface morphology for deposited Zn in hybrid electrolyte with differing Zn(OTf):
concentration. Solvents are DMAC/TMP/H20 in volume ratio of 5:2:3.

Because the solidification transition for Zn?*/Zn occurs in a solvent medium, we investigated
how salt concentration and solvent components of the electrolyte impact morphology of

deposited Zn. It was concluded that salt concentration was not the decisive factor because the
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special orientation appears also in 0.5, 1.5 and 2 M hybrid solution of Zn(OTf). (Figure 4.18).
With DMAC and TMP as the single solvent and 1 M Zn(OTf); as salt, the morphology for Zn
deposited in these two electrolytes is porous and irregular without preferred orientation (Figure
4.19). It was concluded that DMAC/TMP/H20 hybrid solvents are crucial in Zn plating.

Figure 4.19 Surface morphology for Zn deposited in 1 M Zn(OTf)> with DMAC and TMP as

single solvent.

Figure 4.20 Surface energy for (002), (100) and (101) plane of metallic Zn when exposed in
mix of DMAC/TMP/H20 (5:2:3 by volume).

Generally, crystallographic texture is determined by different growth rates amongst crystallites
of various orientations, governed by surface energy minimization34. Density functional theory

(DFT) computations were therefore carried out to determine the surface energy of three main
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planes, namely, Zn (002), (100) and (101), in a solvent environment. Surface energy, the excess
energy presented at a particular surface, determines the exposed facets and growth orientation
of the crystal. It can be modified by solvent molecules via interactions® 3¢, As a result, the
surface energy values for Zn (002), (100) and (101) alter when they are exposed to different
solvents. Figure 4.20 shows that Zn (002) exhibits the lowest surface energy of 1.33 J m2, in
the mix of DMAC/TMP/H20 (5:2:3 by volume) compared with the (100) and (101) planes,
which are, respectively, 1.68 and 1.76 J m2. This thermodynamic difference implies that the
metallic Zn maximizes expression of the (002) plane to minimize the total surface energy of
the crystal, accounting for the dominant (002) plane in metallic Zn growth. However, when
exposed to water, the surface energy of the (002) plane increases to 1.85 J m~2, higher than that
of (100) and (101) planes, which are 1.48 and 1.24 J m™2, respectively, Figure 4.21.

In DMAC, the surface energy for the (101) plane is less than that for the (002) plane, and
therefore (101) has the greatest proportion of exposure and not (002) plane, Figure 4.22. It is
seen from Figure 4.23 that DMAC/TMP/H-0 hybrid solvent in a volume tatio of 5:2:3 is the
reason of (002) plane prederred orientation during the Zn deposition.
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Figure 4.21 Surface energy for (002), (100) and (101) plane of metallic Zn when exposed in
pure H20.
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Figure 4.22 Surface energy for (002), (100) and (101) plane of metallic Zn when exposed in
DMAC.
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Figure 4.23 Surface energy value for main planes of metallic Zn in the liquid environment of
DMAC/TMP/H20 (5:2:3 by volume), H.O and DMAC, respectively.

4.5 Stability against Zn metal anode

The OTf anion in the electrolyte also interacts with the solvent. To confirm the solvation
structure for OTf™ anion, Raman spectroscopy was carried out on Zn(OTf)2 and solutions with
various solvents, Figure 4.24. The —CF3 symmetric and asymmetric deformation mode for
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Zn(OTf), powder is seen at 767.9 cm™* and 584.5 cm™2, respectively. It was found that these
two (2) peaks shift slightly in AE, evidencing an interaction between H>O and OTf anion. The
signals for —CF3 shift when Zn(OTf) is dissolved in TMP and DMAC, evidencing strongly
that OTf™ anion coordinates with them. However, the signals for —CF3z overlap with that for
TMP and DMAC molecules, Figure 4.25, making it practically difficult to identify which

solvent molecule the OTf™ anion interacts with most within the HE.
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Figure 4.24 Raman spectra for Zn(OTf). and selected electrolytes.
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Figure 4.25 Raman spectra for Zn(OTf),, TMP, DMAC and HE.

Nuclear magnetic resonance (NMR) spectroscopy can be used for complementary data on the
chemical environment of the OTf™ anion. Figure 4.26 shows the '°F resonance frequencies for
Zn(OTf)2 solutions with, respectively, H,O, TMP and DMAC as a single solvent. The °F signal
for these electrolytes appears as a ‘sharp’, narrow peak at ca. —77.8 ppm. Because of different
coordination molecules, the chemical shifts are different. The chemical shift for 1°F in HE is
the same as that in DMAC, evidencing that OTf anions have the same chemical environment
in DAMC solution and HE. In other words, OTf™ anions are surrounded mainly by DMAC
molecules in HE. In a single solvent, DMAC, H20 and TMP all coordinate with OTf™ anion to
some degree, however competition for anions occurs in DMAC/H20/TMP mixture. DMAC
molecule gains because its electron-rich acyl group exhibits much stronger interaction with
—CF3, a strong electron-withdrawing group. Consequently, the OTf™ anion in HE is similar in

character with the DMAC solution, with (almost) no anion decomposition.
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Figure 4.26 °F NMR spectra for selected electrolytes.

Corrosion of the Zn anode is investigated by immersing the Zn foil in AE and HE for 72 h. Zn
foil suffered severe corrosion in AE and was covered with a layer of anion-derived by-products,
Figure 4.27 b and d. However, Zn-foil immersed in HE exhibits a smooth surface with only
‘slight’ corrosion spotting, which is also confirmed by the smaller corrosion current (icorr)
obtained in the Tafel plots (Figure 4.27 c and €). A quantitative analysis of the corrosion rate
of metallic Zn in these two electrolytes was conducted by monitoring the potential changes of
Zn over time. Initially, a fixed amount of Zn, 0.5 mAh, was deposited onto the Ti foil to form
a Zn@Ti electrode, and once all metallic Zn was corroded by the electrolyte, the potential of
the Zn@Ti electrode increased significantly. It is calculated that the corrosion rate of Zn in AE
is around 0.043 mg h™%, while that in HE is significantly reduced to just 0.003 mg h™%, Figure
4.28
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Figure 4.27 SEM images of (a) fresh Zn-foil and these immersed in AE (b) and (c) HE for 72
h. (d) FTIR spectra for Zn-foil immersed in AE and HE. (e) Tafel curves and corresponding
corrosion current density for Zn anode in AE and HE. To avoid interference of Zn deposition,
Zn?* ion in AE and HE is replaced with Li* ion.

X-ray photoelectron spectroscopy (XPS) was used to analyze the surface chemistry of Zn foil
that had been cycled 100 times in AE and HE. For the Zn foil cycled in AE, strong signals
appeared in the S 2p and F 1s spectrum, evidencing side reaction products from electrolyte
decomposition on Zn-foil, specifically, ZnSO4, ZnS and ZnF, ¥, Figure 4.29. In contrast, no
apparent by-products were detected on the Zn-foil cycled in HE, confirming the side reactions
between electrolyte and metallic Zn are significantly suppressed. The significantly improved
stability of HE is attributed to the strong DMAC/TMP—H20 and DMAC-OT{" interaction that
restricts activity of water and anion. Moreover, a preferred orientation for the Zn (002) plane
is found for the Zn-foil cycled 100 times in HE, confirming that the close-packed growth model
with a layer-by-layer structure occurs in the initial plating and is maintained in the following
cycling, Figure 4.30b. In contrast, the Zn-foil cycled in AE has a ‘pulverized’ surface which
may result in the loss of active metallic Zn, Figure 4.30a.
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Figure 4.28 VVoltage-time curves for Zn@Ti electrodes immersed in AE and HE, respectively.

An amount of metallic Zn, 0.5 mAh, was deposited on Ti-foil to form Zn@Ti electrode.
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Figure 4.29 High-resolution XPS spectra of S 2p and F 1s for Zn foils following working in
AE HE for 100 cycles, respectively.
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Figure 4.30 Morphology for Zn-foil following working in AE/HE for100 cycles.

The reversibility of Zn foil in AE and HE was further evaluated by applying high depth of
discharge of Zn in the symmetric cell test. Initially, 4 mAh cm2 of Zn is deposited on Cu foil
to form the Zn@Cu electrode. Figure 4.31 displays the cycling performance of Zn@Cul|Zn
cells with a current density of 1 mA cm2 and a plating/stripping capacity of 3 mAh cm2,
corresponding to 75% depth of discharge. For the cell using AE as the electrolyte, the voltage
increases rapidly after 90 hours, revealing that the Zn has been exhausted. By contrast, the rate
of Zn consumption in HE is much lower and the Zn@Cu||Zn cell using HE can run up to 280
hours. This is because the side reactions between Zn and electrolyte are effectively suppressed
in HE.
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Figure 4.31 The Zn@Cu||Zn symmetric cell tests with AE and HE as the electrolyte,
respectively. The capacity of the Zn@Cu electrode is 4 mAh cm™2. The applied current density
is 1 mA cm2, and the plating/stripping capacity is 3 mAh cm2.
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4.6 The performance of Zn|| ZnHCFs cells in AE and HE

Zinc hexacyanoferrates (ZnHCFs) are an analogue of Prussian blue with a 3D open-framework
structure. The large cubic interstices, 4.6 A wide, provide enough space to accommodate
bivalent Zn-ion, even in their solvated form. When combined with the Zn anode, the
Zn|[ZnHCFs battery exhibits an operation voltage of 1.7 V/, which is the highest record for ZIBs.
The intercalation chemistry of ZnHCF can be concluded as follows:

Cathode: nZn?* + 2ne™ + Znz[Fe(CN)s]2 <> Znz+n [Fe(CN)6]2 (1)

Anode: nZn—nZn%" + 2ne” 2)

(2]

zn,(Fe(CN),),

—M J-LM\\JU_WWWWW
!

Intensity (a.u.)

JCPDS: 38-0688

L, N
10 2 30 10 50 60
2 Theta (degree) A=1.5406 A

Figure 4.32 (a-b) The SEM images and (c) The XRD pattern of ZnHCFs powders.

The ZnHCFs is synthesized by the high temperature co-precipitation method. As shown in
Figure 4.32a-b, as-synthesized powders have a uniform morphology with an average size of
around 6-10 um. The XRD pattern is well consistent with ZnHCFs (JCPDS # 38-0688),
confirming that as-obtained materials are in high purity.

The initial specific capacity for Zn||ZnHCFs cells is ca. 60 mAh gt in both electrolytes (Figure
4.33a). However, it decreases rapidly in AE accompanied by voltage decay ((Figure 4.33b-c).
The output voltage for ZnHCFs reduces to 1.6 ~ 1.4 V following 150 cycles in AE (Figure
4.33d). This is attributed to material degradation and less stability of H>O at high voltage during
charging, which causes relatively low CE. For AE, the oxidizing potential is measured to be
1.93 V vs. Zn?*/Zn. At a cur-off voltage as high as 2 V, the decomposition of AE is inevitable.

In contrast, the oxidizing potential of HE is up to 2.25 V, which is wider than the operation
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potential of Zn||ZnHCFs cells. As a consequence, the Zn||ZnHCFs cell exhibits better stability
in HE and the high-voltage character is well maintained following 150 cycles, evidencing that

HE is compatible with the high-voltage cathode.
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Figure 4.33 (a) Cycling performance of Zn||ZnHCFs cells tested at 50 mA gt in AE and HE;
(b-d) the voltage profiles of the 5", 20" and 150" cycles, respectively.

4.7 Conclusions

Polar solvents dimethylacetamide (DMAC) and trimethyl phosphate (TMP) in a hybrid
electrolyte (HE) exert strong dipole-dipole interaction with H2O to increase the electron density
of water protons making the H20O dissociation less thermodynamically favorable and therefore
strengthening O—H bonds of water. Zn?* plating in HE preferentially orientates the (002) plane
because of the lower surface energy of this plane compared with (100) and (101) planes. With
confined water activity and favorable orientation, a Zn anode in HE exhibited a high
reversibility and ultra-long life in which CE was 99.5 % for 2000 cycles, and Zn||Zn symmetric
cells ran for 1600 h at a current density 5 mA cm2 and areal capacity 5 mAh cm™2. Moreover,
the extended ESW makes it possible for HE to cope with the high voltage cathode, ZnHCFs,
which exhibits a specific capacity of ca.60 mAh g for 200 cycles.
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Chapter 5 Effect of the solvation structure on the energy storage

mechanism of Zn-sodium vanadate batteries

In this chapter, the data is used in the work entitled as “Solvent control of water O—H bonds
for highly reversible zinc ion batteries”, which has been accepted for publication. These data
are presented together to reveal the different electrochemical performances of sodium vanadate
in the hybrid and aqueous electrolytes. It is observed that the structural stability of the
NaV30g-1.5H,0 (NVO) cathode is significantly improved during continuous
charging/discharging if fewer water molecules are involved in the intercalation processes of
Zn?* ions. This is the reason accounting for the longer lifespan of Zn||[NVO cell obtained in the

hybrid electrolyte compared to that in the aqueous electrolyte.
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5.1 Introduction and significance

Energy sources are transitioning from fossil fuel dependence to renewable fuel dominance?.
However, renewable energy sources such as solar and wind power are intermittent and
therefore require battery technologies to store the excess energy generated during times of peak
availability and to output energy when demand exceeds supply? 3. Large-scale energy storage
with batteries makes it possible to rely less on fossil fuels for a constant supply of energy. Zn-
ion batteries (Z1Bs) are a promising candidate for application in this field because of their high
safety, low cost, and environment-friendliness*. Moreover, zinc is widely available in the

Earth's crust, making ZIBs a more sustainable and cost-effective option than Li-ion batteries®.

One of the challenges for ZIBs is the need for a stable cathode material that can host Zn?* ions
during repeated cycling. The divalent nature of Zn?* ions increases the electrostatic interactions
with the host materials and inhibits diffusion of Zn?*ions in the cathode®. Because of the strong
electrostatic interaction between the Zn?* ions and the surrounding solvents, a significant
desolvation penalty occurs for Zn?" ions to take off the solvation sheath at the electrode-
electrolyte interface®. It is worth noting that the desolvation penalty differs significantly from
solvents, more specifically, the solvation structure of the Zn?' ion. Therefore, the
electrochemical performance of cathode materials in aqueous and non-aqueous electrolytes are
dissimilar’. It is important to seek suitable electrolytes to boost the cycling stability of the
cathode. Moreover, to meet the real application requirements, the cathode should be usable
under outdoor temperatures and a wide range of current densities®. The intermittent working
mode of ZIBs should also be considered, where the cathode is expected to hold the capacity as

well as potential during the rest period®.

Vanadium-based materials have been reported to accommodate Zn?* ions in their lattices and
to deliver quite a high specific capacity®. NVO is chosen as the research object because it can
be synthesized on a large scale via a low-cost liquid-solid stirring strategy under ambient
conditions, providing potential for real applications'®. Moreover, NVO has a large interlayer
distance of 0.77 nm, allowing for reversible Zn?" insertion/extraction!. In the aqueous
electrolyte environment, Zn?* ions insert into the cathode together with protons in the
discharging process, accompanied by the formation of ZnsSO4(OH)s-4H203. This precipitate
disappears in the fully charged state’®. Therefore, the formation/vanishing of
Zn4SO4(OH)e6-4H20 functions as pH buffers in the electrolyte, and its reversibility is essential
for the capacity retention of the cathode materials'?>. However, it may detach or delaminate

from the electrode-electrolyte interface, especially during the resting periods, causing
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irreversible electrochemical behavior’. This issue is not that notable when the NVO is
charging/discharging uninterruptedly at high rates, but it causes significant capacity loss at low

rates, < 0.5 A g2, or at rest periods’.

Here we propose that the cycling stability of NVVO cathode can be greatly boosted by designing
rational solvation structures for Zn®* ions and suppressing the generation of H*. It is proven
that the NVO cathode exhibits obviously reduced lattice distortion during (de)intercalation of
Zn?* in the hybrid electrolyte using dimethylacetamide (DMAC)/trimethyl phosphate
(TMP)/H20 as the solvent than that in aqueous electrolyte. The underlying reason is that only
3.7 water molecules are involved in the solvation structure of Zn?* ions in the hybrid electrolyte,
while there are 6 water molecules in the solvation structure of Zn?* ion in aqueous electrolyte2,
The water dissociation is also well suppressed because of the increased O-H bonds strength
and therefore the H" insertion into NVVO is mitigated and almost no ZnsSO4(OH)s-4H20 is
found on the cycled NVO electrode in the hybrid electrolyte. The strong interactions between
water and DMAC/TMP break the hydrogen-bonded water structure and reduce the dissociation
of water at high temperature, enabling a wide operational temperature range of — 40 to 70 °C
for Zn||NVO battery.

5.2 Experiments

Chemicals: Vanadium pentoxide (V20s, 98 %), Dimethylacetamide (DMAC, 99.8 %),
trimethyl phosphate (TMP, 99 %), zinc perchlorate hexahydrate (Zn(Cl0O4)2-6H.0, 99%) and

zinc trifluoromethanesulfonate (Zn(TSFI)2, 98%) were purchased from Sigma-Aldrich.

NVO synthesis: To 100 mL, 2 M L™ NaCl solution add 3 g commercial V20s powder followed
by magnetic stirring at 400 rpm for 72 h. As obtained orange-color powders are centrifuged
and washed with deionized water and ethanol five (5) times and then dried at 80 °C for 10 h.

Characterization: X-ray Powder Diffraction (XRD) measurements on NVO powders were
determined with a Rigaku MiniFlex600 with Cu Ka radiation. The Morphology of NVO
powders were evidenced with a JEOL JSM-7500FA field emission scanning electron
microscope. A Thermo Scientific Nexsa X-Ray Photoelectron Spectrometer System was used
to determine XPS spectra of NVO electrodes. Cyclic voltammetry (CV) was conducted with a
3-electrode EL-CELL using well-polished Zn as the reference electrode. In operando
mechanistic studies on the NVO electrode were conducted with an in operando synchrotron-
based X-ray diffraction at the Powder Diffraction beamline at the Australian Synchrotron.

CR2032 coin cells with 4mm-diameter windows were especially prepared to ensure
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synchrotron beam transmission, and Kapton tape was used to seal the holes to avoid electrolyte
leaking. The wavelength of the synchrotron X-ray beam was 0.59040(1) A or 0.68880(1) A, as
determined using La''Bs NIST standard reference material 660b. The customized coin cells
were tested at a current density 100 mA g * between 0.3 and 1.6 V (vs. Zn/Zn?"). The diffraction
patterns were recorded with an exposure time of 3 minutes by an MYTHEN microstrip detector.
Transmission electron microscopy (TEM) images were collected on FEI Titan Themis 80-200.
The ionic conductivity of electrolytes was measured with a Thermo Scientific Orion
electrochemistry meter, and the viscosity is measured with capillary viscometers (Huanguang

Brand, Zhejiang, China) under certain temperatures.

Electrochemical Testing: Electrochemical data were collected from the Neware battery testers.
To prepare the NVO electrodes, a slurry composed of active materials, Super P and
polyvinylidene difluoride (PVDF) at a mass ratio of 7:1.5:1.5 was cast onto Ti-foil and
followed with drying at 80 °C for 12 h. The mass loading of the NVO cathode ranges from 0.6-
9.3 mg cm 2. CR2032-type coin cells were used in all electrochemical tests. Zn foil (99.99%,
100 pm) is used as the anode. For batteries using aqueous electrolyte (AE), a glass-fiber
membrane (740 pum) was used as the separator, and for those with hybrid electrolyte (HE) or
non-aqueous electrolytes, nylon 66 membrane (130 pum) is used. The glass-fibore membrane
was purchased from Filtech Pty Ltd, while the nylon 66 membrane was purchased from

Shanghai Xinya Purification Equipment Co., Ltd.

5.3 Characterization of NVVO cathode

Figure 5.1 SEM image of NVO powders.

148



The as-synthesized material has a nano-belt morphology (Figure 5.1) and the XRD pattern
(Figure 5.2c) identifies the crystalline phase of the as-synthesized material as NVO (JCPDS:
16-0601). A 0.77 nm interplanar spacing was observed in the high-resolution TEM image,
corresponding to the (001) plane for NVO, Figure 5.2b. The lattice distance agrees well with
the 250 °C heated NVO and not the 80 °C heated because the interlayer water was extracted in
the high-vacuum sample chamber of TEM. The elemental mapping images (Figure 5.2d)

further confirm the uniform distribution of Na, V and O.
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Figure 5.2 (a) The TEM image of NVO nanobelt; (b) The high-resolution TEM image; (c)
XRD patterns of 80 °C heated and 250 °C heated NVO; (d) TEM elemental mapping images
of NVO nanobelt.

Zn||INVO battery is assembled using a 3-electrode battery device for CV characterizations to
determine the electrochemical properties of the NVO electrode. 1 M Zn(OTf). dissolved in
water is denoted as AE while 1 M Zn(OTf)2 in DMAC/TMP/H,0 with a volume ratio of 5:2:3
is denoted as HE. As is shown in Figure 5.3 a and c, there are two oxidation peaks and three
reduction peaks on each curve. It is acknowledged that the relationship between the peak

current (i) and scan rates (V) is given by:
i=av’ ()
log(i) = blog(v) + log(a) 4

where b is the slope of log(i) vs. log(v). Both in AE and HE the fitted plots of log(i) vs. log(v)
(Figure 5.3 b and d) give the b value for the peaks between 0.5 to 1, evidencing that the
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electrochemical reactions for NVO electrode are composited with ionic diffusion and

pseudocapacitance control. To quantify, the capacitive contribution is computed from:

i = kqv + kov1/2 (5)

iVY2 = kg2 + ko (6)

where the current response of capacitive and ionic diffusion contribution is represented by kiv

and kov'’2, respectively.
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Figure 5.3 CV characterizations. (a-d) CV curves of NVO electrode at various scan rates and

corresponding plots of log (peak current) vs. log (scan rate) in AE and HE, respectively; (e)
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The comparison of the capacitive contribution at various scan rates in AE and HE, respectively;

(F) 3-electrode battery device.

Figure 5.3 e shows that the percent of capacitive contribution increases with increasing scan
rate, and the values in AE are overall greater than in HE. Electrochemical reactions of the NVO
electrode are composited with ionic diffusion control and pseudo-capacitance control. Since a
fraction of the charges is stored by the insertion of guest species into the lattice of NVO,
structural expansion and contraction of the cathode occur at each discharging/charging cycle.
Repeated volumetric deformations result in internal stresses that may lead to structural

disintegration.

The V 2p XPS spectra confirm the valence variation for vanadium during discharge/charge. In
the pristine NVO electrode the majority of vanadium is in the 5+ valence and a small portion
in the 4+ valence. When discharged at 0.3 V the intensity of the VV°* signal decreases, while for
V#* itincreases. The peak intensity reversed following charging back to 1.6 V, confirming that
redox reactions occur during discharging/charging processes and they are electrochemically
reversible (Figure 5.4).
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Figure 5.4 VV 2p XPS spectra for NVO electrodes in (a) pristine, (b) discharged at 0.3 V, and
(c) charged back to 1.6 V, state.
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5.4 Electrochemical performance of Zn||[NVO batteries in AE and HE

The water content of the electrolytes has a significant impact on the capacity and stability of
the NVO cathode. As shown in Figure 5.5, the NVO only delivers a specific capacity of ca. 60
mAh gt in the electrolyte using DMAC as solvent, because of the sluggish interfacial charge
transfer process in the nonaqueous electrolyte. With 20% of water, the specific capacity of
NVO is increased dramatically to more than 150 mAh g*. The trend is quite different in the
aqueous electrolyte, where a much higher specific capacity is achieved, but the rate of decay is
very fast. The comparison reveals that the solvation structure of Zn?* ions affects the
desolvation penalty at the electrode-electrolyte interface and the structural stability of the NVO
cathode. It has been verified by the DFT simulation in Chapter 4 that the Zn?* ions in HE are
solvated by 3.7 water molecules on average, fewer than that in AE, where the average is 6
water molecules®. The existence of H,0 in the solvation sheath of Zn?* ions helps to reduce
the large energy penalty associated with Zn?* desolvation, facilitating the NVO cathode to

deliver a high specific capacity.
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Figure 5.5 The cyclic performance of Zn||[NVO cells in 1 M Zn(OTf)2 solutions. The solvent
is DMAC/H20 mixture with various volume percentages of H20.

Figure 5.6 shows the electrochemical performance of Zn||[NVO batteries using AE and HE as
electrolyte, respectively. In AE and HE, Zn|[NVO cells deliver an average output voltage at
around 0.76 V vs. Zn?*/Zn, and a specific capacity of 370 mAh g!, at a current density of 0.1
A g!. There is no marked difference when the applied current density is lower than 1 A g7,
but the specific capacity is lower and the polarization is more severe in HE compared with AE

when the current density increases to 2 and 5 A g !. The Regone plots, Figure 5.6¢, compare
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the energy density and power density of batteries using NVO as the cathode electrode. It can
be seen that Zn||[NVO batteries with AE and HE exhibit similar energy density at low current

density, however, the battery with AE exhibits superiority at high current densities.
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Figure 5.6 Charge-discharge curves for Zn||[NVO battery in (a) AE and (b) HE tested at current
density, respectively, 0.1, 0.2, 0.5, 1, 2 and 5 A g~!. The mass loading of NVO is 1.8 mg cm 2.
(c) Comparison of energy density/power density of this work with reported findings based on

the mass of cathode active materials. Detailed data are in Table 5.1.

Although HE has no superiority in rate performance, it significantly improves stability of
Zn|INVO cells at low and moderate rates. At a low current density of 0.1 A g the specific
capacity for the aqueous Zn|[NVO cell faded significantly within 200 cycles, whilst in HE the
Zn||NVO cell maintained a specific capacity of 164 mAh g following 700 cycles (Figure 5.7).
At a current density of 0.5 A g2, in AE, the NVO cathode exhibits a rapid increase in specific
capacity in the first 20 cycles from 170 to 231 mAh g%, and an apparent decline in subsequent
cycling, to fail completely in the following 400 cycles, Figure 5.8. The corresponding charge-

discharge curves show that the voltage decay remarkably after 300 cycles (Figure 5.9). In
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contrast, the specific capacity of the NVO cathode in HE remains stable and has a lifespan of
3000 cycles. The advantage of AE in supporting fast ion diffusion and charge transfer can be
observed at high current density, 4 A g2, and the lifespan achieves 6000 cycles (Figure 5.10).
The lifespan of reported battery systems is poor at low and moderate rates, and the available
data for comparison is limited. As can be seen in Figure 5.11, HE exhibits significant
advantages in supporting the operation of Zn|[NVO cells at low and moderate current densities.
Niu et al. revealed that the pseudocapacitive Faradaic process accounts for the excellent cycling
performance of vanadium-based cathode materials at high rates in aqueous electrolytes®. At
low rates, the diffusion-controlled Faradaic process contributes more to the capacity than at
high rates, and therefore the structural stability of the NVO becomes a crucial factor in the
lifespan of Zn||NVO cells.
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Figure 5.7 Cyclic stability and CE of Zn|[NVO cells tested in AE and HE, respectively, at a
current density of 0.1 A g
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Figure 5.8 Cyclic stability and CE of Zn||[NVO cells tested in AE and HE, respectively, at a
current density of 0.5 A g2
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Figure 5.9 The charge-discharge curves of Zn|[NVO battery in (a) AE and (

b) HE.
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Figure 5.10 Cyclic stability and CE of Zn||NVO cells tested in AE and HE, respectively, at a
current density of 4 A g ™.
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Figure 5.12 Failure analysis of Zn|[NVO batteries tested in AE. (a) The battery was tested at
0.1 A g%, and the Zn anode was replaced and the electrolyte was refilled at the 182" cycle; (b)
The battery was tested at 0.5 A g%, and the Zn anode was replaced and the electrolyte was
refilled at the 207" cycle; (c) The battery disassembled after short-circuit;(d-e) The reference
battery tested in HE.

The failure of Zn||[NVO cells can be attributed to at least one of the following reasons: short-

circuit caused by Zn dendrite growth, exhaustion of Zn anode or electrolyte, poor electrical
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contacts due to gas generation induced battery deformation, and cathode degradation. To
determine the cause of the failure of the aqueous Zn|[NVO battery, NVO electrodes were
extracted when the capacity was significantly decreased and reassembled with fresh Zn anode
and sufficient electrolyte. For the cells with AE, at a low rate, 0.1 A g2, the dendrite grows
slowly and the Zn anode/electrolyte consumes at a low rate, and therefore, the cathode
degradation becomes the primary reason for the failure of Zn|[NVO cell. As shown in Figure
5.12a, the declined specific capacity of the aqueous full cell cannot be recovered by replacing
the Zn anode and refilling the electrolyte. The situation changes when the full cell works at a
medium current rate, 0.5 A g 1. The dendrite growth becomes the trigger point that invalidates
the Zn||NVO cell. As can be seen from the disassembled battery, Figure 5.12c, the dendrites
penetrate the separator after cycling for 200 cycles. The cathode electrode was taken out and
reassembled with fresh Zn anode, a new separator, and sufficient electrolyte, but its specific
capacity failed to recover to its initial value (Figure 5.13c). The cathode decay tendency can
be still observed even though its decay rate is lower than that at a low current rate, evidencing

that cathode degradation significantly affects battery performance in AE.

5.5 The structure evolution of NVO in AE and HE
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Figure 5.13 The TEM images of NVO fibers after full discharge in (a) AE and (b) HE, and the
corresponding EDX mapping of V, O, Zn.
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To verify whether the Zn?* insertion contributes to the charge storage in the discharge process,
energy-dispersive X-ray (EDX) mapping is conducted to analyze the element composition of
the fully discharged NVO fibers. In Figure 5.13, a very homogeneous distribution of Zn
element is observed in the discharged NVO fibers, confirming the insertion of Zn?* ions into
the NVO lattice in both AE and HE.

Figure 5.14 Contour plot for NVO (204) reflection, using (a) AE and (b) HE as electrolyte, in

which the (204) reflection evolutes along with corresponding charge/discharge curve.

We hypothesized that the difference in reversibility of the NVO cathode in AE and HE is
related to structural stability associated with the charge carrier insertion process. To confirm
this, in operando synchrotron-based X-ray powder diffraction (XRPD) was used to monitor
lattice changes in NVO during discharge and charge, respectively, AE and HE. Figure 5.14
presents the (204) reflection as a contour-plot with color-intensity and corresponding
electrochemical curves. The (204) plane was selected for analyses because (204) reflection is
the strongest and clearest peak obtained in operando conditions (Figure 5.15). For the NVO
cathode working in AE, its (204) reflection shifts to lower angles when the Zn||NVO battery
discharges from open-circuit voltage to 0.3 V. In this, Zn?* ions intercalate into the layer of
NVO accompanied by the continuous increase of lattice parameter and cell volume. A reversed
behavior is observed during charging. The peak moves right-wards during charging,
corresponding to Zn?* ions extraction and a decrease in the d-spacing. The peak shift is

continuous and reversible, evidencing solid-solution-like behavior during Zn%*
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insertion/extraction. Notably, at deep discharge state, the (204) reflection intensity is greatly
reduced, implying the order-disorder transition at high Zn concentrations. A similar trend was
found for the NVO cathode using HE as the electrolyte. In HE, the lattice changes are relatively
minor and the peak intensity remains nearly unchanged across the charge-discharge processes,
confirming that the structural changes in NVO are significantly smaller than with AE and

absent of order-disorder transition.
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Figure 5.15 (a) XRPD pattern of the NVO electrode; (b) XRPD pattern of the initial state of
the in operando Zn||NVO cell.

Figure 5.16 shows the single peak fitting of (204) reflection of NVO alongside the
discharge/charge processes. In AE, the peak position shifts continuously to lower 26 values
from 18.82° to 18.39° during discharging, revealing a solid-solution reaction occurs when
charge carriers are inserted. In the meantime, the peak height reduces significantly and reaches
the lowest point at the end of discharge, accompanied by gradually increased values of the full
width at half maximum (FWHM). The decreased peak intensity during discharging reveals the
reduced crystallinity of the NVO cathode when H*/Zn?* ions are inserted. In the subsequent
charging process, the peak position returns to its initial value along with the recovered peak
height and FWHM. Surprisingly, in HE, the changes of the peak height as well as the FWHM
are almost negligible during the insertion and extraction of charge carriers. The variation of
peak position in HE is relatively smaller, indicating that the interlayer spacing changes are less

severe than that in AE.
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Figure 5.16 The evolution of peak height, position and FWHM along with the discharge/charge

curves of Zn|[NVO cells in (a) AE and (b) HE, which are extracted from the sequential

refinements using in operando XRPD data.

Figure 5.17 The high-resolution TEM image of pristine NVO fiber.
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Figure 5.18 The high-resolution TEM images of NVO fibers, which are (a) fully discharged at
0.3V in AE, (b) fully charged at 1.6 V in AE, (c) fully discharged at 0.3 V in HE, and (d) fully
charged at 1.6 V in HE, respectively.

High-resolution TEM images of the fully discharged/charged NVO fibers provide a visible
comparison of the differences between NVO in AE and HE. It is observed in Figure 5.18a
that the NVO fibers become nearly amorphous after full insertion of H*/Zn?* ions in AE, but
the lattice recovers to a relatively ordered structure at the fully charged state, Figure 5.18b.
However, clear lattice fringes can still be observed on the NVO fiber after discharge to 0.3 V
in HE, Figure 5.18c, and the lattice structure is almost recovered to its initial state when fully
charged to 1.6 V, Figure 5.18d. The changes are consistent with the results observed from
XRPD.

These differences likely originate from the solvation structure of electrolytes. Water molecules
are co-intercalated with the H*/Zn?* ions into the structure of NVO during discharge, which

circumvents the desolvation energy penalty during (de)intercalation and shields the
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electrostatic interaction between the Zn?* ion and the host matrix'* 1>, Water molecules act as
‘pillars’ to increase the layer spacing and therefore accelerate reaction kinetics and increase the
Zn?* store capacity, which accounts for the higher initial specific capacity and the rapid
activation of the NVO cathode in AE. However, the large radius of the hydrated Zn?* clusters
(Zn(H20)?"), ca. 5.5 A 16, results in significant lattice distortion of the host material and leads
to structural collapse when the lattice stress exceeds its limit!’. This vulnerable structure of
NVO results in a rapid decline in specific capacity and a limited lifespan. The outcome is
different when the NVO cathode works in HE, because, unlike AE, where the first hydration
shell consists of six water molecules, the number of water molecules in the solvation cluster of
HE is reduced to 3.7. DMAC and TMP are large molecules compared to HO, and therefore
they are too large to squeeze into the NVO lattice. Moreover, DMAC and TMP in the solvation
cluster exert strong attraction to H,O, meaning fewer water molecules combine with Zn?* when
hydrated Zn?* enters the structure of NVO. As a result, the smaller size of guest species in
NVO crystal brings less lattice distortion and ensures better structural stability during long-

term cycling.
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Figure 5.19 Synchrotron-based XRPD patterns for NVO electrodes following cycling in (a)
AE and (b) HE.

162



Figure 5.19b presents the XRPD pattern for NVO electrode following cycling in HE for 50,
100 and 200 cycles, evidencing that the structure of NVO is maintained during cycling and no
side product(s) is found. However, in AE, Zn4sSO4(OH)s-4H-0O formed and the (001) reflection
weakened and almost disappeared following 200 cycles, Figure 5.19a. The appearance of
ZnsS04(0OH)6-4H20 indicates that H* intercalation into the NVO lattice occurs in AE,
accounting for the higher initial specific capacity. Since ZnsSO4(OH)s-4H0 is detected on the
fully charged NVO cathode, it is not completely reversible in AE, which may be one of the
reasons for the inferior cycling performance. Besides, the irreversibility of ZnsSO4(OH)e-4H20
also consumes the electrolyte. CV curves of Zn||[NVO cell (Figure 5.20b) show that the redox

reactions are completely reversible in HE, better than that in AE (Figure 5.20a).
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Figure 5.20 3-electrode CV curves for NVO electrode in (a) AE and (b) HE.

Figure 5.21 The SEM images of NVO cathodes following (a) 500 cycles in AE and (b) 3000
cycles in HE at a current density of 0.5 A g2
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The NVO cathode is extracted from the Zn|[NVO cell when its capacity fades severely after
cycling at a current density of 0.5 A g~*. As can be seen in Figure 5.21, the cathode undergoes
morphological changes following 500 cycles in AE, however, it maintains an intact
morphology even after 3000 cycles in HE. This is another evidence that more stable structure
of NVO is maintained in HE.

400 | b 16

| Rest for 2 weeks

Q

02Ag"

?.‘

a
N
1

Voltage (V)
P

_.
[=]

o
/‘.f
> I

mm

o

[--]

Specific Capacity (mAh g)
]
o

——HE

|
i 0.6 - —— AE
0 II T T T T T T T T
0 100 200 300 400 0 50 100 150 200 250 300
Cycle number Rest time (hour)
C 16 d 16
1.4+ 101%t chargeldischarge curves 1.4 1015t charge/discharge/curves

Voltage (V)
Voltage (V)
5

4
o
!

4
o
1

4 —HE

e
'S
1

—AE

T T T T T T T T
0 50 100 150 200 250 300 0 30 60 90 120 150
Specific Capacity (mAh g") Specific Capacity (mAh g™)

Figure 5.22 (a) The cycling performance of the Zn|[NVO cells that are suspended at the 100"
cycle and rest for 2 weeks. (b) The OCV variation of Zn||[NVO cells during the rest period. (c-
d) the 101% discharging curves; the inserted pictures shows the HE and AE solution with

immersed NVO powders.

In practice, it is not practical for batteries to be continuously charged/discharged without
interruption. To be more realistic, the energy may need to be stored in the batteries for a period
of time and extracted when it is required. To investigate the potential performance degradation
during rest, the Zn||NVO cells were suspended at the 100" cycle in a fully charged state and
rested for 2 weeks. In Figure 5.22a, the Zn|[NVO cell using AE as electrolyte exhibits inferior

cycling performance in the first 100 cycles at a current density of 0.2 A g~*. Worse still, it fails
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completely after 2 weeks of rest. Its open-circuit voltage (OCV) falls severely to 0.8 V during
the rest period (Figure 5.22b) and almost no energy can be extracted for the Zn||[NVO cell at
the 101 discharge. One of the possible reasons for the failure is the dissolution of vanadium
from the NVO cathode in AE, as evidenced by the yellow color of AE when the NVO powders
are immersed in the electrolyte for 2 weeks. Surprisingly, the Zn||[NVO cell with HE has
overwhelming advantages both in capacity and OCV retention. Although a slight decline of
capacity is observed after 2 week rest, a specific capacity of 250 mAh g1 can still be achieved
at the 101% discharge (Figure 5.22c) and keep stable in the following 300 cycles (Figure 5.22a).
The OCV decline of the Zn||[NVO cell with HE is very slow and a value of 1.2 V is measured
after two-week rest (Figure 5.22b). In Figure 5.22c, the colorless HE indicates that the
vanadium dissolution from the NVO cathode is well suppressed, accounting for the excellent
ability of Zn|[NVO cell to maintain the electrochemical performance during rest. The

superiority of HE originates from its microcosmic liquid structure.
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Figure 5.23 The comparison of the cycling performance of Zn||[NVO cells and the CE of Zn
platting/stripping tested in hybrid electrolyte and aqueous electrolyte. (a) (b) 1 M Zn(TFSI)2 is

165



used as the salt; (c) (d) 1 M Zn(CIlQOa4): is used as the salt. In the hybrid electrolyte, the solvent
is DMAC/TMP/H20 in a volume ratio of 5:2:3.

DMAC/TMP/H20 hybrid solvent in a volume ratio of 5:2:3 is compatible with salts including
zinc trifluoromethanesulfonate (Zn(TFSI)2) and Zn(ClOa4)2. In hybrid electrolytes using
Zn(TFSI)2 or ZnClO4 as salt, the NVO cathode maintains specific capacity without decay for >
1200 cycles, and the CE for Zn plating/stripping is boosted compared with that in
corresponding aqueous electrolyte (Figure 5.23).

5.6 High-low temperature performance of NVO

To assess the performance of the electrolytes in a high- or low-temperature environment,
Zn||INVO batteries using AE and HE as the electrolyte were tested at various temperatures
(Figure 5.24). The Zn|[NVO battery in the presence of AE exhibited a rapid capacity
degradation, and significantly increased polarization (Figure 5.25-26) at 70 °C. In contrast, the
Zn||[NVO battery with HE as electrolyte exhibited an initial specific capacity of 207 mAh g*
and maintained a reversible capacity of 120 mAh g following 1400 cycles with a mean CE
near 100%. The significantly boosted thermostability of HE is attributed to the participation of
DMAC and TMP in the electrolyte, that interacts strongly with H>O, strengthening the O—H
bonds of water and therefore reducing the decomposition of H20.
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Figure 5.24 The specific capacity of NVO electrode tested at temperatures ranging from —40 °C
to 70 °C.
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Figure 5.25 Cyclic performance for Zn|[NVO cells at 70 °C with AE and HE as electrolyte.

o

Voltage (V)

(=2

Voltage (V)

70 °C
1.6 AE
1.2 4
0.8
1% cycle
’ 50" cycle
0.4
T T T T T T T T
0 50 100 150 200
Specific Capacity (mAh g™')
1.6 HE 70 °C
1.2 4 \
0.8 - 1° cycle
/ 500" cycle
0.4

o

5|0 I 160 I 1t|')0 I 260
Specific Capacity (mAh g™')
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Additionally, HE exhibited a freeze-tolerance at sub-zero temperatures. At — 20 °C, the
Zn||NVO battery exhibited a capacity of ca. 140 mAh g* without apparent capacity fading for
2000 cycles (Figure 5.27), confirming that HE contributes to a highly reversible battery. At as
low as — 40 °C, the HE remains in a liquid state and the Zn|[NVO battery exhibited a capacity
of ca. 85 mAh g%, Figure 5.28. AE failed to support the operation of the Zn|[NVO battery
because it freezes at sub-zero temperatures (Figure 5.29). The mechanism of the anti-freezing
is attributed to the strong dipole-dipole interaction between DMAC/TMP and water molecules,
which breaks the extension of the hydrogen-bonded network of water and reduces the freezing
point of the electrolyte.
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Figure 5.27 Cyclic performance for Zn|[NVO cell at — 20 °C using HE as electrolyte.
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Figure 5.28 Cyclic performance for Zn|[NVO cell at — 40 °C using HE as electrolyte.
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Figure 5.29 Digital image of frozen AE at a temperature — 20 °C.

5.7 A comparison of HE and state-of-the-art electrolytes

Given the practical usage of ZIBs, the utilization ratio of Zn is vital to ensure the overall energy

density of the device. In Zn||[NVO cell tests, the capacity ratio of the negative electrode to the

positive electrode (n/p ratio) is controlled to be 5. As shown in Figure 4.30, in AE, the NVO

cathode exhibits an increase in specific capacity in the first serval cycles from 250 to 275 mAh

g !, but it declines rapidly at the 25th cycle and fails completely within a few cycles, indicating

that the Zn anode has been exhausted. In contrast, the specific capacity for the NVO cathode

in HE remains stable and has a lifespan of more than 200 cycles. This is because the side

reactions between Zn and electrolyte are effectively suppressed in HE.
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Figure 5.30 The cycling performance of Zn||NVO batteries using AE and HE as the electrolyte,

respectively. The mass loading of NVO is around 6 mg cm2 and the n/p ratio is controlled to

be 5.
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To evaluate the energy density at the electrode scale, Zn||[NVO cells are assembled with a thick
cathode and a thin Zn foil, in which the cathode mass loading is 9.3 mg cm2 and N/P ratio is
5. Because of high ionic conductivity of AE, the Zn|[NVO cell exhibits better rate performance,
with ca. 80 mAh gt at 5A g%, as is seen in Figure 5.31a. The Zn||[NVO cell using HE does
not exhibit an advantage in specific capacity, especially when the applied current density
increases. The energy density and power density of Zn||[NVO batteries are given according to
the rate performance, calculated with the mass of the cathode and anode (Figure 5.31b). The
battery in AE exhibits a superior energy density of 86.1 Wh kg and a greater power energy
density of 1019 W kg, while in HE, the energy density is 77 Wh kg~ and the power maximum
is 665 W kg ™.
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Figure 5.31 Rate performance for Zn||[NVO cells; (b) Energy and power density for Zn||[NVO
cells calculated based on the total mass of cathode and anode electrode.

The energy density of Zn|[NVO battery in HE surpasses that of the majority of aqueous Li-ion
and Na-ion batteries, and approaches the value of the state-of-the-art Li-ion batteries (Table
5.2 and Figure 5.32). However, Zn||[NVO battery is apparently more competitive than aqueous

Li-ion batteries when affordability is taken into consideration.

A comparison of state-of-the-art electrolytes is listed in Table 5.3. For non-aqueous
electrolytes, the choices of compatible cathode materials are quite limited and the
electrochemical properties, such as specific capacity and lifespan, of these cathodes are inferior
compared with aqueous batteries'® 1°, As for those aqueous-based electrolytes, in which water
accounts for > 50% by volume, the low-rate performance and high-temperature performance

of batteries become the shortcomings?® 2122, because the interactions between water and non-
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aqueous solvents are not sufficient to suppress the water activity. In our design, we emphasized
the impact of water content on the specific capacity and stability of the NVO cathode and
further demonstrated that the stability is highly related to the structural evolution of the cathode
during battery operation. Upon comparison, the Zn||[NVO battery in HE has advantages at low

cycling current density (0.1~0.5 A g %), and has superior temperature adaptability.
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Figure 5.32 Comparison of energy density for Zn||[NVO battery in HE with selected aqueous
batteries based on mass of cathode and anode active materials. Detailed data are in Table 5.2.

5.8 Conclusion

The advantageous of aqueous ZIBs arise from anomalous properties of water, however,
drawbacks are also from water. When strong polar molecules, DMAC and TMP, are introduced
into the aqueous solution, strong dipole-dipole interaction occurs between DMAC/TMP and
water. On the cathode side, DMAC and TMP are large molecules compared with H-O, and
therefore they are too large to squeeze into the NVO lattice, but ensure few water molecules
combin with Zn?* to insert into the NVO structure, protecting the host from collapse during
long-term cycling. In HE, the structrual deformation of NVO cathode is smaller during the Zn?*
insertion, evidenced by the in operando XRPD and TEM images of different charge state of
NVO. The Zn||[NVO cells exhibit excellent cycling stability in HE, especially in low and
medium rates. The strong interaction between solvents expanded temperature adaptability of
electrolyte with the result that the Zn|[NVO cell ran for 1400 cycles at 70 °C, and for > 1800
cycles at —40 °C. Findings will be of immediate benefit in practical design for highly reversible

Z1Bs and therefore of wide interest to researchers and manufacturers.
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Table 5.1 Comparison of energy density and power density for ZIBs based on mass of cathode active materials.

_ Mass Energy Power Current density  Lifespan
No. Cathode material Electrolyte loading density (Wh density Agt | Reference
kgfl) (W kg—l) ( g ) (cyc e)
307 75 5 2000
262 150
225 375
/ Science China
L M ZnSO/L M , mg 187 720 Chemistry
1 NVO Na,SOs4 aqueous '
. cm 151 1440 2019, 62, 609-
solution 615
126 2100
112 2800
105 3500
270 71 1 100
227 142 4 1000
1 M ZnS0O4/1 M 196 350
2 mg Nat. Commun.,
2 NVO Na>SO4 aqueous )
solution cm 168 700 2018, 9, 1656
150 1500
128 3000
212 40 0.05 300 ACS Appl
3 M ZnSOs 24 mg :
3 NVO aqueous solution  cm™2 168 80 0.4 2000 Mater.
143 168 Interfaces
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4

5

6

Naz2VeO16 -3H20

Na2VeO16 -nH20

NasV12032:-11.9H,0

1.0 M Zn(ClOa)2
in propylene
carbonate

0.5m Zn(ClOs).
with 18m NaClO4
aqueous solution

3 M Zn(CF3S03):
aqueous solution

N/A

3~4 mg
cm-

1.1~3.4
mg cm 2

110
77.5
66

231
224
204
161
125
78

188
167
130
108
88
74

317
274
244
190
148

324
608
730

340
560
660
1240
1710
2350

77
158
390
800
1600
3200

72
144
370
760
1480

100
5000
5000

2000

45
3800

2020, 12,
54627-54636

Batteries &
Supercaps
2020, 3, 254-
260

Energy
Environ.
Sci.,2021, 14,
4463

Mater. Today
Energy, 2021,
21, 100757
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220 228 0.1 50

185 380 0.5 100 Adv. Energy
3 M ZnSOs ~2 mg
NasV12032 . ) 151 760 4 2000 Mater., 2018, 8,
aqueous solution cm
92 1520 1801819
45.6 3800
266 76 0.1 50
243 152 1 250
i 2MZnS04/0.5M 228 380 Energy Fuels,
I\N/I;\[/)oged Na.SOs aqueous cr}{g mg 2021, 35,
sVi2s solution 176 760 13483-13490
162 1520
82 3800
248 70 0.1 100
235 154 0.5 400
~ 205 400 4 6000
NVO AE 1.8 mg This work
cm 182 800
159 1600
122 3800
260 70 0.1 700
~ 244 152 0.5 3000
NVO HE 1.8 mg This work
cm 204 380 4 6000
170 750
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129 1400
74 2800
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Table 5.2 Comparison of the energy density of this work with reported aqueous Li-ion and Na-ion batteries.

Energy density based

No Cathode/anode electrodes Cathode_/ anode Average voltage on the mass of Reference
mass ratio cathode and anode
(Whkg™)
LiTi2(POa4)3/C|| LiMn204 )
1 151 155V 68 Sci Rep, 2015, 5, 10733
. . ) Electrochem.  Commun.,
2 TiSz||LiMn204 2:1 N/A 78 2017, 82, 71-74
3 VO||LiMn:0s4 N/A 15V 55 Science, 1994, 264, 1115-
1118
. . Electrochimica Acta, 2000,
4 LiV30s||LiNi0.s1C00.1902 N/A 1~12V 54 46, 59-65
5 MosSg|LiMn2Os 2:1 15Vand2V 84 SZ';“CE' 2015, 350, 938-
. ] _ J. Electrochem. Soc., 2006,
6 acetylene black||LiMn2O4 1:2 1.3V 35 153, Ad50_A454
- . ) Nature Chemistry, 2010, 2,
7 LiTi2(POa4)s||LiFeO4 1:1 0.9V 50 260765
- . ] Adv. Funct. Mater., 2007,
8 LiTi2(POa4)3||LiMn204 1:1 15V 60 17, 3877-3884
- . ) J. Power Sources, 2014,
9 Polyimide||LiCo0O- 1.2:1 1.12V 80 249.367372
. : _ Angew. Chem. Int. Ed.,
10  NasMnTi(PO4)3||Na3MnTi(PO4)s 1:1 14V 40 2016, 55, 1276812772
polymerized pyrene-4,5,9,10-tetraone Nat. Mater., 2017, 16, 841
11 IIN2V2(POs)a N/A 0.65V 30 848
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12

13

14

15

Polyimide||Nal
NaTi2(POa4)3||Nao.4sMnO2

Zn|INVO

Zn|INVO

N/A

2.5:1

N/A

1:1.8

08V

11V

0.75

0.75V

63.8

33

70

77

Sci.  Adv.,, 2016, 2,
£1501038

Adv. Energy Mater., 2013,
3,290-294

Nat Commun., 2018, 9,
1656

This work
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Table 5.3 Comparative summary of state-of-art selected electrolytes for ZIBs.

Prefered
e ZN . Oxidation
No Electrolyte recipe Flg(n;’\rlr;ablllt plating SC,:[E ofinZn plating- voltage (vs. Cathode Cycle life References
y orientatio pping Zn?%*/Zn)
n
Zn||ICu cell, V20s5:-nH20
1 EE/ICZn(OTf); Egom N N 99.24%, 400 cycles, N/A (mass 202mAhgt(2Ag?),5000 ACS Nano, 2022,
d 1 mA cm™2, 1 mAh loading cycles (RT) 16, 9667-9678.
electrolyte -
cm N/A)
0.5 M Zn(OTf), in Zn||SS cell, 99.15%, ~ ) -1y Adv. Mater,.
2 (O N 300 cycles, current 2.25V 2/”8135 4 mg 5(1)(1)30 TQS(?{T)(OII A g 2019, 31,
TMP/DMC and capacity N/A y 1900668.
150 o ’;AX 229 mAh gt
3 M Zn(OTf)2in NVO-1.5H, g—l : (5A gfl) Adv. Funct.
3 ) ). N N/A N/A O, 8 mg 9) | Mater., 2022, 32,
PC/H20 (2:8) cm2 400 cycles, ég?g cycles, 2111714,
—40 °C
0,
0.5 M Zn(OTf): in Zn|[SS cell, 93.71%, KCUHCF, 1 ~80 mAh g%, 1000 cycles, /Ngew. ~ Chem.
4 TEP/H:O (7:3) N N 100 cycles, current 2.25V ma cm-2 average CE 97.66% (RT) Int. Ed., 2019,
2D and capacity N/A g g 0070 58, 2760-2764.
Zn||ICu cell, ~99%, Angew.  Chem
4 M Zn(TFSI), + 4 1.17 mA cm2, 1.17 NaVeOis-1. 4 ' '
5. M Paugon-TFSI in N/A N mAh cm2, 200 Zn 242V 63H,0, 1 18 MAhg-, 1900 cycles Int. Ed., 2021,
e > (0.3A g (RT) 60, 12438
H20 utilization, 16 mg cm
12445.
cycles
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~100 mAh

-1
Zn||Cu cell, ~75mAh g™ 5
1M Zn(OTf)z in 99.93%, 1 mA PANI 152 (02Agh 9, ©2 A 3 Am. Chem
6 S ~25V i~y g7) Soc., 2022, 144,
PC/H20 (5:5) cm™, 05 mAh mgcm 200 cycles, 200 | 7160=7170
cm2, 500 cycles 20 °C CyclIes, '
50 °C
3 M ZnSO4 + 10 Znj|Cu cell,

, ) . 99.9%, 1 mA .., ViOs 64 ~250mAhg, 200 cycles (1 é A%ZZChﬁT
mM a-cyclodextrin cm2, 1 mAh cm2, : mg cm 2 A g (RT) 1(13359_111,3 ; :
aqueous electrolyte 600 cycles :

2 M ZnSO; and . _ 0
0.0085 M Zn|[Ti cell, ~99.9%, VS 8 Mg o0 mAhgt(0.1Ag?), 100 Nat. Commun.,

8 N 2 mA cm, 1 mAh N/A cm (N/P
La(NO3)3) aqueous 2 9900 cvel 043 cycles (RT) 2022, 13, 3252.
electrolyte cms, cycles ratio 4:3)

1 mol/Kg Zn(TFSI), Zn||Pt (three LiMn20g4, 1 Nat. Mater.,

9 +20 mol/kg LITESI N electrode  cell), N/A 24 mAh Sig’?&ﬁ (4 C), 4000 5418 17, 543
aqueous electrolyte 99.7% cm2 y 549.

) Zn||ICu cell, Adv Ener

o 2MZnSOain /A -99.7%, 1 mA . VSz 53 mg 125 mAh g (LAGY), 2000 i oo 15
NMP/H:0 (5:5) cm?, 05 mAh cm2 cycles (RT) " T

2 : D) 2103231.
cm™4, 1000 cycles
3 M ZnSO, + 0.5 Zn||ICu cell, NH4V 4010 ACS Nano, 2022,

1 _ N 99.68%, 2 mA . (mass 350 mAh gt (5Ag™),3000 DOI:

M glycine aqueous cm2, 2 mAh cm?, loading cycles (RT) 10.1021/acsnano.
electrolyte 650 cycles N/A) 2c09317
1M ZnAc: + 4 M Zn||Cu cell, 99.8%, I2 (mass _ D) J. Am. Chem.

12 NHal aqueous N 1 mA cm? 1 mAh N/A loading (é% MAR cm™, 200 cycles .. o020 144,

electrolyte cm2, 100 cycles N/A) 18435—18443
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1.3 M ZnCl; in

Zn||Cu cell, 99.5%,

Z MnO; (mass _ J. Am. Chem.
13 POIDMSO 1 mA cm?® 05 ., |oadir21g( 150 mAh g (8 C), 500 & 5000 142
(Volume ratio Of mAh Cm_z, 400 ' N/A CyCIeS (RT) Y ’ '
tio ) 21404-21409.
H.O/DMSO =4.3:1) cycles
BMITFSI:Zn(TFSI) 53”207‘3/0 . Cr‘;"k PANI, 08- o ab i1 a gy, 1000 ACS  Energy
14, (waterfionic liquid N 2 s man 25V 095 mg o (RTQ’) 9 Lett, 2023, 8,
mass 20%) 2 aan cm™ y 608—618.
cm™4, 400 cycles
~45  mAh
g! (02 A =60 mAh g™
2 M ZnSOs in Zn|[Ti cell, ~98%, 2 PANI/V20s, gy GAgY Energy Environ.
15 water/EG (volume N mA cm?2, 1 mAh ~28V 2.5-3.0 mg 50000 cveles Sci.,, 2020, 13,
ratio of EG 40%) cm 2, 120 cycles cm 2 6500 YCIES, 35973535,
cycles, 20 °C
—20°C
Zn||SS cell, PQMCT 5212 (o?AX Z218AO mf;‘h g' Angew. Chem.
~99.8%, 1 mA _ (mass e g Int. Ed., 2020,
16 1MZnTFMS/DMF Y cm2, 1 mAh cm2, 24V loading gc)l’e . 1 59, 14577 -
200 cycles N/A) ye'e 150 °C 14583
~70 °C
Zn||ICu cell, ~99%, PANI,
7.5 mol/Kg ZnCl:- 0.2 mA cm? 0.2 (mass ~75mAhg* (0.2Ag™) Nat. Commun.,
17  based aqueous N/A h o ~19V loadi
electrolyte mA cm™“, 50 oading 2000 cycles, =70 °C 2022, 11, 4463.
cycles N/A)
Zn|ISS cell, ~95% ;10?1 C?Ah “90 MAN G ter. Ch
n||SS cell, ~95%, i 0.1C . Mater. Chem.
g & M Zn(BR: 05 mA cm? 05 ~2V TEBQ2 12 000 0.1€) A, 2021, 9, 7042—
d y mAh, 1 cycle g eycles 50 7047.
0o ~30 °C
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2 M Zn(OTf)2 in Zn||Ti cell, ~99.8%, ~205mAhat (2 Agt .
19  water/DMC (volume N 1 mAcm? 1mAh N/A VZC_)ZS’ 2 mg 9 CAgGY Chem. Sci., 2021,
ratio 4:1) cm2, 200 cycles cm 1000 cycles (RT) 12,5843-5852.
ACS Appl. Mater.
20 ﬁ/.IS M Zn(NE?)I\igliﬁ N/A N/A N/A LiMn204, 3 95mAhg (1 C), 200 cycles Interfaces, 2021,
DMAC/H20 i mg cm? (RT) 13, 39, 46634
? 46643,
~264mAhgt(0.1AgY
700 cycles, (RT);
NVO ~190 mAh g (0.5A g}
- —2
f06r mg CrET 3000 cycles, (RT);
1 M Zn(OTf)2 in Zn||Cu cell, 99.5%, ) N 1 .
21 DMAC/TMP/H20 N 1 mA cm?2 1 mAh ~2.25V tEStlngi;0.6 100 mAhg = (0.1Ag™) This work
(volume ratio 5:2:3) cm~2, 2000 cycles hm'g hC:n for 71800 cycles, —40 °C;
igh-low . .
temperature 200 MAhNg = (5A Q™)
testing 1400 cycles  (retention

~60%), 70 °C;
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Chapter 6 Conclusion and outlooks

6.1 Conclusion

This Thesis aims to optimize the battery performance of LMBs and ZIBs, especially anode
reversibility and cathode stability, via electrode/electrolyte interface modifications and
electrolyte design. Two systematic literature reviews related to advanced strategies for the
design of artificial protective layers for LMBs and advanced electrolyte designs for ZIBs,
respectively, are provided in Chapter 2 to provide a comprehensive understanding of this area.
One research work related to the design of a protective layer on the surface of Li metal is
included in Chapter 3. Chapters 4 and 5 present the results of the work on optimising the
electrochemical properties of Zn anode and sodium vanadate cathode with electrolyte design.
Based on the work in this Thesis, the following conclusions are drawn:

1. Modifying the surface of Li metal anode with the silane coupling agent is a promising
method to solve the issue of the Li metal electrode. This modification layer protects the
Li metal from air corrosion, which would reduce the high requirement for protection
from atmosphere in the manufacture of Li metal based batteries. This layer can also act
as promoter to enhance the adhesion between the SEI layer and the Li substrate by
forming chemical bonds and physical intertwining effects. As a consequence, both
increased air stability of the Li electrode and enhanced electrochemical performance
are achieved. MPS is introdued as an example, and apart from it, various silane coupling
agents with different organic functional groups are worth investigating to further
optimize the bonds between intermediates and the SEI layer.

2. Polar solvents dimethylacetamide (DMAC) and trimethyl phosphate (TMP) in a hybrid
electrolyte (HE) exert strong dipole-dipole interaction with H-O to increase the electron
density of water protons making the H>O dissociation less thermodynamically
favorable and therefore strengthening O—H bonds of water. Zn?" plating in HE
preferentially orientates the (002) plane because of the lower surface energy of this
plane compared with (100) and (101) planes. With confined water activity and
favorable orientation, a Zn anode in HE exhibited a high reversibility and ultra-long life
in which CE was 99.5 % for 2000 cycles, and Zn||Zn symmetric cells ran for 1600 h at
a current density 5 mA cm2 and areal capacity 5 mAh cm2. Moreover, the extended
ESW makes it possible for HE to cope with the high voltage cathode, ZnHCFs, which
exhibits a specific capacity of ca.60 mAh g* for 200 cycles.

184



3. The advantageous of aqueous ZIBs arise from anomalous properties of water, however,
drawbacks are also from water. When strong polar molecules, DMAC and TMP, are
introduced into the aqueous solution, strong dipole-dipole interaction occurs between
DMAC/TMP and water. On the cathode side, DMAC and TMP are large molecules
compared with H2O, and therefore they are too large to squeeze into the NVO lattice,
but ensure few water molecules combin with Zn?* to insert into the NVO structure,
protecting the host from collapse during long-term cycling. In HE, the structrual
deformation of NVO cathode is smaller during the Zn?* insertion, evidenced by the in
operando XRPD and TEM images of different charge state of NVO. The Zn||[NVO cells
exhibit excellent cycling stability in HE, especially in low and medium rates. The strong
interaction between solvents expanded temperature adaptability of electrolyte with the
result that the Zn||[NVO cell ran for 1400 cycles at 70 °C, and for > 1800 cycles at —
40 °C. Findings will be of immediate benefit in practical design for highly reversible

ZIBs and therefore of wide interest to researchers and manufacturers.

6.2 Outlooks

Although marked improvements have been achieved in LIBs and ZIBs, the following critical

issues are still worth highlighting:
For LIBs:

I)  Improving the adhesion of SEI or ASEI layers on the surface of Li metal. Studies of
SEl and ASEI layers have focused on the properties of the modulus, flexibility,
composition, and stability, however, little attention has been paid to the adhesion of the
protective layer and the Li metal anode. In particular, inorganic species typically lack
effective chemical bonds with Li metal and may exfoliate due to interfacial strains. By
improving the adhesion between the SEI component and the Li anode, the ASEI layer
will be more durable and effective in long-term cycling.

I1)  Investigating how protective layers affect the stripping process. Researchers usually
focus more on the plating behavior and kinetics of Li* while overlooking the stripping
process. However, the stripping of Li* also affects the reversibility, depletion, and
lifetime of the Li metal.

I11)  Understanding the effect of ASEI layers on the formation of the final layer. In general,
the presence of the ASEI layer may affect the overpotential of Li deposition, which may
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V)

V)

also alter the electrolyte decomposition. With clear understanding of the interaction
between ASEI and naturally formed SEI layer, more reasonable ASEI can be designed.
Designing protective layers with self-healing ability. Since the large volume change of
Li metal remains a critical unsolved issue, the ability to reform the damaged ASEI
layers becomes a crucial factor in determining the durability of ASEI layers. Polymeric
ASEI layers are featured with designable functions, making it possible to design
protective layers with self-healing capabilities.

Increasing air stability of Li anode. Li metal foils are highly sensitive to ambient air,
rendering them difficult to handle and transport. If LMBs could be assembled without
a protective atmosphere, the cost of their production would be significantly reduced.
Chemical stability in the electrolyte should also be taken into account when designing

air isolation layers.

For ZIBs:

1)

1)

1)

Suppressing gas generation in aqueous electrolytes. Pressure due to gas generation may
cause battery package failure. Quantitative analysis of gas generation during operation
of ZIBs could serve as an accurate indicator to understand the suppression of side

reactions between electrodes and electrolytes.

Further improving the CE of Zn anodes. The CE for Zn plating/stripping processes is
normally lower than 99% in aqueous electrolytes and 99.5% in organic electrolytes,
respectively. It is well known that for practical applications, the CE should be higher
than 99.9%. Selecting solvents with higher stability against Zn anodes and wider
voltage operating window is a promising strategy. However, we believe it is difficult
to achieve a high CE with only a single approach. Combinations of different strategies,
including developing aqueous-organic hybrid solvents, employing electrolytes with
carefully optimised concentrations, and adding functional additives, could well repay

future research.

Improving performance at high temperature. The side reactions in ZIBs are more
severe at high temperatures, leading to poor battery performance. The current study of
high temperature electrolytes is at an early stage. The cycling stability and rate
capability of ZIBs at high temperatures have rarely been reported so far. Seeking

suitable solvents with better temperature tolerance is a potentially useful approach.
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V)

V)

V)

i)

VII)

In-depth understanding of the mechanisms of Zn deposition. Zn growth characteristics
can be easily affected by electrolytes, but the precise interrelationships between these
two elements are not yet clear. A better understanding of growth behaviours would
help to design dendrite-free Zn metal anodes. Previous results have proved that Zn?*
can be reliably plated in the ‘horizontal’ direction with the presence of functional
additives or specific solvents. It is worth further investigation to achieve consistently
dendrite-free Zn anodes. Besides these aspects, developing advanced in-situ
techniques to characterize Zn grain growth would be of great use.

Attention should be payed to the cost of electrolytes. Low-cost is the most striking
feature of ZIBs, however, recent researches mainly focus on the mechanism of
proposed strategies while hardly mention their cost. The usage of organic salts and
increasing salt concentration would result in a huge surge in cost. Developing high

performance electrolyte with affordable price would be of great commercial values.

The properties of polymer gel electrolytes need further improvements. The ionic
conductivity of reported polymer gel electrolytes cannot be compared with that of
liquid electrolytes, which result in unsatisfactory power density. What is worse, the
increase of mechanical strength of gel/polymer electrolytes would further confine the
mass diffusion and therefore decrease their ionic conductivities. Designing polymer
gel electrolytes with high ionic conductivities and good mechanical properties would
be the aim of follow-up studies.

Comprehensive consideration is required in the design of electrolytes. Aqueous
electrolytes have advantages in ionic conductivities, safety, and low cost, but fail to
provide sufficient ESW, temperature operational range and stability against Zn anodes.
Non-aqueous electrolytes show complementary advantages. Aqueous-organic hybrid
electrolytes are very promising since they make it easier to balance the property
requirements of ZIBs via optimizing components and the ratio of the solvents. Besides,
synergistic effects among multi-strategies are worth in-depth studies. A better
understanding of the compatibility between different components and their interactions

would help to guide the design of high-performance electrolytes.

The charge storage mechanisms of manganese-based and vanadium-based cathode
materials are still controversial. It is crucial to develop advanced characterization

techniques to uncover the true charge storage mechanism of these cathode materials.
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Vanadium-based cathode materials exhibit capacity fading during cycling, particularly
at low rates (<0.5 A g%). This phenomenon is attributed to structural degradation
caused by dissolution and inactivation of the active phase. The electrochemical
reactions typically involve a combination of ionic insertion/extraction and
pseudocapacitance processes. Furthermore, during the discharging process, Zn?* ions,
along with protons, are inserted into the cathode, making the charge storage
mechanism more complicated. For manganese-based materials, the presence of
dissolved Mn?* in electrolytes poses a challenge to the intercalation mechanism.
Additionally, phase transitions, such as the transition between the tunneled a-MnO;
and the layered Zn-birnessite during discharging/charging processes, have been
observed. The exact details of the intercalation process and discharge products are still
a matter of dispute. The current characterization methods, which rely on ex situ
techniques, have been unable to provide a comprehensive understanding of the
continuous structural changes. Consequently, in situ experiment design aiming to
distinguish these intermediate products would be the future research direction. It is
imperative to employ characterization techniques and advanced analysis methods to
obtain a more detailed and precise understanding of the reaction mechanisms involved.
This deeper understanding will aid in the further optimization of the electrochemical

performance of manganese-based and vanadium-based cathode materials.
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