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Aqueous Li-ion batteries are a vital component for the future electrification of society. 

Their extreme safety and reduced manufacturing costs could enable them to fit into many niche 

markets. Current aqueous Li-ion battery systems suffer from many of the same form factor 

restrictions as organic Li-ion batteries and rely heavily on maximizing the amount of LiTFSI in 

the system at the cost of important properties such as electrolyte cost, viscosity, and ionic 

conductivity in order to maintain the highly concentrated electrolyte classification. They are also 

limited by the lack of suitable anodes to replace the dominant choice of LTO. Much of the 

advancement in recent years has been due to the focus on improving the SEI with less attention 

paid to other important concerns. The goal of this research is not only to continue advancing the 

limits of aqueous Li-ion batteries, but to shed light on some of the other areas that are often 

overlooked but of equal importance.  



  

Reported here are three key advancements in the development of a novel aqueous cell 

chemistry for form factor, electrolyte, and anode. First is the development of a gel polymer 

electrolyte and gel protection layer for the fabrication of a flexible 4V aqueous Li-ion battery 

employing a Graphite/LCO electrode pair, with focus given to the system’s feasibility to be 

transitioned to industry. Second, the development of a safer hybrid electrolyte and subsequent 

transition from the highly concentrated electrolyte regime to the first reported localized highly 

concentrated hybrid aqueous/non-aqueous electrolyte. Finally, the first incorporation of TNO as 

an anode replacement for LTO. With the combination of this novel electrolyte and aqueous 

anode chemistry, a TNO/LMO full cell using a 1,4-dioxane diluted water/TEP co-solvent 

electrolyte provided an initial discharge capacity of 187 mAh/g reaching a Coulombic efficiency 

of >99.5% and a capacity retention of 92% after 90 cycles at a cycling cutoff potential of 2.8V. 
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Chapter 1: Introduction 

1.1 Lithium-Ion Batteries 

1.1.1 Market Demand 

Lithium-ion batteries (LIBs) have slowly become an integral part of our 

everyday life. With just about everything now being battery-powered, ranging from 

heated socks to electric vehicles, society is surrounding itself with LIBs. Over the 

past thirty years, these batteries have grown in complexity and energy. And as the 

energy rises so does the focus on safety and cost. In 2021, the US Federal 

Government set a goal of 50% of all new vehicles sold in the US by 2030 to be zero-

emission vehicles, a space largely dominated by electric vehicles (EVs).[1] Several 

states, led by California, have even adopted a much more ambitious 100% goal by 

2035. Even more ambitious considering that as of August 2022 the average EV cost 

$66,524, with the battery costing as much as 50% of the total cost.[2] Compared to the 

industry average of $48,301, that is a 37% increase. Cost is not the only pressing 

factor, safety concerns are also a major consideration due to the difficulty of fighting 

EV fires. These two key reasons make it clear why cheaper and safer LIBs are of 

paramount importance. 

1.1.2 Current State-of-the-Art LIBs 

Rechargeable LIBs were conceived and developed during the 1980s before 

being commercialized in 1991.[3] These early LIBs were not too different than our 

modern batteries, employing a carbonaceous anode, transition metal cathode, PVDF 
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binder, and an organic electrolyte containing a carbonate (PC) solvent and LiPF6 salt. 

This first LIB was able to provide a specific energy of 80 Wh/kg and an energy 

density of 200 Wh/L at a cell voltage of 4.1V.[4] This development was largely driven 

by the rise of the first portable electronic devices and the desire to reduce the size and 

weight of the batteries.[3] Over the next 30 years, the LIB research field has made big 

improvements. Current state-of-the-art LIBs have the same basic components, a 

carbonaceous anode of graphite rather than soft carbon, a wider variety of transition 

metal cathodes (LCO, NMC, NCA) as well as spinel (LMO and LNMO) and phospho 

olivine (LFP, LMFP, LCP) cathodes, polymeric binders (PVDF, PTFE, Cellulose), 

and an organic binder predominately using carbonate solvents (EC, EMC, DMC, 

FEMC, etc.) with fluorinated salts (mostly LiPF6 but also including LiTFSI and 

LiFSI) and various additives (VC, FEC, etc.). These modern batteries employed in 

current electric vehicles have cell level specific energies of 160-260 Wh/kg, energy 

densities of 450-730 Wh/L, and range in voltage from 3.6-4.0V+. Predictions and 

consortium goals are targeting >350 Wh/kg and >1000 Wh/L in the next few 

decades.[5] While these state-of-the-art LIBs are a huge improvement and essential to 

modern society, theoretical material limitations, resource limitations/concerns on key 

elements like Li and Co, and safety issues arising from flammability concerns have 

created a need for alternative chemistries to better meet the growing demand for 

better rechargeable (secondary) batteries. 

1.1.3 Alternative Secondary Batteries 

There are now a wide variety of alternative battery chemistries to the 

dominant LIB. Each system has its own list of pros and cons. Metal anode batteries 
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(including Li, Ca, Zn, etc.) offer high energy density but pose many safety and 

stability problems. ASSBs (including polymer and ceramic electrolytes) offer 

improved safety and energy density but at the cost of increased material costs, low 

ionic conductivity, and poor calendar life. Alternate ion batteries (including NIB, 

KIB, Zn-ion, MV, and dual-ion batteries) have varying tradeoffs but overall are not 

yet mature enough to replace LIBs. And aqueous electrolytes provide another 

alternative and can be used in a variety of systems including polymer batteries, MV 

batteries, NIB, Zn-ion, and with typical LIB electrodes. ALIBs in particular are a 

promising alternative as they can easily be integrated with existing electrodes and 

additives with the added benefit of decreased costs and increased safety, an area not 

currently addressed by any systems shown in Figure 1.[6]  

 

Figure 1: (A) Relative strengths and weaknesses of various battery technologies including LIB, Na- and K-ion 

batteries (NIB and KIB), all-solid-state batteries, and multivalent batteries. (B) Calculations of various battery 

active materials using the BatPaC model. Reprinted with permission from [6]. Copyright 2021 American 

Chemical Society. 
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1.2 Aqueous Lithium-Ion Batteries 

1.2.1 Birth of the ALIB 

Aqueous lithium-ion batteries have been around almost as long as the original 

LIB. In 1994, Jeff Dahn led the research that produced the first published LIB 

utilizing an aqueous electrolyte.[7] This system shared the use of a transition metal 

oxide cathode (LMO rather than LCO) but differed not only in the use of a 5M LiNO3 

aqueous electrolyte but also in the use of a much higher voltage anode of bronze-

phase vanadium dioxide (VO2 (B)). VO2 (B) is about 2V higher in potential relative 

to the soft carbon anode used in the first LIB. It was necessary to pick an anode so 

much higher due to the much lower electrochemical stability of the aqueous 

electrolyte compared to the organic electrolyte. Water’s electrochemical stability can 

be determined from a Pourbaix diagram (Figure 2). A Pourbaix diagram shows at 

what potential (relative to the standard hydrogen electrode (SHE)) an aqueous 

solution will break down based on various variables such as pH, temperature, 

pressure, and activity. The lines of stability (red dashed lines) are governed by the 

Nernst equation (Eq.  1) 

𝐸𝐸 = 𝐸𝐸0 −
ln(10) ·𝑅𝑅𝑅𝑅

𝑛𝑛𝑛𝑛
· log�

{𝐶𝐶}𝑐𝑐{𝐷𝐷}𝑑𝑑

{𝐴𝐴}𝑎𝑎{𝐵𝐵}𝑏𝑏� −
ln(10) ·𝑅𝑅𝑅𝑅ℎ

𝑛𝑛𝑛𝑛
· 𝑝𝑝𝑝𝑝 Eq.  1 

When standard temperature and pressure are assumed, E0 is set to 0V relative to SHE, 

and the fugacity of hydrogen gas is set to 1, the equation simplifies to Eq.  2 
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𝐸𝐸 = −0.05916 · 𝑝𝑝𝑝𝑝 Eq.  2 

This provides the lower stability line in Figure 2. For the upper stability limit, using 

the same assumptions as the lower stability line and using E0 = 1.229V for the 

oxidation of water, the equation simplifies to Eq.  3 

𝐸𝐸 = 1.229𝑉𝑉 − 0.05916 · 𝑝𝑝𝑝𝑝 Eq.  3 

Between these two stability limits, water is electrochemically stable, but outside of 

them water will decompose based on the equations shown in Figure 2, giving a 

stability window of 1.229V. In a practical aqueous electrolyte, this electrochemical 

stability window can be extended due to changes in local pH, species’ activities, and 

electrode passivation. The first ALIB had a voltage of 1.5V and provided 55 Wh/kg. 

While this was still short of even the first LIB (80 Wh/kg), it proved that reversible 

Li+ electrochemistry could occur in water-stable systems. 

 

Figure 2: Pourbaix diagram for water. Reproduced from Wikipedia.com. 
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1.2.2 Electrolyte Breakthroughs 

In almost 20 years since the first ALIB, little had been done in order to 

dramatically change the ALIB. Much of the work addressed electrodes that were still 

within the standard electrochemical stability window (ESW) of aqueous electrolytes 

which resided between 1.2-2V.[8] One of the major hurdles for ALIBs is the issue of 

electrolyte decomposition at electrode surfaces producing H2 and O2 gas. In organic 

LIBs, a good electrolyte can decompose into a protective layer on the electrode 

surface that prevents further side reactions. This protective layer is predominantly 

formed on the anode surface and is referred to as the solid electrolyte interphase (SEI) 

and is made of both organic and inorganic materials derived from the organic solvent, 

lithium salt, and any additives in the electrolyte.[9] However, aqueous electrolytes are 

significantly hindered in that department since the decomposition produces hydrogen 

and oxygen gas. Therefore, if any SEI is to be formed, it needs to come from the salt 

or additives.  

In 2015, a major breakthrough in ALIBs was made with the development of a 

new class of aqueous electrolytes, dubbed “Water-in-Salt” electrolytes (WIS).[10] This 

electrolyte is now a part of a wider range of electrolytes of highly concentrated 

electrolytes where the electrolyte typically operates at saturated conditions for the 

salt. The first WIS electrolyte was composed of 21 m (mol of solute/kg of solvent) 

LiTFSI in water. Its unique properties allow for the extension of the ESW to 3V 

(Figure 3) thanks to the electrochemical reduction of the LiTFSI salt to produce an 

inorganic SEI rich in LiF. Using LMO as the cathode and Mo6S8 as the anode, a 2.3V 

battery was able to produce 84 Wh/kg.  
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Figure 3: (A) Reductive and (B) oxidative potential magnifications of (C) the electrochemical stability window 

for various aqueous LiTFSI electrolytes. Reprinted with permission from [10]. Reprinted with permission from 

AAAS. 

In 2016, further improvements to the aqueous system provided incremental 

improvements with the addition of co-salts including LiOTf and LiBETI. [11, 12]  The 

addition of the second salt increased the voltage and energy density to 2.5V with 100 

Wh/kg and 2.3V with ~130 Wh/kg, respectively. And only two years after the last 

major ALIB breakthrough, Dr. Chongyin Yang demonstrated a 4V ALIB using LMO 

and graphite.[13] Due to the aggressive reducing potentials required for the use of the 

low voltage anode, graphite, an anode protection layer was required to separate the 

aqueous electrolyte from the anode. This layer was composed of LiTFSI, PEO, DMC, 

and HFE (specifically 2,2,2-trifluoroethyl-1,1,2,2-tetrafluoroethyl ether) and required 

a modified aqueous electrolyte of LiTFSI, LiOTf, and PVA. The addition of the 
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polymeric components allowed for the physical separation of the two layers. 

However, the separation was not perfect, and mixing would eventually occur leading 

to cell performance degradation and failure. Furthermore, the incorporation of the 

HFE made the processing of this material impractical for commercial applications 

due to its extremely high volatility. With a cell voltage of 4V and similar electrode 

materials used as in LIBs, it was now shown that ALIBs had the potential to be 

competitive with state-of-the-art LIBs. 

The next class of ALIB took a slightly different approach. Rather than 

introducing additional salts, the addition of co-solvents provided another promising 

alternative to the original WIS electrolyte. In 2018, Dr. Fei Wang developed a hybrid 

aqueous/non-aqueous electrolyte (HANE) with the mixing of saturated electrolytes of 

LiTFSI in water and LiTFSI in an organic solvent, dimethyl carbonate (DMC).[14] The 

key benefits of this approach were the reduction of salt concentration (21m reduce to 

13.3m), increased ESW (3.0V to 4.1V), and additional SEI generation from the 

carbonate component (Figure 4). Using LTO and LNMO, a 3.2 V cell was able to 

produce an energy density of 165 Wh/kg.  

 

Figure 4: (A) Extended electrochemical stability window of the HANE electrolyte. (B) Cyclic voltammogram 

showing additional SEI formation process in early cycles. (C) Schematic of SEI formation from both salt and 

organic co-solvent. Reproduced with permission from [14]. 
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The most recent evolution of ALIB electrolytes takes inspiration from 

localized highly concentrated electrolytes (LHCE).[15-17] In LHCEs, a diluent, or non-

solvating liquid, is added to the highly concentrated electrolyte to improve various 

properties such as viscosity, flammability, deposition, solvation, etc. (Figure 5). 

Originally this concept utilized organic electrolytes in Li metal batteries using 

hydrofluoroethers as the diluent; however, these hydrofluoroethers are not miscible 

with purely aqueous electrolytes. Therefore, an alternative diluent needed to be found. 

In 2021, several papers reported the use of a water-miscible cyclic ether that had a 

low dielectric constant resulting in very poor solvation of aqueous electrolyte salts 

(<0.2 m at room temperature).[18-20] They found that the addition of 1,4-dioxane in 

sufficient quantities produced significant cycling and SEI improvements over the base 

21m WIS electrolyte as shown in Figure 6. An insufficient amount of dioxane proved 

ineffective in providing cycling improvements in an LTO/LMO system. 

 

Figure 5: (A) Schematic of dilution effect in LHCE. (B) Flammability test of glass fiber soaked separators. (C) 

Viscosity comparison of base highly concentrated electrolyte, LHCEs, and standard organic electrolyte. 

Reproduced with permission from [16]. Copyright 2018 Elsevier. 
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Figure 6: Discharge capacities and Coulombic efficiencies (CE) of LTO/LMO full cells. Reproduced with 

permission from [20]. Copyright 2021 American Chemical Society. 

1.2.3 Aqueous Electrolyte Limitations 

Each new iteration of the aqueous electrolyte has looked to address one or 

another of the limitations of ALIBs when compared to organic LIBs. The core issue 

limiting ALIBs from competing with LIBs in terms of energy density is what is 

referred to as the cathodic challenge.[21] While several aqueous-based electrolytes 

report over 4V windows, the ESW is biased towards higher potentials and thus limits 

the availability of suitable anodes. This leaves ideal anodes such as lithium metal, 

graphite, and silicon unobtainable. Instead, the only readily available low-voltage 

anode material is LTO, which has an intercalation potential of almost 1.5V above 

lithium metal and graphite. In addition, while many electrolytes display excellent 

stability on metallic blocking electrodes during ESW tests, with real anodes, this 

working window is often significantly reduced due to premature electrolyte 

decomposition.  This forces ALIBs to remain restricted to using LTO and often 

requires high cycling rates to mask cell degradation from electrolyte decomposition. 

The primary obstacle preventing ALIBs from reaching the lower potentials is due to 
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the SEI layer that is formed not being robust enough to prevent water from reaching 

the anode surface and producing hydrogen gas. This low potential stability also 

results in issues with using standard coin cell components made of stainless steel and 

requires the anode side to be fully Al. 

Another major obstacle is the high salt concentration required for the 

improved electrochemical stability. This creates two challenges in electrolyte 

viscosity and electrolyte cost. As the concentration increases, so does the solution’s 

viscosity and with increasing viscosity comes decreases in transport properties and 

decreased wetting ability for separators. The latter requires the use of much 

thicker/heavier glass fiber separators compared to industry-standard polyolefin 

separators. With a thicker separator comes increased electrolyte and decreased cell 

level energy densities. And some of the ALIB electrolyte innovations, such as the bi-

salt and bi-solvent systems, only make this viscosity issue more pressing. The second 

issue is the cost. Aqueous LiTFSI electrolytes are an order of magnitude more 

expensive than standard LIB salt, LiPF6, electrolytes. Part of this is due to economy 

of scale and with the adoption of LiTFSI electrolytes, the cost would go down. But 

the extremely high concentrations (almost 85wt% LiTFSI in 21m WIS) require a lot 

more salt than is found in the 1 M LiPF6 organic electrolytes (13wt%). Each attempt 

to address this problem comes with a tradeoff. As mentioned with the HANE 

electrolyte, even though the concentration drops to 13.3m, the viscosity and transport 

properties are negatively affected; and with the use of dioxane, the safety benefit is 

lost due to dioxane’s high flammability. 
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The third major challenge comes on the cathode side. At high potentials the 

typical metal material used for coin cells, stainless steel, begins to have corrosion 

issues with both organic and aqueous electrolytes, limiting the use of high-voltage 

class cathodes despite electrolyte electrochemical stability. In organic batteries, one 

solution is to use Al-clad coin cells to prevent this side reaction. Unfortunately, 

aqueous batteries are not able to take advantage of this as around 4.2-4.4V vs. Li/Li+ 

the aqueous electrolytes begin to corrode the Al. As seen in ALIB papers using 

LNMO, Ti current collectors and casings are employed for cell operation.[12, 14] While 

this is important for advancing the science of ALIBs, it is not a practical solution and 

limits practical ALIBs to using lower voltage cathodes such as LMO, LCO, or NMC, 

which all come with their own issues and limitations.  

The final limitation of the original WIS electrolyte is its temperature stability. 

While it was still able to operate at low temperatures, the solution exists on the 

saturation limit. A slight decrease in temperature can result in phase changes that alter 

several of the electrochemical properties and can result in partial crystallization of the 

electrolyte. This temperature instability enhances decreased cell performance as 

temperature declines. The addition of co-salts further exacerbates this problem while 

the addition of diluents and co-solvents alleviates some of these issues. Since 

practical battery usage is not limited to one constant temperature value, it is important 

to consider how the new electrolytes will respond to changes that fall within a 

reasonable usage window. 

My dissertation aims to primarily address the first two limitations as in my 

mind, they are the two that limit the energy density of ALIBs the most, but the latter 
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two are improved as a consequence of electrolyte modifications. If a low-viscosity 

electrolyte has reasonable ionic conductivity (>1 mS/cm at room temperature), 

improved temperature stability, enhanced ESW, and decreased cost/salt 

concentration, while maintaining the ease of processability and safety features, ALIBs 

would become highly competitive. A tall order, but a goal the field is moving 

towards. 
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Chapter 2: Aqueous Gel Polymer Electrolytes 

2.1 3V Gel Batteries 

2.1.1 Introduction 

One of the major breakthroughs for ALIBs was the use of aqueous polymer 

electrolytes to allow for phase separation of the aqueous electrolyte from the low-

voltage anode.[13] We utilized PVA to essentially increase the electrolyte’s viscosity 

without significant compromise to the ionic conductivity. The addition of the PVA 

further reduced the reactivity of the water and allowed for significantly enhanced 

stability of lithium metal, which normally will readily react with any water present, 

even atmospheric water. However, the stability was improved but not permanent and 

it was important to still keep water away from the anode surface. By adding an anode 

protection layer of LiTFSI in DMC (for ionic conductivity), PEO (as a plasticizer), 

and HFE (for hydrophobicity), we were able to physically separate the aqueous phase 

from the low-voltage anode. This allowed for the use of graphite and Li metal anodes 

to be used in a full cell that contained water without any physical membrane barrier 

(Figure 7). In addition to successfully cycling, these cells could even undergo nail 

penetration without suffering cell failure, highlighting the strong safety benefits of 

aqueous electrolytes and aqueous polymer electrolytes. Due to the lack of any 

chemical crosslinking and the disruption of any physical crosslinking from the high 

concentration of salt, the eventual mixing of the electrolyte would lead to cell 

degradation. Additionally, the high volatility of the HFE made this anode protection 
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layer nearly impossible to replicate at an industrial level. Nevertheless, this project 

laid an important foundation for the development of gel polymer electrolytes (GPE). 

 

Figure 7: (A) 4V stability window of electrolyte. (B) Stabilization of graphite lithiation with the aqueous 

electrolyte. The voltage profile (C & E) and cycling stability (D & F) of LiVPO4F vs. Li metal and graphite, 

respectively, at a rate of 0.3C. The capacity is based on the cathode mass. Reproduced with permission from [13].  

2.1.2 Gel Polymer Electrolyte Development 

The mechanical instability of this electrolyte not only was problematic in 

terms of cell performance, but it also posed a safety issue in the event of damage to 

the cell. When a cell is ruptured, the electrolyte can leak out. This is concerning 
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because many of the electrolyte components, and side reaction/electrolyte degradation 

components, can pose health and safety risks if they get out, and it is one of the main 

reasons why you are not supposed to throw away your batteries in the normal trash. 

To get around this issue, the electrolyte would need to be used in a way that does not 

flow. Solid polymer and ceramic batteries are two ways of solving the problem, but 

they both come with their own plethora of challenges. Another method that is a 

simple evolution of the aqueous polymer electrolyte is to chemically crosslink the 

polymer to form a hydrogel that can prevent the aqueous phase from leaking out of 

the electrolyte. A crosslinked gel network not only contains the liquid phase, but also 

provides mechanical stability to prevent the mixing of the electrolyte with the anode 

protection layer. It also allows for the fabrication of freestanding batteries that can be 

designed in any shape and undergo a variety of mechanical stresses, most notably 

bending.  

This proposed project was picked up as a collaborative project between Dr. 

Chunsheng Wang’s lab at the University of Maryland, the US Army Research 

Laboratory, and the Johns Hopkins Applied Physics Laboratory.[22] The initial 

challenge was to find a suitable crosslinked gel framework for the electrolyte. 

Building off the PVA system, I first attempted to crosslink PVA using a variety of 

crosslinking methods including physical methods (freeze-thaw) and chemical 

methods (glutaraldehyde). As mentioned previously, physical crosslinking is 

ineffective in the WIS class of electrolytes. Due to the extremely high salt 

concentration, the hydrogen bonding network is disrupted by the solvation of the salt. 

Chemical crosslinking methods were able to successfully create mechanically stable 
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GPEs, but the reaction speed was significantly retarded due to the high salt 

concentration. Thermal curing would take 2-5 days to completely cure the electrolyte 

depending on the exact crosslinker and polymer components. A faster method was 

needed. 

Another method for forming polymer gel networks is through radical chain 

growth mechanisms. This method differed from the PVA system in that rather than 

using an already formed polymer and connecting them to make a network, mono- and 

multifunctional monomers were used to grow the polymer and crosslink it all in one 

step through the formation of reactive radicals. The gel growth could be initiated in a 

variety of ways, thermally activated, UV activated, or even electron beam activated. 

By utilizing this method with a UV curing step, I was able to reduce the curing time 

for the gel from days down to seconds or minutes depending on the exact composition 

of the gel electrolyte.  

 

Figure 8: (A) Structures acrylate monomers (MPEGA480 and HEA), diacrylate crosslinker (PEGDA700), and 

photoinitiator (DMPA). (B) Schematic of crosslinked gel electrolyte showing both intra- and interchain 

crosslinking. The electrolyte would occupy the white space. Modified from [23]. 

Acrylates and methacrylates (Figure 8) were utilized due to their commercial 

availability with a wide array of functionality and the ability to also find 

multifunctional monomers that would be able to be utilized as crosslinkers. Other 
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chemistries were considered such as thiol-ene and did show promise as a likely 

alternative, but ultimately the acrylate/methacrylate chemistry was pursued.  

As seen in Figure 8B, the monomers formed a crosslinked network using the 

electrolyte as the reaction medium. This meant that there would be no need to dry and 

reswell the gel, as it would already contain the desired electrolyte. One of the other 

benefits of using a GPE is that due to its mechanical strength, it could serve as both 

the electrolyte and the separator, thus removing the need for polyolefin or glass fiber 

separators.  

For the first 3V aqueous GPE system, a UV-cured acrylate GPE utilizing the 

WIBS (21m LiTFSI + 7m LiOTf) demonstrated the concept of flexible ALIBs.[22] 

The choice of acrylate was based on trying to find a gel network that would interact 

with free water molecules, thus further enhancing the electrolyte’s ESW. Acrylates 

containing hydroxyl and ethoxy groups were ideal for this task. Methoxy 

poly(ethylene glycol) acrylate (MPEGA480, Mn=480) and 2-hydroxyethyl acrylate 

(HEA) were selected as monomers with a difunctional crosslinker of poly(ethylene 

glycol) diacrylate (PEGDA700, Mn= 700). This gave a gel that cured quickly and had 

the adhesive, elasticity, and strength properties that made for an easily processible 

GPE.  These components were mixed in an 89:9:2 (wt%) MPEGA0:HEA:PEGDA 

ratio to give the desired physical and chemical properties. It was also important to 

minimize the amount of polymeric components to ensure as high of an energy density 

as possible. It was found that a ratio of 75:25 (wt%) WIBS:Monomer mixture ratio 

allowed for GPE formation with an additional 0.5wt% of photoinitiator (DMPA or 

BAPO). This WIBS GPE (W-GPE) allowed for the extension of the ESW down to 
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1V vs. Li/Li+ (Figure 9A) with a satisfactory ionic conductivity of 0.6 mS/cm 

(Figure 9B). Another effect of the additional oxygen-containing functional groups in 

the GPE was that additional LiTFSI could be further dissolved creating a 

concentrated GPE (C-W-GPE), further extending the ESW. However, this additional 

LiTFSI hurt the ionic conductivity and increased the cost of the electrolyte and was 

unnecessary, as similar performance could be achieved using the lower concentration 

HANE electrolyte with the GPE.  

 

Figure 9: (A) ESW of the base WIBS, W-GPE, and C-W-GPE. (B) Ionic conductivity of three different monomer 

formulations for W-GPE and C-W-GPE. Reproduced with permission from [22]. Copyright Royal Society of 

Chemistry 2019. 

2.1.3 Gel Polymer Electrolyte Properties 

In addition to the safety, mechanical flexibility/robustness, and the lack of a 

need for a separator, GPEs provide several other unique characteristics. Utilizing a 

novel analytical technique, GPEs could be measured in situ before and after UV 

curing.[24] By placing Ni electrodes (adapted from a commercial conductivity cell YSI 

3418) in a vertical arrangement inside of a hermetically fitted, UV-transparent 
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polypropylene bottle, thermoconductometric analysis (TCA) data was collected with 

excellent contact between the gel and electrodes. This method also allowed for a 

thorough analysis starting from infinite dilution of the polymer precursor up to 100% 

polymer precursor (Figure 10).  

 

Figure 10: Photo of thermoconductometric cell with polypropylene bottle, nickel electrodes, and sample solution 

prior to UV radiation. Use of polypropylene bottle was ideal as it is UV transparent and can cut after curing to 

remove electrodes without damaging them. Reproduced with permission from [24]. 

The cell was calibrated with a KCl standard solution to determine the cell 

constant. The temperature differential signal (Δθ) was determined using an identical 

test cell filled with propylene carbonate (PC) due to remaining in the liquid state for 

the entire temperature test range. Attached to the test cell and reference cell was a T-

type thermocouple for temperature measurements. Temperature (θ) was controlled 

through a Tenney Jr. Engineering Environmental Chamber with a cooling scan at 0.1 

°C/min followed by a heating scan at 0.1 °C/min. This slow rate would help to 

maintain thermal equilibrium for each measurement. Independent of the temperature 

scan, the temperature differential and impedance were continuously measured at the 

highest rate available. The impedance was collected with an Agilent E4980A 

Precision LCR Mater over the frequency range of 20 Hz to 2 MHz at a voltage 
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amplitude of 200 mV providing 150 readings per scan. The conductivity (κ) was 

calculated from the Nyquist plot of the impedance scan at the intersection of the curve 

with the real axis. This conductivity was paired with the temperature differential and 

temperature of the sample at the time of intersection, providing 1.2 points/min for the 

conductivity. 

This analysis provided useful insight into the GPE design through a 

correlation of the liquidus phase change suppression upon cooling and a gel being 

produced upon curing. It also highlighted a unique property of a conductivity gain of 

the pre-gel:electrolyte solution after UV curing. In this study, the GPE was slightly 

modified to create a simpler 3-component system compared to the more complex 

GPE previously outlined. Here it is a mixture of the 21m WIS electrolyte with 

PEGDA575 as a difunctional monomer that would allow for crosslinking and polymer 

growth with 1wt% 2-hydroxy-2-methylpropiophenone as the photoinitiator. As seen 

in Figure 11, when the mass fraction of PEGDA (w) increases above w=0.060, there 

begins to be a suppression of the freezing feature on the first scan towards lower 

temperatures, but the freezing feature is seen on the return scan, and the liquidus 

melting is also suppressed (Figure 12). This is due to creating a supercooled solution, 

which highlights the importance of scanning in both directions. More interestingly, 

this suppression appears to coincide with the compositions that can be classified as 

gels rather than liquids. Figure 11C shows the sample with w=0.230 which was one 

of the first samples that showed no phase change behavior, which correlated with the 

transition from gel to solid. Since it can be qualitatively difficult to differentiate 
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between the gel and solid boundary, this method could be used as a diagnostic tool to 

aid in electrolyte design when a gel composition is desired. 

 

Figure 11: TCA curves of differential temperature (a) and conductivity (b) versus temperature for the pre- and 

post-UV samples with (A) w=0.060, (B) w=0.120, and (C) w=0.230. The baseline electrolyte (w=0) is plotted for 

reference. Sample was first cooled then heated at a rate of 0.1 °C/min. Reproduced with permission from [24]. 

 
Figure 12: Changes of liquidus (circles) and solidus (diamonds) temperatures with mass fraction w in the pre- and 

post-UV samples. Reproduced with permission from [24]. 
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Figure 13: Conductivity gain upon polymerization, gκ, as a surface (A) and contour plot (B). The contour lines 

represent 5% and all values lower than -20% collectively colored blue. The region for the gel is outlined in red. 

(C) Ionic conductivities of the w=0.120 GPE (blue pre-UV, red post-UV) compared to 21m WIS (black), liquid 

organic electrolytes with excellent conductivity (green, orange, and gold), and solid polymer electrolytes (brown 

and pink). Reproduced with permission from [25]. 

The other takeaway from this experiment was the conductivity gain (gκ Eq.  4) 

increased by as much as 110% under certain conditions.[25] Figure 13A,B highlights 

the set of compositions and the corresponding temperature regime where this 

conductivity gain upon UV curing occurs. Interestingly, almost the entirety of the gel 

region showed a conductivity gain below 0 °C (with the rest only having a 20% loss), 

and some of the largest gains were seen at very low temperatures for the soft solid 

compositions just beyond the gel region. While this gain is a large percentage change, 

due to the low absolute conductivity, this gain does not significantly improve the 

conductivity to compete with liquid electrolytes at these low temperatures (Figure 

13C), but the GPE does show significant improvement in overall conductivity when 

compared to some traditional solid electrolytes. This conductivity gain goes against 

𝑔𝑔𝜅𝜅 = �
𝜅𝜅𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝−𝑈𝑈𝑈𝑈
𝜅𝜅𝑝𝑝𝑝𝑝𝑝𝑝−𝑈𝑈𝑈𝑈

− 1� × 100% Eq.  4 
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the logic that the polymerization would create barriers to ion movement and indicates 

an underlying phenomenon that provides this result. 

Through analysis of the glass transition temperature (θg), the detection of two 

glass transition temperatures provided the understanding to explain this conductivity 

gain. The glass transition temperature was measured using a differential scanning 

calorimeter (Discovery DSC 250; TA Instruments), with a liquid nitrogen cooler for 

low-temperature control. Hermetically crimped aluminum sample cells were 

quenched by dipping them into liquid nitrogen and then transferring the sample to a 

pre-cooled sample stage. The sample was then scanned up through its glass transition 

at a heating rate of 5 °C/min. 

For w=0 to 0.060, only a single glass transition was observed that mostly 

reflected the glass transition of the 21m WIS liquid (θg,s, Figure 14A blue region). 

When w=0.230 and greater, only a single glass transition was observed that mostly 

reflected the glass transition of the polymer (θg,p, Figure 14A green region). 

However, for w=0.080 to 0.193, two glass transitions were observed that 

corresponded to θg,s and θg,p. This result indicates that the GPE contains two 

molecular level substructures with a 21m WIS-dominated substructure and a 

polymer-dominated substructure. Within the gel region (w=0.080 to ~0.193), the two 

substructures are codominant, hence the two θg values. Inside the gel region, upon 

polymerization, the polymer substructure forms resulting in less remaining in the 

liquid substructure thus increasing the ionic conductivity in the post-UV samples 

when compared to the pre-UV samples. As w increases, the polymer substructure 

becomes overwhelming and creates barriers to ionic conduction and thus removes the 
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conductivity gain and imparts a conductivity loss. This effect of the increasing w 

throughout the gel region and into the solid region is what gives rise to the bell curve 

feature shown in Figure 14B. The reason for the increased gκ results from 

mathematical and scientific sources. Mathematically, since the conductivity decreases 

with decreasing temperature in the pre-UV sample and that term is in the denominator 

of Eq.  4, it produces a more dramatic effect. Scientifically, this can also be explained 

with the entropic term of free energy (TΔS) favoring the more ordered state with a 

lower degree of entanglement between the polymer and solution substructures.   

 

Figure 14: (A) DSC heat flow curves of post-UV GPE showing the two glass transition regimes of the solution-

based (blue) and the polymer-based (green). Red dots represent the glass transition temperatures (θg,s and θg,p). 

The curves have been shifted on the vertical axis without affecting the θg values for visual clarity. (B) 

Combination plot of liquidus and solidus temperatures, glass transition temperatures (θg), and conductivity gains at 

selected temperatures, gκ, as functions of mass fraction of PDA, w. The shaded regions represent the physical 

states of the GPE at room temperature. Reproduced with permission from [25]. 

The combination of all these properties provides a new and unique 

understanding of aqueous GPEs. This understanding can better classify GPEs as 

existing in the gel region or the soft solid region for optimal electrolyte design. GPEs 

offer unique advantages over all-solid-state electrolytes due to the ability to also offer 
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the mechanical properties of a solid-like material but with the improved ionic 

conductivity of liquid electrolytes. 

2.2 4V Gel Batteries 

2.2.1 Introduction 

Even with the improved ESW of the W-GPE, the lower cell voltage (3V class) 

limits its energy density and prevents it from being competitive with the organic 

LIBs. Extending the ESW of the electrolyte from ~1V (vs. Li/Li+) to graphite and 

lithium metal potentials (~0.05V and 0V vs. Li/Li+, respectively) is of paramount 

importance if ALIBs are to be directly competitive with organic LIBs. The challenge 

remains that pushing a water-based electrolyte to even more reducing potentials is 

going to require extremely robust protection of the anode surface (and all conductive 

surfaces) from the electrolyte.  

As previously mentioned with the 4V system from Yang et al.[13], HFE 

provided an intriguing solution due to its high hydrophobicity and electrochemical 

stability at low potentials. In addition to being electrochemically stable and 

hydrophobic, this passivation layer needed to remain in place on the electrode surface 

and conduct lithium ions. HFE was mixed with 0.5m LiTFSI and 10wt% PEO and 

5vol% DMC. The PEO served as a plasticizer to keep the liquid components from 

flowing away from the electrode surface. The LiTFSI and DMC were added to help 

with ionic conduction and lithium-ion solvation. This layer was the first generation of 

the anode gel protection layer (GPL). It allowed for coated lithium metal and graphite 

anodes to successfully cycle with both the published WIBS/PVA (10wt% PVA) 
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(shown previously in Figure 7) and the later W-GPE. Even though water-based 

electrolytes could now be used with graphite and lithium metal, there were still 

several issues with this system that significantly hindered the building and testing of 

larger cells. The GPL was a thick paste that had to be coated on each electrode 

manually making larger cells hard to reliably fabricate. The GPL, though 

hydrophobic, would still slowly allow the water layer to penetrate after enough time 

which led to rapid cell failure, evident through reduced cycling efficiency (<99%) and 

poor cycle life. The HFE was extremely volatile and would rapidly evaporate during 

fabrication, making it impractical for roll-to-roll processing. There were also major 

issues with reproducibility. Less than 10% of cells built would be able to cycle due to 

the complexity of cell fabrication. This first GPL was also more of a protective layer 

than a true gel. Developing a crosslinked GPL based on the chemistry and 

understanding from the 3V system is a promising solution to several of the challenges 

faced by this initial attempt. 

2.2.2 Gel Protection Layer 

The first step was to replace the polymer components with the GPE (MPEGA, 

HEA, and PEGDA), denoted as G1. This allowed for a mechanically robust and UV-

cured protection layer that would not suffer from the mixing of the two layers. 

Changing to G1 also helped with the processing as the pre-gel solution could be 

uniformly coated onto the anode surface before being cured in a few seconds. Due to 

the difficulty of using HFE, an alternative GPL liquid phase needed to be selected. 

The initial choice was a 2.5m LiTFSI in PC with 3wt% FEC (denoted as P1). When 

contained within a glass fiber separator as extra insurance against electrical shorts and 
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paired with the C-W-GPE, a full cell with LMO vs. graphite was able to cycle but 

with significant loss of capacity and fade (Figure 15A).  

 

Figure 15: (A) Cycling data for LMO vs. Graphite using P1 soaked glass fiber separator and C-W-GPE. (B) 

Cycling data for LCO vs. Graphite using C-W-GPE and various GPL chemistries. 

This initial system was not ideal due to the previously mentioned issues with 

the C-W-GPE conductivity and cost as well as the GPL’s composition. PC is 

problematic on graphite and can lead to graphite exfoliation and rapid cell failure. 

Using a variety of different hydrophobic components, several GPL candidates were 

screened (Figure 15B). While the HDFA (heptadecylfluorodecyl acrylate) provided 

the most initial capacity, the rapid capacity fade and sudden cell failure indicated that 

this layer may not be fully stable and allowed water to eventually get to the anode 

surface and cause the cell to fail. On the other hand, P2 (1m LiTFSI in FEC/FEMC 

(1:1 wt%)) demonstrated lower initial capacity but significantly more stable cycling. 

This is most likely due to the fluorinated components preventing mixing with the 

aqueous phase and good SEI forming capabilities. Since the G1 pre-gel solution and 

P2 are fully miscible, the G1P2 GPL (here on referred to simply as GPL) could be 

easily coated onto the graphite surface for UV curing. 
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2.2.3 Full Cell: Materials and Methods 

Due to the decreased concentration and improved ESW, a variation of the 

DMC-based HANE was used as the aqueous phase for the GPE.[23] It was found that 

replacing DMC with a flame-retardant organic phase of trimethyl phosphate (TMP) 

provided more reliable cycling; in addition to removing the flammable component, 

the salt content could be further reduced from 13.3m to 9.5m (more detail on the 

development of the HANE system will be provided in 3.1 Hybrid Aqueous/Non-

Aqueous Electrolyte. The TMP electrolyte (denoted as HT-29) was prepared by 

dissolving 9.5 mmol LiTFSI in 1 g water:TMP (2:9 mass ratio). The GPL electrolyte 

was prepared by dissolving 1 mmol LiTFSI in 1 g FEC:FEMC (1:1 mass ratio). The 

pre-gel solution used for both the GPE and the GPL was a mixture of 

MPEGA480:HEA:PEDGA700 with 0.2wt% DPMA photoinitiator. For the GPE, the 

components were mixed at a mass ratio of 89:9:2. Due to the GPL’s different 

electrolyte consistency, an increased amount of crosslinker (PEGDA700) was required 

and the GPL pre-gel solution was mixed at a mass ratio of 86:7:7. These pre-gel 

solutions were then mixed with the respective electrolyte at a mass ratio of 25:75 

(pre-gel:electrolyte).  

Graphite (95wt% Saft proprietary graphite, 5% PTFE binder, 1.1 mAh/cm2) 

vs. LCO (90wt% LCO, 5wt% PVDF binder, 5wt% carbon black, 1.2 mAh/cm2) 

pouch cells were assembled with an electrode area of 25.08 cm2 (maximum 

theoretical cell capacity of 27.59 mAh). The respective pre-gel electrolyte solution 

was cast over the electrode at a thickness of 70 µm for a combined GPL-GPE 

thickness of 140 µm and a total cell stack thickness of 320 µm. Prior to UV curing, 
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the coated electrodes were placed in a vacuum chamber for 2 min to increase the 

amount of electrolyte in the electrode pores. To ensure a smooth and uniform surface, 

a PTFE-coated tape was placed on a glass slide to cover the electrode at the desired 

thickness. Since neither the glass nor PTFE tape blocked the UV light, the gel was 

able to be cured through the cover glass. The PTFE tape was used to prevent the 

adhesion of the cured gel to the cover glass. The electrode was then placed 6 cm from 

the mercury vapor UV lamp (180 mW/cm2 power) for 60 s. The time was set to 60 s 

for two reasons, the first is that while the cover glass was transparent to UV light, it 

did absorb some and required an increased cure time. The second was to ensure the 

complete reaction of the pre-gel solution. Any unreacted monomer could mix with the 

liquid phase and participate in unwanted side reactions. There was one additional step 

for the anode, a Celgard 2400 polypropylene separator was placed over the anode 

prior to the addition of the pre-gel GPL solution. While this is not necessary, it was 

done to prevent possible electrical shorts for diagnostic purposes. The two electrodes 

coated in the GPE and GPL were there placed together and the adhesive properties of 

the gels held the two cell halves together. The pouch cell was then vacuum sealed for 

30 s. The entire assembly process is summarized below in Figure 16. 
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Figure 16: (A) Assembly process of the 4V Aqueous GPE pouch cell. (1) Electrode is placed in mold to control 

electrolyte thickness, (2) pre-gel electrolyte is added, (3) pre-gel electrolyte is placed under vacuum to promote 

electrolyte filling into the electrode pores, (4) PTFE tape covered glass is placed on top of mold, (5) mold is 

placed into the UV chamber for 60 s irradiation, (6) electrode is removed from the mold, (7) cathode and anode 

are combined, (8) cell stack is vacuum sealed in pouch cell. (B) Schematic of cell stack showing thicknesses. 

Reproduced from [23]. 
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Material characterization and cell performance were conducted using 

thermogravimetric analysis (TGA), UV-modulated rheology, UV/Vis spectrometry, 

electrochemical impedance spectroscopy (EIS), and battery cycling.  The TGA was 

conducted on a TA Instruments TGA 550 with a temperature range from room 

temperature (RT) to 250 °C at a ramp rate of 10 °C/min. The UV-modulated rheology 

used a TA Instruments Discovery HR-2 rheometer with an OmniCure Series 2000 

UV/Vis curing accessory. The GPE and GPL gelation processes were recorded at RT 

with a 320-480 nm irradiation source set to 180 mW/cm2. An oscillatory strain of 

10% and a frequency of 1 Hz were used, with irradiation set to begin 30 s after 

experiment initiation. UV/Vis spectrometry was conducted using an Avantes 

AvaSpec 2048L detector and StellarNet deuterium/halogen source (190 nm 1100 

nm). Samples were placed in 350 µL Thor Labs fused quartz cuvettes. EIS testing 

was performed on a Solartron 1276/1280 device pair with all cells in the discharged 

state to allow for comparison between pre-cycled and cycled cells. Cells were 

scanned through a frequency range of 1 MHz – 1 Hz at an amplitude of 10 mV with 

respect to the cell’s open circuit potential (OCP). Battery cycling was conducted on a 

Maccor 4000 battery tester with a constant current-constant voltage (CCCV) test 

routine. Cells were initially tap-charged to 1V, then allowed to rest for 3 h. Cells then 

underwent two CC-only forming cycles at a C/10 rate from 4.2V to 3.2V. Once 

formation was complete, the cells cycled at C/10 from 4.2V to 3.4V followed by a 

constant voltage charge/discharge at the limit until either a current of C/50 was 

reached or 2 h had elapsed. Pouch cells were placed in cell holders with an applied 

pressure of ~2 psi. 
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2.2.4 Full Cell: Results and Discussion 

 Polymerization had three primary factors affecting the rate in this system 

including the following: solubility of monomers, UV absorption by the electrolyte, 

and viscosity effects. In addition to the previously stated reasons for selecting 

MPEGA, HEA, and PEGDA, their ability to be soluble in both the 21m WIS and the 

anode protection layer made them ideal candidates for this system. The source used 

UV radiation primarily emitted in the 300 nm-400 nm range (Figure 17A) where the 

DMPA photoinitiator demonstrated an extended absorption region.[26] Solvent 

absorption is evident for the GPL electrolyte (FEC:FEMC) as seen by the stronger 

absorption band in Figure 17B when compared to the GPE electrolyte (Water:TMP). 

This additional absorption by the GPL electrolyte could lead to decreased initiation 

rate with an additional rate reduction caused by protonated carbonyl acting as a 

radical scavenger.[27] These two effects were readily seen in the need for additional 

crosslinker content in the GPL and the rheology results. Due to the slower kinetics in 

the GPL, the increased crosslinker content was needed to increase the chances of 

successful crosslinking in the slower polymerizing system. 

 

 Figure 17: (A) UV-Vis spectra of HT-29 GPE electrolyte (black), 1m LiTFSI in FEC:FEMC GPL electrolyte 

(red), 0.01% DMPA in water (green), and the UV source. (B) 300-400 nm close-up. Reproduced from [23].  



 

 

34 
 

UV-modulated rheology is a useful technique for gel analysis as it gives 

information about the time to form a gel and its elastic character. Gel formation can 

be indicated by when the storage modulus (G′) and loss modulus (G″) intersect, also 

known as the modulus crossover (G′/ G″=1).[28] For the GPE, this occurs after 7.3 s 

while the GPL takes 32.3 s, almost 4.5x slower than the GPE (Figure 18). Based on 

the lower viscosity of the GPL precursor, it would be assumed that the kinetics of gel 

formation would favor the GPL; however, as previously stated, the UV absorption by 

the GPL solvent hinders the kinetics, leading to this increased gelation time. Also 

plotted is the complex viscosity, this is simply a measure of the resistance to flow. It 

can also be characteristic of the transition from liquid to solid as the sharp increase in 

this value indicates rapidly changing viscosity (gelation) and a plateau after a rapid 

change can be indicative of a change to a solid/gel state. It can be seen that after the 

crossover point, the complex viscosity begins to transition from a linearly increasing 

slope to a flat plateau, indicative of the transition from a solution to a gel in this 

system. Another useful result of the rheological study was obtaining the plateau 

modulus. This is obtained by measuring the steady-state storage modulus (G′) at 

t=3000s. Ideally for a “soft” gel electrolyte, a low storage modulus (in the kPa to MPa 

range) is desired. The plateau modulus for the GPE was found to be ~33 MPa and for 

the GPL it was found to be ~740 kPa.  
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Figure 18: UV-modulated rheology analysis for the GPE (A) and GPL (C) with close-ups of the modulus 

crossover for the GPE (B) and GPL (D). Reproduced from [23]. 

 

Figure 19: TGA analysis of the GPE (black) and GPL (red). 

TGA analysis showed limited mass loss up to 100 °C with 2% for HT-29 and 

11% for the GPL electrolyte (Figure 19). The rapid loss in mass of the GPL 

electrolyte after 100 °C is due to the loss of FEMC leading to a rapid increase in the 

cell’s internal pressure and increasing the chances of cell rupture. Cell operation 
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below this point, between 70-90 °C, would provide significantly improved high-

temperature performance potential compared to state-of-the-art organic electrolytes 

that suffer cell performance issues when operated near 70 °C. 

 The liquid HT-29 electrolyte has an ionic conductivity of around 0.8 mS/cm at 

room temperature.[29] As previously shown, the incorporation of an electrolyte into a 

GPE decreases the ionic conductivity of the electrolyte.[24] In the HT-29 GPE, the 

conductivity drops to 0.3 mS/cm but remains acceptable (Figure 20). The GPL’s 

electrolyte has an ionic conductivity of about 3 mS/cm and drops to around 1.3 

mS/cm when gelled into the GPL. At higher temperatures, the gel electrolytes 

deviated from Arrhenius behavior due to the slow loss of electrolyte. This effect is 

more noticeable in the GPL due to the increased loss of FEMC.  

 

Figure 20: Ionic conductivity of the GPE (black) and GPL (red). Reproduced from [23]. 

 Traditional electrodes are designed with pores to allow for the electrolyte to 

permeate through and provide intimate contact with the entire electrode material. A 

porous electrode is not ideal for the GPE. As previously mentioned, to try to alleviate 

this issue, a vacuum fill step was employed along with in-situ UV polymerization of 
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the gel in the electrode. Figure 21 demonstrates that it was possible to achieve 62% 

of the cell capacity on first discharge in a 4V class aqueous-based electrolyte battery 

(17.1 mAh out of a possible 27.6 mAh). While not all of the capacity was achieved, 

this marked an important step forward in the fabrication and performance of aqueous 

GPE batteries. Within 10 cycles, CE was able to reach over 98% and remained stable 

for several cycles before declining. This initially high CE is indicative of preventing 

water from reaching the anode surface. This is due to the robust LiF-rich SEI formed 

by the hydrophobic GPL layer electrolyte.[30] The subsequent performance decline 

can then be attributed to the less-than-ideal contact between the GPE/GPL and 

electrodes and potential corrosion issues on the cathode side between the aqueous 

phase and the Al current collector (this will be discussed more in Chapter 3: 

Electrolyte Modification). 

 

Figure 21: (A) Charge-discharge curves for select cycles for a graphite-LCO full cell using the HT-29 GPE and 

FEC:FEMC GPL. (B) Capacity and CE cycling results. Reproduced from [23]. 

Performance and safety are key aspects of this system. In addition to the 

above performance results, the 4V GPE cell demonstrated several safety benefits. The 

GPE allows for physical damage to the cell by cutting the cell with scissors during 
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operation without producing cell failure. This is due to the ability of the electrolyte to 

resist the temporary electrical short created by the scissors and the solid-like 

properties of the GPE preventing the electrolyte from leaking out. The GPE  

allows for some strain in excess of 5% and has a low storage modulus of 3-3.5 kPA. 

The combination of these two properties allows for the physical deformation of the 

cells without exposing the bare electrode to potential electrical shorts. The non-

flammable and higher temperature stability of the GPE also allows for safer operation 

in more extreme conditions with a reduced risk to battery safety.  

After the initial publication of this work, the project’s focus on practical 

considerations for transitioning to industry has been realized. An industry partner has 

been able to scale up with reproducible results. They have successfully built the 4V 

system using a graphite anode, LCO cathode, HT-29 GPE, and FEC:FEMC GPL,  

with only minor modifications to adjust for processing scale-up challenges. The cells 

have also successfully survived penetration testing without catastrophic failure and 

only a minor temperature increase.  

This study’s results are important for creating a foundation for safe, high-

energy flexible batteries that will become increasingly crucial in the future of 

wearable electronics. 
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Chapter 3: Electrolyte Modification 

3.1 Hybrid Aqueous/Non-Aqueous Electrolyte 

3.1.1 Introduction 

 While the GPE demonstrated the ability of aqueous electrolytes to offer 

enhanced functionality in a safe manner and with additional electrochemical stability, 

it does come with tradeoffs in ionic conductivity, electrode utilization, and 

processability. Additionally, the high voltage 4V GPE battery still requires the use of 

an organic protection layer in order to function against graphite. While it may not be 

possible to ever fully allow aqueous-based electrolytes to directly interact with 

graphite anodes, it is possible to improve the performance at lower and lower 

potentials for when alternatives to graphite become available at slightly higher 

potentials. It is also important for the improvement to be implemented in the current 

3V range that aqueous electrolytes have been demonstrated to work without 

additional protection layers to become a cheaper and safer alternative to low-voltage 

organic systems. With this project, I explore some of the issues that need to be 

addressed to maximize aqueous-based electrolyte performance. It is challenging to be 

able to address performance, cost, and safety all at once, therefore I will attempt to 

focus on identifying the challenges that need to be further investigated rather than 

offering a final all-encompassing solution. Initially, I investigated the HANE 

system[14] in more detail due to the familiarity with it from previously using it in the 

GPE study. 
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3.1.2 Organic Phase Replacement 

 The first generation of HANE consisted of a mixture of two saturated 

electrolytes of LiTFSI – a 21m aqueous electrolyte (WIS) and a 9.3m organic 

electrolyte using DMC.[14] The exact ratio of these two electrolytes was a compromise 

between electrochemical stability, cycling performance, viscosity, and ionic 

conductivity. It was found that a 13.3m electrolyte with a 2.5:1 molar ratio of water to 

DMC provided optimal results (this electrolyte will be referred to as HD-251 where 

the letters refer to the solvents and the numbers refer to the molar ratios, 

respectively). Due to the high concentration, the two normally immiscible solvents 

were able to form a homogenous solution that retained the non-flammable benefits of 

the aqueous electrolyte. This first generation of hybrid electrolytes had issues with 

quickly achieving stable cycling (after 50 cycles), cycle life, and the ever-looming 

concern of a flammable component in the electrolyte.  

 Many alternatives have been demonstrated including but not limited to 

acetonitrile[31, 32], sulfolane[33], dioxolane[34], poly(ethylene glycol)[35], urea[36], and 

TMP[29]. Each system comes with its own set of pros and cons. With a focus on non-

flammability, the use of trialkyl phosphates has been readily shown to be effective as 

flame-retardant components in organic electrolytes[37-42]. TMP has already been used 

in the GPE system and has recently been demonstrated in a traditional liquid ALIB; 

however, it does come with safety concerns in terms of acute oral toxicity (category 

4), skin corrosion/irritation (category 2), serious eye damage/eye irritation (category 

2), germ cell mutagenicity (category 1B), and carcinogenicity (category 2). With 

aqueous electrolytes being advertised with a big emphasis on safety, I wanted to try to 
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find an alternative that would reflect that while maintaining the positives that the 

TMP hybrid provides.  

Triethyl phosphate (TEP) is closely related to TMP but with the only 

hazardous warning listed as acute oral toxicity (category 4), which is the same as 

TMP, but all of the other hazards are not present. Additionally, TEP offers stronger 

flame-retardant properties[39] and a lower salt concentration while maintaining 

comparable electrochemical performance. The TMP electrolyte previously mentioned 

is a mixture of saturated solutions of LiTFSI in water and TMP with an approximate 

molar ratio between the water and TMP of 1.73:1. Trying to maintain similar 

solvation structures, I did an approximate mole-to-mole replacement of TMP with 

TEP by mixing saturated solutions of LiTFSI in water (21m WIS) and TEP (5.5m 

LiTFSI in TEP, referred to as TIS) with a molar ratio of 2:1 between water and TEP, 

respectively. This provided an 8.06m LiTFSI in water and TEP electrolyte (HTe-21, 

Te is used to represent TEP to differentiate from TMP). 

3.1.3 TEP Hybrid Electrolyte Results and Discussion 

 Linear sweep voltammetry was first run on both the base 21m WIS (WIS21) 

aqueous electrolyte and the 8.06m LiTFSI in Water/TEP (HTe-21) hybrid electrolyte 

using a Biologic SP-150 potentiostat. The working electrode was Al foil, and the 

counter electrode was activated carbon (AC) with an Ag/AgCl reference electrode. 

All Al working electrodes were cut to a uniform 1 cm2 area for comparison of current 

between samples. Scans were conducted at 0.5 mV/s. The choice of Al foil for the 

working electrode was a necessity for the cathodic scan due to the stability of the 

metal substrate with the electrolyte and to match the material used in test cells. It was 
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also used for the anodic scan even though it suffers from corrosion in the highly 

concentrated LiTFSI aqueous electrolytes as seen in the LSV for WIS21 at around 

4.3V (Figure 22). This decision was because despite Ti being more stable, Al and 

stainless steel (SS) are still the most practical metal components for batteries due to 

cost and weight. The ESW shown should not be taken as the true ESW, but instead as 

a practical ESW for the materials present in the test coin cells. The HTe-21 extends 

the decomposition limit of the electrolyte from 1.9V to 1V and significantly reduces 

the Al corrosion current on the higher end. While the ESW is also extended at higher 

voltages, it is not discussed here due to using Al foil and the complicating factor of Al 

corrosion. These combined effects both contribute to the ability of the hybrid 

electrolytes to fully encompass previously inaccessible anodes in the aqueous 

electrolyte (e.g. LTO) and to improve the CE due to the improved stability corrosion.  

 

Figure 22: LSV of WIS21 (blue) and HTe-21 (red) with Al working electrode, activated carbon counter electrode, 

Ag/AgCl reference electrode, and a scan rate of 0.5 mV/s. Each LSV was done in two scans, one from OCP to -3V 

vs. Ref and another scan from OCP to +3V vs. Ref.  
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 While the ESW of the HTe-21 is significantly improved, the cost comes out of 

the conductivity which takes a very large hit dropping from 8 mS/cm for WIS21 to 

0.6 mS/cm in the HTe-21 (Figure 23A). This lower conductivity does hurt the 

cycling performance of the electrolyte. Figure 23B shows the 1st cycle for two TNO 

vs. LMO full cells using the WIS21 and HTe-21 electrolytes (further discussion of the 

anode selection of TNO will be detailed in Chapter 4: Anode Modifications). The 

lower conductivity of the HTe-21 leads to an overpotential growth as seen by the 

purple curve’s higher charging profile and lower discharging profile. This can be 

alleviated through the use of a constant current-constant voltage (CCCV) charging 

profile. During the constant current charge, the HTe-21 reaches 95 mAh/g while the 

WIS21 reaches 113 mAh/g. Allowing for a constant voltage charge, the slower 

kinetics of the HTe-21 is allowed to catch up and both cells finish the charging cycle 

with 115 and 118 mAh/g, respectively. On discharge, they both reach a discharge 

capacity of 105 mAh/g, yielding a CE of 90.88% and 88.55%, respectively. The 

improved CE is a little counterintuitive based on conductivity alone but makes sense 

when the Al corrosion issue is considered and the improved stability of the HTe-21.  

 

Figure 23: (A) Conductivity values for WIS21 (blue), HTe-21 (purple), and a reference organic electrolyte LP57 

(red). Values obtained using TCA as previously described. [24] (B) 1st cycle charge/discharge of TNO vs. LMO at 

C/3 with a CCCV charging protocol and a 2.45V cutoff. 
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By adding in the TEP as a saturated solution, the bonding environment of the 

water does not change as observed in the FTIR spectra of increasing WIS 

concentrations and the hybrid (Figure 24). The primary issue for the aqueous 

electrolytes is the presence of water at the electrode surface. Upon addition of 

LiTFSI, the -OH stretching vibration above 3000 cm-1 begins to shift from 

predominantly water-water-water interactions (2W, centered just below 3300 cm-1) to 

water-water-anion interactions (1W+1a, centered around 3400 cm-1) to predominantly 

anion-water-anion interactions (2a, centered around 3550 cm-1) and free water (no H-

bonding, centered around 3625 cm-1).[29, 43] The shift of the water bonding 

environment from hydrogen bonds (H-bonds) to exclusively other water molecules 

shifting toward the salt ions is part of the reason for the improved stability.[10] Given 

that the TEP does not shift shape indicates that the water remains in a similar 

solvation structure that promotes stability. The decrease in peak intensity is related to 

the decrease in overall water content in the electrolyte. This reduction of overall water 

may be one of the reasons the hybrid electrolyte offers improved stability over WIS21 

since less water is brought to the surface during intercalation.  

The hybrid electrolyte was tested and compared to the aqueous and organic 

electrolytes using TNO vs. LMO full cells. The LMO cathode was used as prepared 

from Argonne National Laboratory with an areal capacity rating of 1.17 mAh/cm2
 on 

Al foil. TNO anodes were prepared from in-house synthesized TNO with and without 

a carbon-coating (2wt% acetylene black), conductive carbon (30wt% carbon 

nanotubes and 70wt% Timcal C45), and PVDF binder. The anodes were prepared in 

an 80:10:10 mass ratio in an NMP slurry. The TNO slurry was cast on Al foil to 
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provide a cathode excess capacity in the range of 20-40%. Stainless steel 2032 coin 

cells were used to assemble the cells. As mentioned, the anode side was made to be 

completely Al either through the use of Al-clad cell cases or the use of a piece of Al 

foil to line the SS cases. One wave-form spring and two 0.5 mm spacers were used to 

provide consistent pressure across cells and a quartz microfiber (QMA) separator was 

used to prevent internal electrical contact between the electrodes. Approximately 100-

150 µL of electrolyte was added (the amount varied depending on the viscosity of the 

electrolyte in order to minimize electrolyte leakage while ensuring sufficient 

electrolyte to flood the cell). 

 

Figure 24: FTIR spectra of DI water (blue), 10m WIS (green long dash + two dots), 15m WIS (green short dash), 

21m WIS (green solid), neat TEP (red), and HTe-21 (purple). Variations in -OH vibrations are labeled based on 

solvation environment. 

Cycling procedures were conducted on a Maccor 4000 battery tester. The 

testing protocol was a CCCV charge and constant current discharge between 1.5V 

and the upper cutoff, ranging from 2.45-3.0V. The current rate was set by the mass of 

anode active material using a theoretical TNO capacity of 230 mAh/g and the 
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constant voltage charging cutoff was set to a current threshold of C/20. This capacity 

is the capacity that is achievable at a C/10 rate in an organic electrolyte in a TNO vs. 

Li metal half-cell when cycling between 1.0-2.5V. In full cell ALIBs, the TNO full 

capacity is not achievable in the voltage range safe to cycle in, but this value was 

used for the purpose of uniformity and simplicity when switching between rates, 

voltage cutoffs, and electrolytes. Anodes were vacuum-dried before weighing and all 

cells were assembled under ambient atmosphere. Cells were allowed to rest for 12 

hours prior to the start of cycling. Due to the benefit of having water-tolerant 

electrolyte components and an overall aqueous-based electrolyte allows for cells to be 

assembled under ambient conditions rather than in costly dry rooms and glove boxes, 

due to typical organic electrolyte reactivity with even trace amounts of water. This 

assembly method highlights one of the cost-reduction factors of the ALIB system. 

When directly compared to WIS21, the hybrid electrolyte, HTe-21, offers 

some key benefits with only minimal tradeoffs (Figure 25). WIS21 offers improved 

ionic conductivity and viscosity properties when compared to the HTe-21 and this can 

most readily be seen in the rate cycling ability of the two electrolytes (Figure 25A,B). 

Due to electrolyte instability on the anode and the Al foil on the cathode, both 

electrolytes show capacity fade at the slow rate of C/10 (red plot). Upon rate increase 

to C/3 (orange plot), the CE and cycling performance are improved as the system is 

able to push past these failure mechanisms. Further rate increase to 4C (purple plot) 

shows the benefit of the CCCV charging profile to maintain the capacity, but upon 

discharge, the HTe-21 shows considerable loss of capacity due to the limitations 

imposed by the lower ionic conductivity and higher viscosity. Figure 25C 
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demonstrates the increased instability upon increasing cutoff potential even a small 

amount from 2.45V to 2.50V. There is a noticeable CE decrease due to allowing these 

detrimental side reactions to occur that negates and even decreases any capacity gains 

gained by increasing the cutoff potential to try to use more of the available capacity in 

the TNO anode. However, the effect on the HTe-21 is diminished compared to the 

WIS21 thanks to the improved ESW and reduced Al corrosion.  

Upon increasing the cutoff to 2.80V with a carbon-coated TNO anode, the 

benefit of the HTe-21 can be seen even better when compared to the WIS21 (Figure 

26A). With the LP57 results as the benchmark for these conditions, the HTe-21 

shows excellent discharge capacity on the first cycle for an ALIB, achieving 181 

mAh/g, the highest reported based on the mass of anode active material. Obtaining 

95% of the expected capacity based on 190 mAh/g for the LP57. With an improved 

CE of up to 97.5%, the HTe-21 is able to retain 77% of its initial discharge capacity 

after 40 cycles and 57% after 100 cycles. When compared to the CE of 99.9% for the 

LP57 and a capacity retention of 99%, there is still a lot of room for improvement, but 

when compared to WIS21 (65 mAh/g first cycle discharge, 8% first cycle CE, 42% 

capacity retention after 40 cycles and 36% after 100 cycles), it is clear the immense 

benefits offered by hybrid electrolytes and specifically the HTe-21. 
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Figure 25: TNO vs. LMO full cells cycling with an upper voltage cutoff of 2.45V at various C-rates in (A) WIS21 

and (B) HTe-21. Arrow indicates the effect of increasing the C-rate from C/10 to 4C. (C) Full cells with WIS21 at 

2.45V (red), 2.50V (black) cutoff and HTe-21 at 2.45V (blue), 2.50V (purple) cutoff. 
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Figure 26: (A) Capacity (circles) and CE (triangles) data for 2.80V cutoff at C/3 using C-TNO vs. LMO in 

WIS21 (red), HTe-21 (orange), and LP57 (green). (B,D,F) 1st and 2nd charge/discharge cycles for LP57 (B), HTe-

21 (D), and WIS21 with insert showing the full constant voltage charge plateau (F). (C, E, G) dQ/dV plot for 

select cycles for LP57 (C), HTe-21 (E), and WIS21 (G). 
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The charge/discharge curves and dQ/dV plots of these three cells illuminate 

some of the reasons for the differences in performance. Figure 26B,C shows the 

typical performance of the LP57 electrolyte. Due to the excellent ionic conductivity 

and viscosity, a very short constant voltage charging is required and changes between 

cycles are minimal as noted by the similar constant voltage charging length and the 

minor change to the dQ/dV intercalation peaks. In the HTe-21 (Figure 26D,E), the 

significantly longer constant voltage charging phase, well in excess of the recovered 

discharged capacity, highlights the electrolyte instability at these conditions. 

Furthermore, the large shift in intercalation peaks on the charging phase (positive 

dQ/dV peak) is indicative of electrolyte decomposition and overpotential growth. 

Continued peak shifting indicates that this process is ongoing throughout the lifetime 

of the cell. WIS21 shows an even bigger deviation from the benchmark (Figure 

26F,G). The first cycle charging curve has a second inflection point indicating an 

additional process before the extremely large constant voltage charging (seen in the 

insert). The first cycle records a charge capacity of over 850 mAh/g, which is well 

higher than the LP57 benchmark and is a strong indication of electrolyte 

decomposition. This is further verified in the dQ/dV plot showing a second peak just 

under 2.8 V. This massively shifts the intercalation peak on the second cycle. 

Continued decomposition and side reactions lead to the eventual suppression of this 

intercalation peak and the failure of the cell.  

This marks the first documented use of the TNO anode in an ALIB producing 

a benchmark-setting initial discharge capacity of 180 mAh/g at 2.8V. While this still 

falls well below the LP57 performance, ground can be made up through optimization 
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of electrode coatings, electrolyte composition adjustment, incorporation of additives, 

and replacement of SS and Al coin cell components on the cathode side with Ti. 

These changes have the potential to produce a more competitive system, but at the 

loss of reduced costs. Instead, further development of the electrolyte could offer 

improved performance under the same cell construction and cycling conditions 

without relying on expensive Ti cell components. 

3.2 Electrolyte Diluent 

3.2.1 Introduction 

 Highly concentrated electrolytes have proven very capable of expanding the 

electrochemical window for aqueous electrolytes and improving corrosion issues. 

They have also found use in organic systems in providing for reduced reduction 

product solubility and improved stability with high voltage cathodes.[44] Motivated by 

the high energy density found in Li metal battery chemistry, stabilizing these 

electrolytes for Li metal anodes was of interest. It was found that using a highly 

fluorinated ether greatly improved the Li metal deposition and stabilized these 

electrolytes on Li metal anodes.[15-18] This new class of electrolytes was classified as 

localized high-concentration electrolytes (LHCE). The name came from the concept 

that the addition of the fluorinated ether did not significantly change the solvation of 

the Li+ and it retained many of the unique properties found in highly concentrated 

electrolytes. Instead, the ether functioned as a diluent to isolate these locally 

concentrated solvation spheres. This had several benefits in addition to the improved 

Li metal performance including reducing the salt content (potential cost savings), 
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improving the viscosity and ionic conductivity, and allowing for the development of 

flame-retardant electrolytes that would normally provide performance issues in those 

conditions.  

 Motivated by this advancement in organic highly concentrated electrolytes, a 

search for a diluent that would function in aqueous-based electrolytes began. A direct 

transfer of the concept of taking the highly fluorinated ethers was unsuccessful. Due 

to the large fluorine content, these HFE compounds were highly hydrophobic and 

incompatible with purely aqueous electrolytes (which was one of the reasons for their 

incorporation into the 4V aqueous battery passivation layer developed by Yang et 

al.).[13]  However, with the development of the hybrid class of electrolytes, the 

organic phase was found to be able to allow for partial miscibility of the highly 

fluorinated ether compounds with the hybrid electrolytes. 

3.2.2 Fluorinated Ether Diluent 

 Finding the right amount of ether is an important consideration. Too little and 

it will not function in the diluent role of isolating the solvation spheres and too much 

causes phase separation. Since the HTe-21 utilizes TEP as the organic phase, it made 

sense to model the dilution after the LiFSI in TEP/BTFE system that was found to 

also be flame-retardant.[16] The optimized ratio used was a 1:3 molar ratio between 

TEP and BTFE. A variety of fluorinated compounds were tested including 2,2,2-

trifluoroethyl-1,1,2,2-tetrafluoroethyl ether (previously referred to as HFE) and 

1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether (TFEP), and fluorinated ether 

analogs 1,2-(1,1,2,2-tetrafluoroethoxy) ethane (TFEE), tris(2,2,2-trifluoroethyl) 

orthoformate (Figure 27). These were selected due to their availability, varying 
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functionality, and previous use in ALIB systems. It was found that the 1:3 molar ratio 

happened to be the maximum amount of HFE and TFEP that was able to be added to 

HTe-21 and avoid phase any noticeable separation. In addition to those two ratios, 

HFE, TFEP, TFEE, and TFEO were also analyzed at a 1:1 molar ratio between the 

TEP and diluent, collectively referenced as HETe-2X1, where X is the molar ratio of 

the ether to the two solvents (Table 1). 

 

Figure 27: Structures of various fluorinated ethers and ether analogues. 

Table 1: Molar composition of HTe-21 + fluorinated ether diluent electrolytes. 

 
HETe-211 HETe-231 

HFE TFEP TFEE TFEO HFE TFEP 
LiTFSI 30.5% 16.4% 
Water 34.7% 18.6% 
TEP 17.4% 9.3% 
Ether 17.4% 55.8% 

Diluted 
Concentration 

(mol/kg) 
4.2m 3.9m 3.7m 3.3m 1.24m 1.09m 

 

Full cells were assembled and cycled in a similar manner as previously 

discussed. Initial investigation into the effect of the diluent structure indicated that 

aside from TFEO, all other fluorinated diluents performed similarly to the baseline 

HTe-21 (Figure 28A). The TFEO significantly hindered cycling indicating that 

orthoformates may not be ideal diluents in ALIBs. This may be due to the structure of 
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the orthoformate. If it were to begin to decompose with the loss of a fluorinated 

ethoxide functional group, it would form a carbocation that would be partially 

stabilized due to bulkiness and resonance structures, and delocalization of the positive 

charge to the neighboring oxygen atoms. This could further react with water leading 

to unwanted side reactions and it could explain the dramatic loss in performance. For 

the rest, there was no definitive indication of performance enhancement aside from 

being able to achieve slightly higher CE after many cycles. These first electrolytes 

were cycled at a low diluent content of a 1:1 molar ratio with the TEP. The next step 

was to increase to a 3:1 ratio to form the HETe-231 class of electrolytes to compare to 

the 3:1 ratio reported in the organic system.[16] HFE was used as a model diluent since 

it displayed the highest CE of the tested diluents. Figure 28B shows that upon 

increasing the diluent content, performance begins to suffer. The performance also 

suffers upon increasing the cutoff potential to 2.80V (Figure 28C). Looking at the 

first cycle of the 2.80V cutoff cell, an additional inflection point just below 2.80V 

along with the long constant voltage charging phase suggests water decomposition 

leading to poor CE and loss of capacity (Figure 29). 
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Figure 28: (A) TNO vs. LMO full cells cycling at a C/3 rate with an upper voltage cutoff of 2.45V with various 

fluorinated diluents in the HETe-211 electrolyte. (B) Cycling results showing effect of increasing fluorinated 

diluent content using HFE as a representative sample. (C) C-TNO vs. LMO cells cycling at a C/3 rate with an 

upper voltage cutoff of 2.80V using HFE as a representative sample. 
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Figure 29: Charge/discharge profile of the first cycle for the 2.8V carbon coated TNO vs. LMO cell using HETe-

211 (HFE). Arrow is included to highlight the additional inflection point in the charging curve. 

Post cycling analysis was conducted through the use of X-ray photoelectron 

spectroscopy (XPS) on the TNO anodes to analyze the SEI. Figure 30 shows how the 

pristine TNO electrode (green) compares to the cycled TNO electrodes after cycling 

at 2.80V in HTe-21 and HETe-211 (HFE) (red and blue, respectively). Figure 30A,E 

show characteristic signals from the Nb2O5 in the pristine TNO. These are benchmark 

signals that can be used to assess if an SEI has formed. Since the signal for both 

electrolytes shows the absence of these characteristic Nb peaks, it can be concluded 

that the surface has been effectively coated with a robust SEI. A more in-depth 

discussion of the SEI will be provided in the next section (3.2.3 1,4-Dioxane Diluent). 

Figure 30A-D shows that the SEI formed in the HTe-21 and HETe-211 (HFE) 

feature similar peak components due to all new peaks showing similar shapes. Also of 

importance in Figure 30F is the absence of any phosphorus-containing SEI 

component in contrast to what has been observed in TMP hybrid electrolytes.[29] This 
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can mean one of two things, either the phosphorus-containing components form first 

and are covered by non-phosphorus-containing components, or the TEP is more 

stable than the TMP and does not reduce to form SEI components at these working 

potentials. Based on the LSV shown in Figure 22, no TEP reduction peak is observed 

until after 1V vs. Li/Li+ in the HTe-21 sample, which is outside of the range of this 

cell which would be expected to operate between the limits of 1V-4.5V based on cell 

potential and analogous LMO/LTO systems previously published.[29] With the high 

similarity between SEI components, it can be concluded that the fluorinated diluents 

do not participate in SEI formation at these potentials. 

 

Figure 30: XPS results for pristine TNO electrode (green), cycled TNO in HTe-21 at 2.8V at a C/3 rate (red), and 

cycled TNO in HETe-211 (HFE)  at 2.8V at a C/3 rate (blue) for binding energy ranges analyzing Li1s and Nb4s 

(A), F1s (B), O1s (C), C1s (D), Nb3d(E), and P2p (F). All samples were washed with DMC to remove trace 

solvent and vacuum dried prior to XPS analysis. 
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Further analysis of the bulk electrolyte properties using LSV, FTIR, and TCA 

indicate key changes in the electrolyte that would not benefit enhanced stability 

(Figure 31). The LSV of HTe-211 (HFE) (Figure 31A) shows a loss in both 

reductive and oxidative stability upon the addition of the HFE. FTIR analysis (Figure 

31B) shows that the HFE effectively dilutes the electrolyte as there is no change in 

the water solvation structure upon the addition of the HFE without any additional salt. 

While the conductivity of the HETe-211 (HFE) is enhanced (Figure 31C) when 

compared to the HTe-21, it is only a minimal increase when compared to the WIS21 

baseline conductivity. Additionally, a phase change is observed at lower temperatures 

not observed in the HTe-21 upon the forward scan (negative scan).  

 

Figure 31: (A) LSV of HTe-21 (red) vs HETe-211 (HFE) (grey). (B) FTIR of WIS21 (green), HTe-21 (purple), 

and HETe-211 (HFE) (green). (C) TCA results showing change in HETe-211 (HFE) compared to the previously 

discussed electrolytes. 

 The evidence in the cycling data, XPS, LSV, FTIR, and TCA data all point to 

no significant benefit from the HFE. This is believed to be due to the highly 
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hydrophobic and water immiscibility properties of the fluorinated diluents. It is 

possible that since the HFE is only miscible with the TEP portion, phase separation 

may occur leading to the loss of electrochemical stability seen in the LSV as the 

water is pushed out of the hybrid phase and behaves more similarly to the WIS21. 

This is also indicated by the phase change observed which is most likely the aqueous 

phase precipitating at lower temperatures as seen in the WIS21 curve. In order to 

adapt the diluent concept to aqueous systems, a water-miscible diluent (and water and 

organic miscible diluent for hybrids) needs to be used to prevent any phase instability 

and loss of performance. 

3.2.3 1,4-Dioxane Diluent 

 Recent studies have identified the cyclic ether (1,4-dioxane) as a promising 

diluent in aqueous electrolytes.[18-20] Due to its two oxygens being 2.8 Å apart, it fits 

into the H-bonds in water well (2.7-3.0 Å), providing relatively good hydrophilicity 

when compared to other cyclic ethers.[45-47] However, upon reaching a critical amount 

of 1,4-dioxane in water, the bulk properties change from a homogeneous mixture to a 

heterogeneous mixture where water can become localized in pockets of the dioxane 

diluent. This presents an interesting idea that the addition of the dioxane would 

require a critical amount in order to dominate the bulk properties and create the 

LHCE environment. Validation of this idea was provided by Nian et al.[20] when 1,4-

dioxane was added to the WIS21 at a molar ratio of 1:1 water:dioxane yielded similar 

cycling performance to the base WIS21, but upon a 1:2 ratio, significant cycling 

improvements were found (Figure 32). With the replacement of WIS21 with HTe-21, 
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it could be possible to further improve the performance of the aqueous LHCE 

electrolyte. 

 

Figure 32: Discharge capacities and Coulombic efficiencies (CE) of LTO/LMO full cells. Reproduced with 

permission from [20]. Copyright 2021 American Chemical Society. (Copy of Figure 6 for quick reference) 

TEP and 1,4-dioxane were also found to be miscible together and could be 

reasonably added to the HTe-21 without concerns of phase stability and create a new 

class of hybrid LHCE, referred to as HDTe-2X1 (X=molar ratio of 1,4-dioxane). In 

addition to its miscibility, 1,4-dioxane was also an appropriate diluent due to its low 

solubility towards LiTFSI (<0.25m at room temperature) and low volatility compared 

to the fluorinated ethers.[48] One of the only issues with the use of 1,4-dioxane is 

safety. Not only is it highly flammable, but it also possesses health risks and requires 

removal from wastewater due to its high chemical stability.[49] Due to its role as a 

diluent, even when mixed at low quantities with WIS21 or HTe-21, it maintains its 

flammability. A non-flammable alternative that is miscible has not been identified yet 

and dioxane has been used in this study to elucidate the benefits brought on by 

aqueous diluents.  

While it has been made clear that there is a critical amount of dioxane 

required, it is unclear what indicates that threshold. Therefore, a range of diluent 

quantities was investigated to shed some light on any key molar ratios that provide 
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optimal performance in the diluted WIS21 (referred to as HDO-1X where X is the 

molar ratio of dioxane) and in the HDTe-2X1 electrolytes (Table 2). The electrolytes 

were selected to maintain different dioxane ratios in the HDO-12 within the HDTe-

2X1 system. The ratios held constant are highlighted in red. 

Table 2: Molar compositions of tested HDTe-2X1 electrolytes compared to the HDO-12 system showing which 

molar rations were held constant in red. 

LiTFSI Water TEP Solvent* Electrolyte** Dioxane TEP Water Solvent Electrolyte LiTFSI

HDO-12 Reference Electrolyte 11% 30% 0% 30% 41% 59% 0.00 2.00 2.00 1.45 5.29

HDTe-211
1:1 

TEP:dioxane
31% 35% 17% 52% 83% 17% 1.00 0.50 0.33 0.21 0.57

HDTe-221
1:1 

water:dioxane
26% 30% 15% 44% 70% 30% 2.00 1.00 0.67 0.42 1.14

HDTe-241
1:2 

water:dioxane
20% 23% 11% 34% 54% 46% 4.00 2.00 1.33 0.84 2.27

HDTe-261
1:2 

solvent:dioxane
16% 19% 9% 28% 44% 56% 6.00 3.00 2.00 1.26 3.41

HDTe-271
1:1.45 

electrolyte:dioxane
15% 17% 9% 26% 40% 60% 7.00 3.50 2.33 1.47 3.98

HDTe-2931
1:5.29 

LiTFSI:dioxane
13% 14% 7% 21% 34% 66% 9.30 4.65 3.10 1.95 5.29

*Solvent is the sum of the moles of TEP and moles of Water
**Electrolyte is the sum of the moles of LiTFSI and moles of solvent

Dioxane Ratiomol%
RatioElectrolyte

 

As with the aqueous dioxane system, there appears to be key mol fraction 

regimes for the hybrid dioxane system. Cycling results in 2.45V TNO vs. LMO cells 

cycled at a CCCV rate of C/3 cluster into several different groups (Figure 33). The 

lowest dioxane content (HDTe-211, red plot) was hindered by the addition of the 

dioxane. While its CE eventually outperforms the HTe-21 (black plot), it is still 

unable to break the 99% CE and displays poorer discharge capacity. HDTe-221 

(orange) and HDTe-241 (brown) provide improved performance over HTe-21 due to 

the improved CE (>99%, purple bracket), with increased dioxane content delivering 

slightly higher discharge capacity. The highest regime in terms of CE is highlighted 

with the red bracket. It includes electrolytes HDTe-261, HDTe-271, and HDTe-2931. 

All three deliver an excellent CE of >99.5%. Upon increasing the dioxane content 

from HDTe-261 to HDTe-271, the discharge capacity also improves; however, a 
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further increase to HDTe-2931 yields no further improvement and potentially a 

decrease in capacity. This highlights the critical threshold of the dioxane content 

>55mol% dioxane and an optimized content when the total molar ratio of 

electrolyte:dioxane is fixed to 1:1.45.  

 

Figure 33: TNO vs. LMO cycling results for HDTe-2X1 at a rate of C/3 and a cutoff potential of 2.45V showing 

the capacity (A) and coulombic efficiency (B). 

One possible reason for this continued improvement can be observed in the 

conductivity measurements. Figure 34 shows the effect of adding dioxane to WIS21 
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(blue) and HTe-21 (purple). What is interesting is the reversal of trends. Upon 

addition of dioxane to WIS21 to form HDO-12 (orange), there is a drop in 

conductivity but an increase in temperature stability. This makes sense as the 

viscosity of WIS21 is not so high that it significantly diminishes the electrolyte’s 

conductivity but the dioxane does not readily contribute to the solvation and 

conduction of Li-ions. The enhanced temperature stability may arise from the 

disruption of solid formation and suppression of precipitation. On the other hand, the 

massive loss in conductivity in the hybrid is improved by nearly an order of 

magnitude (purple to dark green). When a moderate amount of dioxane is added 

(HDTe-241, light green), conductivity begins to recover but temperature instability 

remains. The optimized HDTe-271 (dark green) continues to receive a conductivity 

boost and displays the highest temperature stability of all the tested aqueous 

electrolytes with no phase change observed within the temperature range tested, even 

maintaining around 0.8 mS/cm at -10 °C, opening up possibilities of enhanced low-

temperature applications. This opposite trend compared to the aqueous system may be 

due to the dramatic improvement in viscosity outweighing the inability to conduct Li-

ions by the dioxane. 
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Figure 34: TCA plot of dioxane containing electrolytes with conductivity trends highlighted with arrows. 

The HDTe-271 shows a similar rate performance under the CCCV charging 

profile as the base HTe-21 (Figure 35A). When the cutoff potential is increased to 

2.80V on an uncoated TNO anode, electrolyte decomposition leads to rapid cell 

failure (red curve) as indicated by the poor 1st cycle CE of 56%. With a carbon coated 

TNO anode (Figure 35B), the HDTe-271 (blue) can perform exceptionally well, even 

when compared to the organic LP57 (red). When compared to the HDO-12, the 

HDTe-271 performs better at both 2.45V (Figure 35C) and 2.80V (Figure 35D) 

cutoffs highlighting the benefit of the TEP component in improving cycling 

performance. Figure 35E,F analyzes the first two cycles for the data plotted in 

Figure 35D to illustrate the enhanced stability offered by the HDTe-271. On the first 

constant voltage charge for the HDO-12 (red), the cell charges higher without 

returning any additional discharge capacity indicating the presence of water 
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decomposition. This is further demonstrated in the dQ/dV plot where the HDO-12 

(red) displays a small rise near 2.80V indicating the electrolyte decomposition which 

is further shown by the shift in intercalation peak for the second cycle (orange). 

Meanwhile, the HDTe-271 has a reasonably good first cycle CE of around 90% 

leading to low overpotential growth on the second cycle and good cycling 

performance. 

 

Figure 35: (A) TNO vs LMO full cells cycling in HTe-21 and HDTe-271. Upper potential cutoff and charge rate 

are 2.45V and C/3, respectively, unless stated otherwise. (B) Carbon coated TNO vs LMO full cells cycling to 

2.80V. Comparison of HDTe-271 and HDO-12 electrolytes in TNO vs. LMO full cells cycling at a rate of C/3 and 

a potential cutoff of 2.45V (C) and 2.80V (D). Charge/discharge (E) and dQ/dV (F) plots of the first two cycles of 

carbon coated TNO vs LMO full cells cycling at a rate of C/3 and a potential cutoff of 2.80V. 
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The LSV plots (Figure 36) show that the HDO-12 and HDTe-271 provide 

similar stabilities at low potentials seen in the TNO/LMO system (>1V). Figure 36B 

enlarges the lower voltage region to highlight an enhanced stability of the HDTe-271 

(green) over the HDO-12 (purple) at the lowest potentials, and also demonstrates a 

change in behavior between the HDTe-241 (green dash) and HDTe-271 with the 

additional passivation plateau seen. Since the only difference between HDO-12 and 

HDTe-271 is the TEP, this plateau is attributed to TEP reduction and explains why no 

phosphorus-containing SEI component was observed in the HTe-21 XPS results. But 

what is more important for providing the improved cycling performance between the 

HDTe-271 and HDO-12 can be seen at high potentials. Literature has shown that the 

addition of 1,4-dioxane can lead to oxidative decomposition at high potentials.[48] In 

the HDO-12, this leads to a loss of stability at higher potentials. Upon moderate 

amounts of dioxane in the HDTe-241, there appears to be a small increase in current 

around the Al corrosion potential but when increasing to HDTe-271, the Al corrosion 

current is further reduced once again demonstrating the importance of the hybrid 

electrolyte base over the aqueous electrolyte base.  
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Figure 36: (A) LSV of various electrolytes. Al working electrode, activated carbon counter electrode, Ag/AgCl 

reference electrode, and a scan rate of 0.5 mV/s. Inserts show enlarged low (B) and high (C) potential limits of the 

dioxane containing electrolytes. 

 Figure 37 shows the CV for HTe-21 and HDTe-271 with a scan rate of 0.5 

mV/s using an Ag/AgCl reference electrode. CV results demonstrate that the TEP 

reduction at low potentials (Figure 37B) leads to electrode passivation opening the 

possibility for even higher voltage cells if suitable anode chemistries are found. 

Cycling at high potentials demonstrates the major issue of metal corrosion. In typical 

cells, Al and SS are the common metals used due to their low cost. However, even at 

potentials used by LMO, there are considerable corrosion issues with both materials 

in even the most stable electrolyte (Figure 37D,E). As expected, using Ti (Figure 

37F) shows excellent cycling stability at higher potentials further supporting the 

belief that electrolyte instability with the metal cell components creates a significant 

barrier to improving ALIB cycle life. 



 

 

68 
 

 

Figure 37: CV scans used a metal foil working electrode, activated carbon counter electrode, and Ag/AgCl 

reference electrode at a scan rate of 0.5 mV/s. Low voltage scan of HTe-21 (A) and HDTe-271 (B). High voltage 

scan of HDTe-271 first cycle metal foil summary (C) and detailed first three cycles for SS (D), Al (E), and Ti (F). 

After adding the dioxane, the overall chemistry of the SEI does not change 

significantly based on XPS analysis (Figure 38). There are some minor differences 

between electrolytes. HDO-12 (yellow) shows some slight peak shifts (Figure 

38A,C) and ratio differences (Figure 38D) but overall is not showing any new 

chemistries. A more detailed analysis of the HDO-12 SEI has been previously 

reported in the literature[20] and will not be further discussed here as no major 

differences were observed. The lack of a P peak in Figure 38E indicates no 

contribution to the SEI from the TEP phase as previously mentioned and similarities 
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between HDTe-21, HDO-12, and HDTe-2X1 indicate that the dioxane also does not 

significantly contribute to SEI formation. Figure 38F,G have very weak signals, but 

the presence of these signals indicates that the SEI is primarily a result of salt 

decomposition. However, even though the dioxane may not participate in SEI 

formation, it does appear to improve SEI stability. As previously mentioned, the use 

of diluents helps to improve the stability of reduction products. This is observed in 

the stability of the O1s signature for HDTe-271 (blue) seen in Figure 38C. This peak 

located around 528 eV is indicative of Li2O. While this can be an important SEI 

component, it readily reacts with water and CO2 to form LiOH and Li2CO3, 

respectively. The solubilities of LiOH and Li2CO3 are 12.8 g/100 mL and 1.29 g/100 

mL in water. Compared to the well-known LiF SEI component’s solubility of 0.134 

g/100 mL, this is a 1 to 2 order of magnitude increased solubility. Due to the high 

dioxane content preventing water from reaching the surface, these SEI components 

are allowed to remain on the surface and provide a more robust protective layer. This 

higher Li2O content can also be confirmed in Figure 38A with the larger Li1s signal 

showing a larger contribution at lower eV values resulting from the Li2O 

contribution. 
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Figure 38: XPS spectra of cycled carbon coated TNO cells after cycling at a rate of C/3 with an upper cutoff 

potential of 2.80V using HTe-21 (green), HDO-12 (yellow), HDTe-241 (red), and HDTe-271 (blue). Elements of 

interest are shown including Li1s and Nb4s (A), C1s (B), O1s (C), F1s (D), P2p (E), N1s (F), and S2p (G). 

 Looking more closely at the XPS spectra for HDTe-271 (Figure 39), SEI 

components are largely composed of decomposition products from LiTFSI and 

dissolved atmospheric gases such as CO2 and O2 rather than from the organic 

components which would be expected to give more polymeric and phosphate-

containing SEI components. Nevertheless, these results further support the existence 

of a robust and effective SEI. Peak fitting assignments clearly show the strong 

presence of Li2O and the improved SEI performance for the HDTe-271 over other 

tested electrolytes.  
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Figure 39: Fitted XPS spectra for carbon coated TNO cycled at C/3 at a cutoff potential of 2.80V vs. LMO in 

HDTe-271 showing elemental signatures for Li1s (A), C1s (B), O1s (C), and F1s (D). 

As already mentioned, there are distinct differences between cells cycled to a 

2.45V cutoff and a 2.80V cutoff, and this was also observed in the XPS results in 

Figure 40. The blue (2.45V cutoff) and green (2.80V cutoff) curves represent cycled 

TNO samples from cells containing HDTe-271 but at different cutoff potentials. What 

is most obvious is that for the 2.45V cutoff, virtually no change from the pristine 

TNO (red) is observed, and little to no SEI products are seen. This is most readily 

observed in Figure 40E showing the clear and strong Nb peak for the Nb2O5 in the 

TNO anode. And no LiF or Li2O is observed (Figure 40A,C). This indicates that the 

ability of the cell to cycle at a cutoff of 2.45V is due entirely to the increased stability 
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of the HDTe-271 electrolyte compared to the WIS21 while the ability to cycle at a 

cutoff of 2.80V is due to the increased stability and SEI forming ability.  

 
Figure 40: XPS spectra of pristine carbon coated TNO (red), carbon coated TNO cycled in HDTe-271 with a C/3 

rate and a cutoff potential of 2.45V (blue) and 2.80V (green). Elemental signatures are shown for L1s and Nb4s 

(A), C1s (B), O1s (C), F1s (D), and Nb3d (E). 

While TEP does not appear to undergo reduction in this system to participate 

in SEI formation, it does appear to become oxidized and participate in a cathode 

electrolyte interphase (CEI) formation (Figure 41A). The presence of the Mn2p3 

signature (Figure 41B) indicates that this is either not a complete coating or is less 

than 10 nm thick. In addition to TEP-based CEI components, species resulting from 

TFSI are observed from the N1s and S2p signatures (Figure 41C,D). This CEI phase 

may be one of the reasons for the improved high-voltage stability of the HDTe-271 

and TEP-containing electrolytes when compared to the HDO-12 and WIS21 

electrolytes. 
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Figure 41: XPS spectra of cycled LMO electrodes from HDTe-271 cells with a 2.45V (red) or 2.80V (blue) 

cutoff. Elemental signatures are shown for P2p (A), Mn2p3 (B), N1s (C), and S2p (D). 

 Since new SEI formation is not the reason for the enhanced performance of 

the HDTe-271 over HTe-21 and HDO-12, another underlying phenomenon must be 

responsible in addition to the improved SEI stability. As already mentioned with the 

FTIR analysis of WIS21 and HTe-21, changes in the solvation structure lead to some 

of the improvements of the highly concentrated 21m WIS when compared to lower 

concentrations such as 1m, 5m, or 10m WIS. Immediately upon inspection of the -OH 

stretching vibration for water, a major shift in peak shape occurs upon the addition of 

1,4-dioxane (Figure 42). This is entirely due to the interaction between dioxane and 

water since dioxane does not have any IR bands in this region (Figure 42C, blue 

plot). In both the WIS21 and HTe-21 systems, as dioxane content is increased, the 

free -OH peak vanishes, and the H-bond peak associated with two anions begins to 

decrease with more and more dioxane. As those two peaks go down, the water H-

bond peak with 1 anion and another molecule and the peak for H-bonds with 2 other 
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solvent molecules both grow. In the pure WIS21 electrolyte, this was originally 

attributed to water-water H-bonds. In the dioxane electrolytes, this can now be 

attributed to increased interaction between water molecules and dioxane molecules 

and directly speaks to the dramatic change in the solvation structure previously 

discussed. Since one of the main factors for water decomposition in aqueous 

electrolytes is cation and anion-bound water being brought to the electrode surfaces, 

the ability of dioxane to interact with the water and change the solvation structure of 

the ions by effectively reducing the number of waters in the solvation structure,[20] 

less water decomposition occurs and less gas formation occurs disrupting SEI 

formation. This could potentially promote a thicker, more stable SEI for improved CE 

and cycle life. 
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Figure 42: (A) FTIR plot of changes to OH stretching vibration of WIS21 upon increasing amounts of dioxane. 

(B) FTIR plot of changes to OH stretching vibration of HTe-21 upon increasing amounts of dioxane. (C) 

Summary FTIR plot of changes from base WIS21 and HTe-21 electrolytes to optimized HDO-12 and HDTe-271 

electrolytes. 
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 The combination of improved viscosity, enhanced ESW, and solvation 

structure change all combine to dramatically enhance the battery performance of this 

new class of diluted hybrid electrolytes. Using a carbon coated TNO anode and LMO 

cathode, full cells were successfully cycled with a 2.8V cutoff potential achieving an 

initial discharge capacity of 187 mAh/g with a CE of 91.1%. After 40 cycles it 

retained 93.5% of its initial discharge capacity delivering 175 mAh/g with a CE of 

99.3% and an even more impressive retention of 92.5% after 90 cycles with a 

capacity of 173 mAh/g and a CE of 99.5%. This is the highest capacity reported at 

this time for any ALIB without any sort of anode protection layer. This compares 

well with the same system using LP57. The HDTe-271 electrolyte provides 98.6% of 

the 1st cycle discharge capacity of the LP57 cell and still provides 93.4% of the 40th 

cycle discharge capacity of the LP57 cell. The biggest difference leading to the lost 

capacity is the much higher CE of the LP57 electrolyte, 95% after the first cycle and 

quickly rising to >99.9%. This loss of CE in ALIBs, to which metal corrosion is a 

contributing factor, needs to be addressed in order to make ALIBs competitive with 

organic LIBs. Another critical issue that needs to be addressed is the safety aspect of 

the dioxane diluent. While it provides considerable improvements, its toxicity and 

flammability are critical hurdles that need to be overcome with alternative chemistry 

if it is to be a reliable alternative.  
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Chapter 4: Anode Modifications 

4.1 Anode Chemistry 

4.1.1 LTO 

 Lithium titanium oxide (LTO, Li4Ti5O12) is a very popular anode for ALIBs 

due to several reasons. First and foremost is that it is the only practical option for this 

voltage range. Due to it being readily commercially available, well characterized, and 

conveniently located right at the edge of the WIS21 ESW, it is an ideal anode for 

testing for improved stability of modified aqueous electrolytes. Also, thanks to its 

relatively flat charge/discharge plateau, it provides a very nice boundary for 

establishing stability and ensuring all available capacity is achieved (Figure 43A). 

When paired with LMO, a cycling cutoff potential between 2.7-2.8V is necessary to 

extract the maximum capacity (Figure 43B). When HTe-21 (brown) and WIS21 

(purple) are cycled at 2.5V, only a small fraction of the capacity is retained and the 

poor CE on the WIS21 demonstrates the usefulness of LTO as a stability benchmark 

in ALIBs. As the cutoff for the HTe-21 is raised to 2.6V (green) and 2.7V (blue), the 

output capacity rises as expected. However, the CE also significantly drops between 

the 2.5V and 2.7V cells. This further demonstrates the challenge of using TEP as the 

co-solvent due to it not producing additional SEI components that allowed other 

systems using TMP, DMC, dioxane, etc., to fully cycle on LTO. While HTe-21 does 

show an extended ESW down to 1V vs. Li/Li+, that is on a blocking electrode and not 

representative of practical limitations including increased surface area and nucleation 

sites, and titanium oxide’s ability to catalyze water reduction.[50] Finding an 
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alternative anode that better utilizes the full ESW of more stable aqueous electrolytes 

is of great interest to advancing the ALIB field. Also, finding an anode that provides a 

more competitive capacity (LTO – 160 mAh/g vs. Graphite – 370 mAh/g) is key for 

raising the energy density.   

 

Figure 43: (A) LTO half-cell in LP57 with a charging current of 20 µA. (B) LTO vs. LMO cells following a 

constant current rate change protocol. LP57 with a cutoff of 2.9V (red) marking maximum expected capacity. 

WIS21 with a cutoff of 2.5V (purple). HTe-21 with a cutoff of 2.5V (brown), 2.6V (green), and 2.7V (blue). 
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4.1.2 TNO 

 Titanium Niobate (TNO, TiNb2O7) has been increasingly investigated as an 

alternative anode to LTO, especially in regard to fast charge/discharge capabilities.[51, 

52] It provides an intriguing alternative to LTO due to the decreased titanium content 

(10mol% vs. 20mol% in LTO), higher capacity (225 mAh/g vs. 160 mAh/g in LTO), 

and its sloped profile pushes the voltage down to 1V vs. Li/Li+, effectively improving 

the average discharge voltage of a full cell coupled with LMO (Figure 44A). Another 

interesting aspect of TNO is the ability to provide stable full cell performance with 

WIS21, something not possible with LTO. Even at 1.6V vs. Li/Li+, TNO can provide 

a possible 90 mAh/g prior to the LTO plateau, providing the possibility for full ESW 

utilization in the base WIS21 system if coupled with a high-voltage cathode. Figure 

44B demonstrates the ability of WIS21 to operate in a TNO/LMO cell with a 2.5V 

cutoff potential (orange), something not possible with LTO. Furthermore, the cutoff 

can be further increased to 2.6V (black) with only a minor decrease in observed CE. 

The performance with HTe-21 (Figure 44C) is a bit more challenging. While the 

HTe-21 can reach higher cutoff potentials (up to 2.8V, purple) with a similar CE as 

the 2.6V WIS21, it can reach much higher capacities. However, rate performance is a 

major issue when increasing from C/10 to 1C. This also speaks to why using LTO has 

been so popular, being commercially available, high-quality electrodes can be 

purchased, increasing reproducibility and reliability of cell cycling while TNO must 

be coated in-house, which can lead to wider variability between studies. 
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Figure 44: (A) TNO half-cell in LP57 with a charging current of 20 µA. (B) TNO vs. LMO cells following a 

constant current rate change protocol. LP57 half-cell with a cutoff of 2.9V (red) demonstrating maximum 

capacity. WIS21 with a cutoff of 2.5V (orange) and 2.6V (black). (C) HTe-21 with a cutoff of 2.5V (brown), 2.6V 

(green), 2.7V (blue), and 2.8V (purple). 
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 One side effect of running cells at a higher rate is that the CE can be 

artificially enhanced due to not allowing the cell to remain at the unstable potentials 

as long as they would at a low rate. This effect can readily be seen in Figure 44B 

with the drop in CE observed for the initial C/10 cycles (cycles 1 and 2) compared to 

the 1C cycles (cycles 9-19). By switching to a CCCV protocol, a drop in CE is 

observed, even at similar rates; however, the protocol is able to minimize capacity 

loss from rate changes (Figure 45). In Figure 45A, the orange plot and blue plot are 

both using WIS21 at a cutoff of 2.5V. However, the orange plot uses a constant 

current protocol with a varying rate ranging from C/10 to 1C. The blue plot uses a 

CCCV protocol at a 1C rate. Between cycles 9-19, both cells are undergoing a 1C rate 

with the CCCV showing a lower CE but higher capacity. This discharge capacity is 

similar to the capacity at the lower rates in cycles 1-8 in the orange plot. A more 

dramatic capacity improvement is seen in Figure 45B due to the issues with high 

rates for the highly viscous HTe-21. While they are at slightly different cutoff 

potentials, the blue plot from Figure 45A and the black plot from Figure 45B are 

both using CCCV protocols at 1C and deliver similar capacities, but importantly, the 

CCCV clearly shows the stability improvement of the HTe-21 over the WIS21 with a 

lower CE. 
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Figure 45: Comparison of changing the charging protocol from a variable rate constant current method to a single 

rate CCCV method for WIS21 (A) and HTe-21 (B). 

4.1.3 PNO (Titanium Free) 

 With the success of replacing LTO with TNO, it merited further investigation 

into finding an alternative that was Ti-free. Researchers at the US Army Research 

Laboratory have been actively investigating XNO anode chemistries through doping, 

coatings, and element replacement. One particular anode of interest completely 

replaced the Ti transition metal with the non-metal, P, providing the anode material 

phosphorus niobate (PNO). When comparing the half-cell profiles of the three anodes 
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(Figure 46), both PNO and TNO provide additional capacity at lower voltages than 

LTO and offer more capacity are higher voltages where LTO is inactive. However, 

PNO is currently not competitive enough with TNO to fully replace it. In addition to 

providing less capacity (195 mAh/g), it also displays a significant capacity fade 

between the charge and discharge cycles indicating the material may be less stable 

than TNO. Nevertheless, PNO was employed in full cells to compare how it 

performed vs. TNO. Figure 47 shows the cycling performance of PNO vs. LMO full 

cells with HDTe-271 and a CCCV protocol at a C/3 rate compared to identical TNO 

cells. Most notably, at both cutoff potentials, PNO provides less capacity and 

demonstrates poor capacity retention which is not fully explained by the CE. This 

goes back to the loss of capacity observed in the half-cell and speaks to the instability 

of the anode material.  

 

Figure 46: Half-cell plots of LTO (red), TNO (purple), and PNO (green) between 1V and 2.5V at a charging 

current of 20 µA. 
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Figure 47: (A) PNO half-cell in LP57 with a charging current of 20 µA. (B) PNO and (C) TNO full cells with an 

LMO cathode and HDTe-271 electrolyte following a CCCV charging protocol at a rate of C/3 at a 2.45V (red) and 

2.60V (green) cutoff potential. 
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 All three electrodes can successfully cycle in ALIBs with varying degrees of 

performance. These results on pristine anodes are promising but indicate that there 

are still issues with electrolyte stability. A commonly used method for addressing 

surface-related issues is with anode surface coatings, both at the electrode and particle 

levels. 

4.2 Anode Coatings 

4.2.1 Grafting 

 Due to the issues of aqueous electrolytes with low voltage anodes and metal 

corrosion, an ideal passivation method would not only coat the particles, but all 

conductive surfaces to prevent electrolyte side reactions on all surfaces. Diazonium 

grafting is a powerful surface modification method.[53-73] This method chemically 

attaches a functionalized aromatic carbon ring to almost any surface under the right 

conditions (Figure 48). It is versatile in that it can work in organic and aqueous 

media with almost any functionalized aryl amine precursor. The grafting undergoes a 

radical chain growth mechanism that self-terminates when electronic conductivity is 

lost with the surface. With control of various parameters, coating thickness can be 

reproducibly targeted. The actual grafting process is a redox reaction that can be 

initiated chemically with carbon, Cu, Fe, or another appropriate reducing agent, or it 

can be initiated electrochemically. Electrochemical methods have been shown to 

produce more uniform and thicker layers as well as grafting conducted in organic 

media. Additionally, using this method for battery applications has precedence based 

on several other studies looking to modify graphite[59, 62, 65, 66] and LFP[56] surfaces. In 
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these works, the authors focused on grafting the individual particles prior to electrode 

fabrication. While this was sufficient for their method, it would not address the 

protection of other conducting surfaces such as conductive carbon and metal foil. 

Therefore, both electrochemical chemical coating methods were employed using 

acetonitrile as the solvent and reacting media, 0.1M LiTFSI as the electrolyte salt, 4x 

molar excess of isoamyl nitrite as the organic nitrite source for turning the aniline into 

the diazonium, and 0.1M of a functionalized aniline. For chemical grafting, no 

additional species were needed to initiate the reaction as the carbon in the graphite 

and conductive additive initiated the reactions. Chemical grafting occurred under 

constant stirring for at least 40 hours. Electrochemical grafting was conducted by 

holding the potential of the working electrode at -2V vs the counter electrode for 1 

hour.  

 

Figure 48: (A) Chemical reduction for aryl amines to form reactive diazonium intermediate. (B) Diazonium 

grafting mechanism. Reproduce with permission from [68].  

A wide array of anilines were screened and a perfluorooctyl aniline (PFOAn) 

was selected due to having strong hydrophobic characteristics. After electrode 
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modifications, a qualitative assessment of the effectiveness was conducted to see if 

the electrolyte would readily wet the surface or bead up, indicating a coated surface. 

If well coated, the electrolyte (whether aqueous-based or organic) would bead up on 

the surface indicating not only hydrophobic but omniphobic properties.  To minimize 

uncoated metal in the cell, pouch cells were used so that all the metal on the anode 

side would be coated. However, coatings appeared to be ineffective at preventing 

electrolyte decomposition on coated LTO electrodes. While the surface was 

effectively modified as observed through changings in electrolyte wetting, cycling 

results showed no benefit (Figure 49). Based on this, it was assumed that the coating 

was either not uniform or ineffective at preventing the electrochemical reduction of 

water. 

 

Figure 49: Cycling results of a coated LTO vs LMO pouch cell using WIS21 (blue) and a control LTO vs LMO 

cell (purple) with PFOAn structure shown. 
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4.2.2 Electrode Particle Coatings (Carbon, LATP, LiF) 

 It has been shown that various surface coatings on anodes can suppress the 

hydrogen evolution reaction (HER) in ALIBs.[74] HER suppression is a critical aspect 

of improving first-cycle efficiencies and initial SEI formation. In addition to HER 

suppression, various surface coatings can provide benefits such as increased 

electronic conductivity (carbon coatings), hydrophobic characteristics (LATP), and 

SEI-like properties (LiF). These coatings have been applied to the active material 

particles prior to receiving them. The coated particles were then used for electrode 

fabrication with any coating masses taken into account to ensure the 80:10:10 ratio of 

active material:conductive carbon:PVDF binder was constant. 

 Due to the disappointing performance of PNO, this made an ideal testing 

ground for observing the benefits of coatings. Using an anode of 4wt% carbon coated 

PNO (C-PNO, 2% acetylene black, 2% carbon nanotubes), full cells were constructed 

using HDTe-271 and cycled to varying cutoff potentials vs LMO (Figure 50). As 

shown in Figure 50A, the carbon coating significantly improved the performance of 

the PNO anode at both 2.45V and 2.60V cutoff potentials. The overall CE 

improvement, especially on the first cycle, led to considerable improvements in terms 

of cycling stability, especially at 2.45V. Pushing the cutoff potential further, 

successful cycling was achieved as high as 2.80V (blue plot) prior to rapid failure at 

2.90V (purple plot) (Figure 50B). A comparison of the C-PNO in an organic LP57 

electrolyte (black plot) shows that even with the carbon coating, there are still 

stability issues that need to be addressed before the PNO anode can be realistically 

used as an alternative to TNO or even LTO. 
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Figure 50: (A) Comparison of PNO and C-PNO anodes using HDTe-271 at 2.45V and 2.60V cutoff potentials. 

(B) C-PNO full cells using HDTe-271 cycled to 2.45V (brown), 2.60V (green), 2.80V (blue), and 2.90V (purple) 

cutoff potentials and LP57 -cell reference (black). 

 For TNO, four different anode coatings were provided and tested (Figure 51). 

LATP (0.6wt%) (LATP-TNO), LiF (hydrothermally treated in a 4wt% solution) with 
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a 4wt% carbon coating (2% acetylene black, 2% carbon nanotubes) (LiF-TNO), a 

specially developed nanoporous TNO grown on reduced graphene oxide (npC-TNO), 

and a 2wt% (acetylene black) carbon-coated TNO (C-TNO). Full cell TNO vs LMO 

cycling at C/3 using HDTe-271 at 2.45V (Figure 51A) and 2.60V (Figure 51B) 

cutoff potentials is shown. All coatings allowed for cycling at 2.45V with C-TNO 

(blue plot) demonstrating the best performance and the only coating to offer an 

improvement over the bare TNO (red plot). Furthermore, at 2.60V, only the C-TNO 

was able to achieve stable cycling, with the LiF-TNO undergoing catastrophic cell 

failure. Thanks to the HER suppression, less electrolyte is reacted at 2.45V prior to 

SEI formation. After SEI formation at 2.60V, the benefit of the HER suppression is 

seen even more clearly with a more robust SEI formed. 
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Figure 51: Cycling data for full cells with uncoated TNO (red), LATP coated TNO (orange), LiF-Carbon coated 

TNO (brown), nano-porous carbon coated TNO (green), and carbon coated TNO (blue) at 2.45V (A) and 2.60V 

(B) cutoff potentials with HDTe-271 electrolyte. 

 As previously discussed, TNO offers the unique advantage of allowing WIS21 

to cycle at a lower cell cutoff potential of 2.45V, as shown in Figure 52A. With C-

TNO (Figure 52B), performance is improved to allow for less than 10% capacity loss 

after 100 cycles at a high rate of 4C (purple plot). Results at C/10 (red plot) 

demonstrate that while the coating does help suppress the HER, it does not eliminate 

it and the suppression appears to have more of a kinetic benefit than purely an 
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electrochemical stability benefit. Without the carbon coating, the WIS21 has 

significant electrolyte decomposition even on a minor increase of cutoff potential to 

2.5V (black plot). Using C-TNO, cells can cycle stably for nearly 40 cycles before 

CE decay indicates a failure problem. The use of C-TNO is a step forward in the 

direction of providing a wider range of cell chemistries depending on desired 

electrolyte properties. It allows for purely aqueous systems to provide moderate 

energy density for superior safety applications without sacrificing cost, conductivity, 

and rate capabilities, which are often required with WIS modifications. 
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Figure 52: WIS21 full cells with uncoated TNO (A) and carbon coated TNO (B) anodes. Effects of cycling rate 

and cutoff potential are shown. 

 Analysis of C-TNO in the best aqueous-based electrolyte (HDTe-271) yields 

the best-performing ALIB reported yet in terms of the combination of ESW, 

conductivity, viscosity, cell voltage with an LMO cathode, and specific capacity. 
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Figure 53 shows the impressive ability of the C-TNO vs LMO system to reach stable 

cycling at a 2.8V CCCV charging cutoff providing 187 mAh/g (CE=91.1%) first 

cycle capacity and retaining 92.5% after 90 cycles with a CE of over 99.5% at a rate 

of C/3. As shown by the LP57 cell in blue, C-TNO vs. LMO is extremely stable with 

only a 1% loss of capacity after 10 cycles at a slow C/10 rate. With only a 1% loss of 

capacity at 2.8V for LP57 (purple) after 16 cycles, the higher rate of decay for HDTe-

271 (brown) again goes back to likely being a result of corrosion on the cathode side. 

If the CE of the HDTe-271 can be improved, it is already on par with LP57 based on 

the first cycle discharge capacity alone. Figure 53B shows the huge improvement 

offered by the carbon coating at 2.80V when the C-TNO (brown) is compared to the 

same system using uncoated TNO (black).  
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Figure 53: (A) HDTe-271 full cells with carbon coated anode at 2.45V (red), 2.60V (orange), 2.80V (brown), and 

2.90V (green) cutoff potentials with LP57 shown for reference at 2.80V (purple) and at 3.0V (blue) cutoffs. (B) 

Comparison of benefit of carbon coating the TNO anode in identical HDTe-271 cells (coated – brown, uncoated – 

black). 

 With the optimized anode and cycling protocol used for all of the electrolyte 

classes, a tremendous improvement has been made over the base WIS21 electrolyte 

(Figure 54). Evolving from a pure aqueous electrolyte (red) to a hybrid electrolyte 

(green) was already a significant advancement for ALIBs, allowing for cycling in 

previously unreached systems. When further modifications are done to push the 

electrolyte with the addition of the 1,4-dioxane diluent, the crucial CE is improved to 

create a highly competitive aqueous-based electrolyte.  
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Figure 54: (A) 2.8V cutoff potential cycling summary of the studied electrolytes on in C-TNO vs LMO full cells. 

(B) CE for 2.8V electrolyte summary. (C) Enlargement of CE plot to highlight improvements. 
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Chapter 5:  Summary and Future Directions 

5.1 Project Summaries 

5.1.1 Gel Polymer Electrolyte 

 This project demonstrated the ability to create a mechanically robust GPE to 

allow for the development of flexible ALIBs. Since the GPE was chemically 

crosslinked, it removed the need for an additional separator. The 3V system of LTO 

vs. LMO laid the foundation for the development of the GPE and allowed for the 

limits to be further pushed to develop the GPL and enable 4V flexible ALIBs. In 

addition to the practical engineering of the 4V GPE battery, TCA was conducted on a 

model GPE electrolyte to provide a deeper understanding of the changes that occur 

upon UV polymerization of GPEs at various monomer fractions. This result is 

significant in helping to better characterize and design future iterations of GPEs. 

Another key result of this project, specifically the 4V project, was the scale-up to 

industry. Proving that real batteries can be fabricated with this advanced system to 

solve real-world problems. 

5.1.2 Electrolyte Modification 

 Following up on the groundbreaking advancements in the field of ALIB 

electrolyte design, a safer hybrid electrolyte was developed replacing flammable 

and/or toxic organic phases with a safer TEP solvent. Testing of the HTe-21 

electrolyte helped to highlight some of the challenges facing ALIBs in the attempt to 

increase the cell voltage and overall energy density of the battery. While great work 

has been done to improve low potential stability, major issues with electrolyte 
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stability both due to electrolyte decomposition and metal corrosion remain, as 

demonstrated through this research.  

 Continued innovation also led to the development of a new class of aqueous-

based electrolytes in the development of a localized highly concentrated hybrid 

aqueous/non-aqueous electrolyte, combing the benefits of all three contributing liquid 

components. This work helped to highlight how adjusting the solvation structure of 

the electrolyte and reducing reductive product solubility can be as important if not 

more important than providing new SEI components. These results suggest that the 

current SEI formed by aqueous electrolytes may be sufficient and other issues need to 

be addressed such as HER suppression, solvation control, SEI stability, safety, ionic 

conductivity, and cathode issues. 

5.1.3 Anode Modifications 

 Since the development of WIS, ALIBs have been primarily limited in pushing 

the limits by the lack of stable alternatives to LTO. This dissertation has demonstrated 

the first use of TNO in an aqueous electrolyte and demonstrated the ability to push 

the cell voltage beyond the previous 2.7V maximum with an LMO cathode. Coupling 

TNO with high-voltage cathodes like LNMO could potentially push ALIBs into 

3.5V-4.0V ranges with higher anode-specific capacities of over 225 mAh/g, 

providing energy densities that would begin to compete with organic systems.  

 In order to truly compete with the LP57 cells, the CE of ALIBs must be 

improved. As demonstrated through the use of a simple carbon coating, significant 

CE increases can be achieved through the modification of the anode surface. Using C-

TNO and HDTe-271, an impressive full cell system is shown, outputting over 185 
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mAh/g based on anode AM mass and a maximum cell voltage of 2.8V. Furthermore, 

with an impressive CE of >99.5%, stable cycling was observed up to 90 cycles with 

less than 8% capacity fade. Continued cycling is expected for many more cycles 

before the 80% capacity retention benchmark is expected to be hit. 

5.2 Future Directions for Aqueous Lithium-Ion Batteries 

 The results of this dissertation shed light on several key areas that need to be 

addressed for the future of ALIBs if there is any hope for them to find a role in the 

currently dominated organic LIB market. Herein, I will discuss additional topics for 

research and possible experimental designs to begin to investigate them. 

5.2.1 Protecting the Anode 

 While the diazonium grafting was unsuccessful in this work, further 

optimization and refinement of the grafting procedure can surely create a uniform and 

dense protective layer as has been demonstrated in other areas of diazonium grafting 

research. In assessing the effectiveness of the grafting, special care must also be given 

to the desired functionality of the surface and its ability to facilitate SEI growth and 

repair as well as compatibility with Li+ diffusion and electrolyte compatibility.  

 Optimization of the anode coatings can provide even further benefits for 

ALIBs. Even though the tested LiF-coated anode was not a success, incorporating 

more inorganic SEI components could be an effective way for preparing an SEI 

foundation and improving the first cycle CE. Previous studies[74] reported that other 

coatings, such as Al2O3, may be even more effective at suppressing the HER and 

could further improve the electrolyte stability of low and high cutoff potentials. 
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5.2.2 Stabilizing the Electrolyte 

 Much work has been done to expand the ESW of aqueous-based electrolytes 

to the point that they are now in the range of Li-Al alloy and closing in on graphite 

potentials. However, electrolyte decomposition still does occur in working full cells. 

With the theoretical ESW well expanded, more work can be devoted to expanding the 

practical window of aqueous electrolytes. Particularly at higher voltages where 

corrosion is a major concern. Al and SS corrosion have been overlooked issues in the 

field of ALIBs. When using LMO, it has often been assumed that there is no issue 

with corrosion, and only when pushing the cathode chemistry to LNMO potentials do 

researchers address the issue by using Ti foil. The use of Ti foil currently is a killing 

blow to any high-voltage cathode from a cost perspective for industry. Further studies 

should be devoted to looking for additives that can stabilize aqueous electrolytes 

against Al and/or SS or find an alternative cheap metal that is compatible at high 

potentials. Alternatively, using a Li salt that is less corrosive toward Al than LiTFSI 

could be another possibility. 

 To verify the true performance capabilities of new anodes and electrolytes, 

testing cells with LMO on Al, SS, and Ti foil can help to demonstrate how stable 

these new systems are at low potentials. Part of the lower CE could very well be due 

to corrosion on the cathode side and simply replacing the Al foil and SS casings with 

a more stable metal might allow for the current TNO/LMO system to match the LP57 

performance and reach 3V operating voltages. 

 As shown in the LSV of the HDTe-271, the TEP reduction at very low 

potentials may be a way to improve the SEI further with formation cycling. The cell 
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potential can be pushed on the first cycle or two to allow for TEP reduction before it 

is reduced to the practical limit for the electrode chemistry to gain additional benefit 

from the TEP phase in the electrolyte. 

5.2.3 Alternative Electrode Chemistries 

 While TNO has provided significant advances, there is the possibility that it 

may be contributing to premature electrolyte decomposition and limitation of the 

practical electrolyte ESW. Alternative niobate anodes should be explored in addition 

to PNO. Current literature searches suggest that the development of TNO and its 

derivates is an active field of research with studies looking into dopants, Ti 

replacement, and crystal structure modifications. With the ever-expanding ESW, 

looking to stabilize aqueous electrolytes with Li-Al alloy anodes or Si anodes could 

greatly improve the energy density of ALIBs. On the cathode side, finding more 

alternative cathodes with higher specific capacities can improve the pack-level energy 

density of ALIBs. Newer cathodes like lithium manganese iron phosphate (LMFP) 

could provide a moderate voltage cathode to replace LMO, and high voltage cathodes 

like lithium cobalt phosphate (LCP) can test the high voltage stability. 

5.2.4 Cheaper/Safer Alternatives 

 Safety and cost concerns are some of the most, if not the most, important 

considerations to take in the development of ALIB electrolytes. Current state-of-the-

art aqueous-based electrolytes walk a fine line in this area. The incorporation of 

components such as 1,4-dioxane and TMP can pose serious health concerns in the 

event of improper disposal of batteries and electrolyte precursors. Environmental 
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concerns are also important with the chemical stability of many of the components 

like the TFSI anion and 1,4-dioxane persisting for a long time if contamination 

occurs. 1,4-dioxane is even at times classified as a forever chemical due to the 

difficulty of removing it during water treatment processes. And on top of the health 

and environmental concerns, 1,4-dioxane turns the once non-flammable aqueous 

electrolyte into a highly flammable one. Due to the massive benefit offered by 

diluents, considerable research should be undertaken to find safer, non-flammable 

alternatives to 1,4-dioxane. A focus on the flammability issue should be of the utmost 

importance. Finding a fluorinated version of 1,4-dioxane or dioxane derivative might 

be one way to help with that, but care must be taken to ensure miscibility with water 

is not prevented as was a major issue demonstrated by the HFE diluent. 

5.2.5 Concluding Remarks 

 It is my firm belief that aqueous secondary batteries will play a crucial role in 

our future due to the high safety and cost savings potentials. With everything from 

our cars to our socks using rechargeable batteries, aqueous electrolytes have never 

been more needed. After 2015, the field of ALIBs took off with novel uses of WIS. 

Recently, research has begun to slow with many of the limitations of currently 

available systems being met and no suitable alternatives available to fall into the 

region of usability for aqueous-based electrolytes. I hope that the conclusions from 

my dissertation can help to reignite advancement in ALIBs. Through highlighting the 

overlooked high voltage corrosion to demonstrating a new class of diluent hybrid 

electrolyte and anode chemistry, I believe there are significant advances to be made in 
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the near future to allow for the development and industry acceptance of a competitive 

ALIB for a wide variety of applications.  
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