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Abstract 

The invention of Li-ion batteries (LIBs) marks a new era of energy storage and allows for the 

large-scale industrialization of electric vehicles. However, the flammable organic electrolyte in 

LIBs raises significant safety concerns and has resulted in numerous fires and explosion accidents. 

In the pursuit of more reliable and stable battery solutions, interests in aqueous batteries composed 

of high-energy cathodes and water-based electrolytes are surging. Limited by the narrow 

electrochemical stability window (ESW) of water, conventional aqueous batteries only achieve 

inferior energy densities. Current development mainly focuses on manipulating the properties of 

aqueous electrolytes through introducing excessive salts or secondary solvents, which enables an 

unprecedentedly broad ESW and more selections of electrode materials while also resulting in 

some compromises. On the other hand, the interaction between electrodes and aqueous electrolytes 

and associated electrode failure mechanism, as the key factors that govern cell performance, are 

of vital importance yet not fully understood. Owing to the high-temperature calcination synthesis, 

most electrode materials are intrinsically moisture-free and sensitive to the water-rich environment. 

Therefore, compared to the degradation behaviors in conventional LIBs, such as cracking and 

structure collapse, the electrode may suffer more severe damage during cycling and lead to rapid 

capacity decay. Herein, we adopted multi-scale characterization techniques to identify the failure 

modes at cathodeïelectrolyte interface and provide strategies for improving the cell capacity and 

life during prolonged cycling. 
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In Chapter 1, we first provide a background introduction of conventional non-aqueous and 

aqueous batteries. We then show the current development of modern aqueous batteries through 

electrolyte modification and their merits and drawbacks. Finally, we present typical electrode 

failure mechanism in non-aqueous electrolytes and discuss how water can further impact the 

degradation behaviors. 

In Chapter 2, we prepare three types of aqueous electrolytes and systematically evaluate the 

electrochemical performance of LiNi xMnyCo1-x-yO2, LiMn2O4 and LiFePO4 in the aqueous 

electrolytes. Combing surface- and bulk-sensitive techniques, we identify the roles played by 

surface exfoliation, structure degradation, transition metal dissolution and interface formation in 

terms of the capacity decay in different cathode materials. We also provide fundamental insights 

into the materials selection and electrolyte design in the aqueous batteries. 

In Chapter 3, we select LiMn2O4 as the material platform to study the transition metal 

dissolution behavior. Relying on the spatially resolved X-ray fluorescence microscopy, we 

discover a voltage-dependent Mn dissolution/redeposition (D/R) process during electrochemical 

cycling, which is confirmed to be related to the JahnïTeller distortion and surface reconstruction 

at different voltages. Inspired by the findings, we propose an approach to stabilize the material 

performance through coating sulfonated tetrafluoroethylene (i.e., Nafion) on the particle, which 

can regulate the proton diffusion and Mn dissolution behavior. Our study discovers the dynamic 

Mn D/R process and highlights the impact of coating strategy in the performance of aqueous 

batteries. 

In Chapter 4, we investigate the diffusion layer formed by transition metals at the electrodeï

electrolyte interface. With the help of customized cells and XFM technique, we successfully track 

the spatiotemporal evolution of the diffusion layer during soaking and electrochemical cycling. 
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The thickness of diffusion layer is determined to be at micron level, which can be readily 

diminished when gas is generated on the electrode surface. Our approach can be further expanded 

to study the phase transformation and particle agglomeration at the interfacial region and provide 

insights into the reactive complexes. 

In Chapter 5, we reveal the correlation between the electrolytic water decomposition and ion 

intercalation behaviors in aqueous batteries. In the Na-deficient system, we discover that 

overcharging in the formation process can introduce more cyclable Na ions into the full cell and 

allows for a boosted performance from 58 mAh/g to 124 mAh/g. The mechanism can be attributed 

to the water oxidation on the cathode and Na-ion intercalation on the anode when the charging 

voltage exceeds the normal oxidation potential of cathode. We emphasize the importance of unique 

formation process in terms of the cell performance and cycle life of aqueous batteries. 

In Chapter 6, we summarize the results of our work and propose perspectives of future 

research directions. 
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General Audience Abstract 

Li -ion batteries (LIBs) have dominated the market for portable devices and electric vehicles 

owing to their high energy density and good cycle life. However, frequent battery explosion 

accidents have raised significant safety concerns for all customers. The root cause can be attributed 

to the flammable organic electrolytes in conventional LIBs. To address this issue, aqueous batteries 

based on water-rich electrolytes attract intensive attention recently. Recent research progress has 

dramatically improved the energy density of aqueous batteries dramatically by modifying the 

properties of electrolytes. However, most electrode materials are incompatible with water, leading 

to severe side reactions and an unstable cycle life. Therefore, understanding the failure mechanism 

of electrode materials in the presence of water is crucial while not fully studied yet. Our projects 

systematically evaluate the degradation behavior of various electrodes in aqueous electrolytes and 

uncover the root cause of transition metal dissolution in the electrodes. Our studies shed light on 

improving battery capacity and cycle life through a specialized formation cycle and polymer 

coating process. Furthermore, we also provide new approaches to investigate the dynamic process 

occurring at electrodeïelectrolyte interface, which is applicable to other solidïliquid systems. In 

summary, our research reveals the correlation between the failure mechanism and the capacity 

decay in various electrode materials, proposing effective approaches to enhance the battery 

performance. 
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1.Introduction  

The demand for environmental protection has dramatically surged due to greenhouse gas 

emissions and climate change. A cleaner energy storage system that produces fewer carbon dioxide 

emissions while efficiently supplying energy to external devices is now imperative. Consequently, 

Lithium-ion batteries (LIBs), known for their green chemistry, high power/energy density, fast-

charging capabilities, and long cycle life, have progressively dominated the market for portable 

devices and electric vehicles (EVs) since their commercialization by SONY in 1991. In fact, the 

EV market size was valued at $384.65 billion globally in 2022 and is projected to grow to $500.48 

billion in 20231. The EV policy announced by the Biden Administration aims to have half of all 

new vehicles sold in the US by 2030 be zero-emission vehicles2. It can be anticipated that LIB will 

play a more significant role in the coming decades. Nevertheless, LIBs still grapple with serious 

safety issues, such as fire and explosion, as proved by numerous recent accidents3. The root cause 

can be attributed to the toxic and flammable organic electrolytes in the traditional LIB, which is 

sensitive to high thermal energy and can easily ignite4,5. As a result, replacing these vulnerable 

organic solvents with non-flammable components is crucial to mitigate potential concerns and 

enhance safety.  
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1.1 Li-ion Battery and Traditional Aqueous Battery 

1.1.1 Li-ion Battery Chemistry 

There are four essential components in a typical LIB: cathode, anode, electrolyte and separator.  

The cathode electrodes consist of active materials, usually transition metal oxides (TMO), 

conductive additives to enhance the electron conductivity in the electrodes, and polymeric binders 

that maintain electrode integrity by holding the materials together.  Similarly, the anode electrodes 

are comprised of active materials, typically graphite, along with binders. The electrolyte acts as a 

conductive agent facilitating the transport of Li ions. Depending on the solvents and dissolved Li 

salts, the stability and conductivity of electrolytes vary significantly. The presence of a separator 

prevents direct contact between cathode and anode materials. As shown in Figure 1, the Li ions 

are extracted from the cathode and intercalate into the anode during charging. The reverse process 

occurs during discharging, where Li ions move from the anode to the cathode6. The electrons in 

the outer circuit flow into the external devices to provide power.  
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Figure 1. Schematic illustration of LIB working principle. Reproduced from Ref. 6. Copyright 

2013, American Chemical Society. 

1.1.2. Traditional Aqueous Battery 

Developing aqueous batteries containing water-based electrolytes is an appealing approach 

due to their potential for better thermal resistance and lower cost7ï10. In fact, the oldest 

rechargeable battery, the Lead-Acid battery (LAB), has already embraced this concept since 1859 

and is extensively employed for power backup in various industrial applications11. The LAB 

employs PbO2/Pb as electrode materials, with a PbO2/PbSO4 redox reaction occurring on the 

cathode side and PbSO4/Pb redox reaction on anode side. As a well-established system, the LAB 

market size was valued at US $58.95 billion in 201912, and the techno-economic analysis (TEA) 

estimates the cost of energy for LAB to be 0.16~0.86 $/kWh13. However, the use of toxic cathode 

active materials and highly corrosive acidic electrolytes in LAB is environmentally unfriendly. 

Additionally, replacements are required every 4~5 years, which elevates the lifetime cost 

substantially. Furthermore, Ni-based batteries (Ni-Cd and Ni-Fe) utilizing alkaline electrolytes and 
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relying on the redox reactions of NiO(OH)/Ni(OH)2 offer higher energy density than LAB14,15. 

However, the practical concerns such as toxic raw materials, severe self-discharging issue and the 

ñmemory effectò hinder their large-scale application16,17. Therefore, traditional aqueous batteries 

do not meet all requirements and necessitate further enhancements.  

 

1.2 Modern Aqueous Battery (MAB) 

Compared to the traditional aqueous battery, modern aqueous batteries have made significant 

progress in two key aspects: (i) achieving high energy-density and (ii) utilizing less-corrosive and 

electrochemically stable electrolytes10,18. Depending on the electrode chemistry, the redox 

mechanism for different MAB can be categorized to three main types: insertion, conversion and 

deposition (Figure 2)9,18ï20.  

In an insertion reaction, the electrodes can accommodate various charge compensators (Li+, 

Na+, K+é) through intercalation/deintercalation process while maintaining the crystal structure 

non-interrupted. Conversely, the realization of conversion reaction relies on the crystal 

reconstruction upon cycling, often resulting in substantial lattice strain, structure collapse, and 

consequently, a shorted battery lifetime span. Deposition reactions involve the dissolution and 

deposition of metal ions on the electrode surface and are primarily studied in the Zn/Zn2+ aqueous 

batteries21,22. Among all three types of reaction mechanisms, insertion chemistry has been 

extensively investigated and adopted in many battery technologies. Therefore, our research mainly 

focuses on this area.  
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Figure 2. Schematic illustration of (a) insertation reaction; (b) conversion reaction and (c) 

deposition reactions in MABs. Reproduced from Ref. 18. Copyright 2023, Springer Nature. 

While MAB are in the early stage of the development for industrial application, it is 

anticipated that they will play an important role in large-scale grid and other portable devices23. 

However, the limitation arising from water decomposition significantly hampers the rapid growth 

of MAB fields24. According to the Pourbaix diagram (Figure 3), the electrochemical stability 

window (ESW) of water is only approximately ~1.23 V25, which is considerably smaller than non-

aqueous electrolytes in LIB (~3.3-3.9 V). Therefore, when the voltage exceeds the upper limit of 

ESW, water undergoes oxidation, leading to the oxygen evolution reaction (OER). Similarly, if 

the voltage is below the lower limit, water experiences reduction, triggering the hydrogen 

evolution reaction (HER). Since O2 and H2 are highly active species under the electric field, they 

can react with electrode materials and result in irreversible capacity loss. Hence, the working 

voltage window is constrained by this narrow ESW, significantly diminishing the energy density. 

Moreover, the redox potentials of many cathode materials do not fall within the ESW of water26, 

thereby limiting the choice of electrode resources. To overcome this challenge, researchers are 

dedicating extensive efforts to expanding the ESW of aqueous electrolytes so that different 

materials can be accommodated26ï29.  
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Figure 3. The Pourbaix diagram of water, where oxygen evolution reaction and hydrogen 

evolution reaction occur at high voltage and low voltage, respectively. Reproduced from Ref. 25. 

Copyright 2021, Royal Society of Chemistry 

1.2.1 Concentrated electrolyte 

In the traditional diluted aqueous electrolytes, the cations and anions of the salts are 

completely solvated in the electrolyte and surrounded an abundance of free water molecules27. The 

primary energy barriers to decompose the water are the breaking of the polarized O-H bonds within 

free water molecules and the hydrogen bonds between adjacent water molecules. Conversely, in 

the concentrated electrolytes where the dissolved salts significantly outweigh the solvents, most 

water molecules participate in the formation of ion solvation shells27,30. The weak hydrogen bonds 

are substituted by strong electrostatic force between water and ions. As a result, this enhances the 

electrochemical stability of water and allows for the expansion of the ESW of aqueous electrolytes.  
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Inspried by this strategy, Wangôs group devised a ñwater-in-saltò (WIS) electrolyte, which 

incorporates 21 mol/kg lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) (14.2 wt% of water), 

enhancing the electrolyte stability. As illustrated in Figure 4, in diluted ñsalt-in-waterò electrolytes, 

Li ions are fully hydrated. The primary and secondary solvation sheaths of Li ions consist of four 

water molecules each, with an ample supply of free water molecules available for decomposition 

during electrochemical cycling. However, when the concentration reaches 21 mol/kg, only about 

~2.5 water molecules are present in the first solvation sheath, and no free water molecules can be 

observed in the system. This passivation approach shifts the HER potential from 2.63 V to 1.90 V 

(vs. Li/Li+) and extends the ESW to up to 3.0 V27. Utilizing this advanced electrolyte, 

LiMn 2O4/Mo6S8 full cells achieve an energy density of 84 Wh/kg at 0.15 C (1 C indicates the 

battery is charged to 100% state in one hour) with nearly 100% coulombic efficiency.  

 

Figure 4. Illustration of primary Li+ solvation sheath in diluted "salt-in-water" electrolyte and 

concentrated "water-in-salt" electrolyte. Reproduced from Ref. 27 with permission. Copyright 

2015, Science. 

LiCl and LiNO3 demonstrate similar functions to LiTFSI31,32. Subsquent studies indicate that 

introducing a second fluorinated Li salts, such as lithium trifluoromethane sulfonate (LiOTf), can 
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further expand the ESW to over 3.0 V33. However, the excessive use of Li salt imposes significant 

cost pressures on materials, which will be discussed in the following section. 

1.2.2. Co-solvent electrolyte 

In addition to ultra-high concentration electrolytes, researchers have discovered that mixing 

organic compounds with a high ratio of O and N atoms with water and primary Li salts can 

effectively disrupt the hydrogen bonding structure of water. When the weight ratio of organic 

compounds is sufficiently high (50ï90 wt%), it diminishes the characteristic vibration and reaction 

activity of water. These organic components include polymers such as polyacrylic acid, small 

organic molecules such as sugar, and organic solvents such as polyethylene glycol (PEG)34ï39. This 

method can be considered an alternative approach to reduce free water content.  

The ñmolecular-crowdingò electrolyte is one of the examples in this category40. Xie et al. 

introduces PEG 400 into the water at a weight ratio of 94:6. Compared to the oxygen atom in water 

molecule, the ethereal oxygen atom in PEG has a higher electron negative density, which gives 

rise to a weaker O-H bond between water-PEG while enhancing the strength of covalent H-O bond 

of water-water, as proved by the blue-shift of H-O oscillation in Figure 5. Therefore, this 

electrolyte enables a broad ESW of 3.2 V with a low salt concentration (2 M LiTFSI). The 

Li 4Ti5O12/LiMn2O4 aqueous full cell achieves an initial energy density of 110 Wh/kg at 1C with a 

stable cycle life.  
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Figure 5. Normalized FTIR results of a series of 2 molar LiTFSI-xPEG-(1-x) H2O aqueous 

electrolytes. Reproduced from Ref. 26. Copyright 2020, Springer Nature. 

Furthermore, in non-aqueous batteries, the electrolyte will react with electrode surface during 

the first charging process and generate a thin layer, known as solidïelectrolyte interphase (SEI) 

located on the anode surface41. The SEI is ionically conductive but electronically non-conductive, 

which prevents further side reactions between electrode and electrolytes in the following cycles. 

As an essential component in the batteries to maintain the stable performance and high efficiency, 

the SEI typically consists of various inorganic compounds, such as lithium carbonate (Li2CO3), 

lithium fluoride (LiF) and lithium oxide (Li2O)42. However, these compounds are soluble in water, 

making it challenging to form SEI in a typical aqueous environment, consequently hindering the 

achievement of a stable cycle life.  

On the contrary, in the recently developed aqueous system, the free water content is negligible, 

and the electrochemical stability of water is greatly enhanced. Excessive Li salt in concentrated 

electrolytes and organic components in co-solvent electrolytes can act as the primary source to 

generate SEI. For instance, LiF, resulting from the reduction reaction of LiTFSI in WIS electrolyte, 

can be detected on the Mo6S8 anode surface after cycling because there is no free water available 

for the solvation process of LiF27. Similarly, reaction products (RCH2OLi, R indicates alkyl groups) 
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originating from tetraethylene glycol dimethyl ether (TEGDME) solvent in the ñether-in-waterò 

electrolyte appear on the Li4Ti5O12 surface, supporting the realization of long-term cycling29.  

In summary, the breakthrough of MABs mainly focuses on manipulating the solvation 

structure of Li salts and the neighboring environment of water molecules. Both strategies 

mentioned above minimize the content of free water and broaden the ESW of aqueous electrolytes 

significantly. The reduced solubility of SEI under these conditions is beneficial for achieving a 

stable cycle life.  

1.3. Merits and limitation of MAB  

MAB are viewed as promising alternatives to traditional rechargeable batteries owing to their 

intrinsic non-flammable nature, cost-effectiveness, and fast transportation kinetics. However, 

some of the merits are conditional and not guaranteed based on current progress. 

1.3.1. Safety 

High safety and good reliability are the most attractive factors of MABs. There is no doubt 

that the elimination of flammable organic solvents can mitigate safety issues. However, faulty 

operations, such as overcharging, may still cause the failure or even explosion of MABs43. In fact, 

to maximize the operation voltage window and energy density of MABs, slight overcharging is 

often adopted. A small amount of oxygen will be generated on the cathode surface at high charging 

voltage, which can diffuse toward the anode surface upon discharging and then be reduced to water 

(Figure 6). This process, known as ñoxygen cycleò, does not result in the water loss, and any mild 

pH change near the electrode surface can be buffered by the highly acidic or alkaline 

electrolytes44,45.  

 



11 
 

 
 

Figure 6. The oxygen cycle in aqueous electrolytes with different pH environment, showing that 

oxygen is generated on the cathode surface upon charging and get consumed on the anode surface 

upon discharging. Reproduced from Ref. 18. Copyright 2023, Springer Nature. 

When the reversible ñoxygen cycleò is interrupted, the oxygen will gradually accumulate in 

the system, leading to the surge of internal pressure, ultimately resulting in an explosion. For 

example, Prussian Blue Analogues (PBA) made of metal hexacyanoferrates are widely applied in 

proton or sodium aqueous batteries owing to their easy preparation, high conductivity, and strong 

stability against water46. On the other hand, PBA are great catalysts for water splitting because of 

low overpotential and high current density47. Hence, when PBA are used as the cathodes in MABs, 

OER can readily occur at relatively low charging voltage. The prominent side reaction gives rise 

to substantial oxygen enriched on the electrode surface, which is hard to be completely consumed 

during discharge. Furthermore, the great fluctuation of pH near cathodes cannot be ignored and is 

detrimental to the materialsô structure. Therefore, MABs do not possess absolute safety, and proper 

management is still essential to maintain a stable system. 
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1.3.2. Low cost 

Owing to the cheap raw material and less requirements for manufacturing, low cost is regarded 

as a primary advantage of MAB over other traditional LIBs. Indeed, compared to the price of 

typical electrolytes (~$1277/kg for 1 M LiPF6 in ethylene carbonate (EC) and dimethyl carbonate 

(DMC) at a volume ratio 1:1, based on the price at Sigma-Aldrich) in LIBs, replacing the organic 

solvents with water can substantially reduce the cost. Meanwhile, the open-air cell assembly 

process of MAB can eliminate the use of glovebox and dry room, effectively reducing the 

equipment and utility expenses. The inherent non-flammable nature of MABs also decreases the 

budget associated with battery protection and management system.  

However, this advantage is not always absolute, especially given the current aqueous systems. 

As mentioned in the previous section, a considerable amount of salt is added to the WIS 

electrolytes. Take LiTFSI as an example, the cost of 21 molal LiTFSI can reach approximately 

~$3289/kg (Sigma-Aldrich), which is twice as high as non-aqueous electrolytes, not to mention 

other dual salt electrolytes.  Aside from the raw materialsô cost, advanced cathodes are desired to 

fabricate MAB with high output energy density. These cathodes, such as LiMn2O4 (LMO) and 

LiNi xMnyCo1-x-yO2 (NMC), are sensitive to oxygen level and moisture and have stringent 

requirements on the assembling process, which raises the capital cost of manufacturing48. Lastly, 

the relatively shorter cycle life of MAB than LIBs may incur higher cost for follow-up service and 

maintenance. Overall, despite the belief that several factors contribute to reducing the capital cost 

of MABs, the current state of development falls short of expectations. Further research and 

investigation are imperative to advance this field. 
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1.3.3 Fast kinetics 

The Li-ion transportation kinetics in aqueous electrolytes is typically higher than in non-

aqueous electrolytes (~0.01 S/cm) due to the low viscosity and high disassociation ability of water. 

Depending on the conductive salts and the pH environment, the Li-ion conductivity of MABs 

ranges from ~0.06 to ~0.6 S/cm49,50. Such kinetics allows for promising fast-charging capability, 

marking another advantageous feature of MABs. Some studies have reported that a full 100% 

capacity charge only takes around thirty seconds51,52, far surpassing the upper limit of non-aqueous 

LIBs. Nevertheless, given the fact that the performance of most MABs is demonstrated at coin-

cell level, extensive efforts are required to scale up (prismatic or cylindrical cell) so that MABs 

can be practically applied in real life. Moreover, achieving fast charging necessitates compatible 

electrolytes and electrodes. Many popular cathode materials do not support rapid ion 

intercalation/deintercalation process owing to the limited Li diffusion channel in the lattice, 

making them unsuitable candidates for fast-charging purpose53.  Exploring more viable materials 

and developing a cost-effective approach for large-scale synthesis are the key requirements to fully 

leverage the fast kinetics and address the existing gap in the market. 

1.3.4. Limited choices of anode materials 

In addition to cathode materials, the types of anode materials profoundly impacts Li 

stripping/plating efficiency and the electrode configuration, such as mass loading and thickness54,55. 

Graphite is commonly used in current commercialized LIBs due to low discharge voltage, facile 

synthesis and stable lattice to accommodate Li ions56. To optimize energy density, silicon anode, 

which has a theoretical capacity of 2100 mAh/g, attracts much attention and has been mixed with 

graphite to prepare the Graphite/Si anode (Si: < 15 wt%)57. With the advent of solid-state 

electrolytes in the market, Li metal, offering high energy density yet is rarely applied in the 
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traditional LIBs because of the high risky for catching fire, is proposed to serve as the anode in 

non-flammable solid-state batteries57. Although there are some commercialized anode materials 

available for battery use, none of them can be selected in the aqueous batteries. Matching graphite 

or silicon anode with high energy cathodes results in a wide voltage range that exceeds the ESW 

of aqueous electrolytes and inevitably cause water decomposition58. On the other contrary, Li 

metal reacts vigorously with water and generates lithium hydroxide and flammable hydrogen gas, 

excluding its application in MABs. Therefore, looking for new anode materials that have higher 

discharge voltage and inertness to water is an urgent task in the field.   

In conclusion, since the research of MABs is in its early stage and has not yet matured, some 

advantages are not well aligned between the expectation and current progress. However, it is 

foreseeable that MABs will make profound impacts in our daily lives once more time and efforts 

are dedicated to furthering this investigation. 

1.4. Failure mechanism of electrodes in MABs 

Electrode failure stands as a prevalent degradation mechanism across all rechargeable 

batteries. According to previous reports, the electrode materials suffer from structural degradation 

and chemo-mechanical breakdown after cycling in non-aqueous LIBs59. In contrast, within the 

realm of MABs, most research concentrates on the modification of electrolyte properties while 

overlooking the electrodeïelectrolyte interaction and degradation behavior of electrodes. Many 

high-energy cathode materials are sensitive to water-rich solution and prone to encountering more 

severe failure modes, which leads to a compromised cycle life. Since there is a lack of study 

regarding how electrodes degrade in aqueous electrolytes, herein we delineate the typical failure 

modes of electrodes in non-aqueous electrolytes and discuss how water might potentially 

exacerbate the decay. 
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1.4.1. Structure collapse 

Ni-rich transition metal oxides (NMC) are promising intercalation-type cathode active 

materials and have been widely commercialized in the market owing their high energy density, 

good conductivity, and controllable large-scale synthesis60. As the redox-active species, Ni 

undergoes two subsequent oxidation processes (Ni2+ to Ni3+ and Ni3+ to Ni4+) during charging and 

delivers high capacity. However, as Ni2+ and Li+ have similar ionic radii (0.69 Å vs. 0.76 Å) and 

bonding environments, Ni2+ can migrate to the Li+ sites over prolonged electrochemical cycling 

and generate Li/Ni antisite defects61. Such cation mixing results in the phase transformation on the 

particle surface from original layered structure to electrochemical-inactive rocksalt structure 

(Figure 7), detrimentally affecting the battery performance62. Moreover, Ni4+ in highly charged 

materials is a strong oxidizing agent and reacts readily with electrolytes, releasing the lattice 

oxygen and consuming conductive salts63. It is expected that in aqueous electrolytes, there will be 

more oxygen accumulated on the electrode surface because of the synergetic effect of high 

charging voltage and presence of Ni4+ species, disrupting the oxygen cycle and rendering the 

system more fragile. Furthermore, water can react with cathodes and dissolved CO2 to form 

carbonates and hydroxides, hindering facile Li-ion transport. Therefore, the structure collapse of 

electrode materials plays a significant role in MABs. 
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Figure 7. STEM-HAADF images of NMC811 after 100 cycles with an upper cutoff voltage at 4.5 

V, which demonstrates a rocksalt-to-layered structural transformation from surface to bulk. 

Reproduced from Ref. 62. Copyright 2018, Elsevier. 

1.4.2 Transition metal dissolution 

Thought the cycling process, all transition metal (TM) atoms are supposed to stably reside in 

their respective lattice sites. However, most TMs are prone to get dissolved in the electrolyte, 

migrate through the electrolyte driven by the concentration gradient, and finally deposit on the 

anode surface (Figure 8)64. This phenomenon causes the loss of active materials in the cathode 

and increased impedance of the anode. Take spinel LMO as an example, the redox reaction of 

Mn3+/Mn4+ contributes to the capacity while the Mn dissolution is observed in the system65. The 

underlying mechanism is associated with the JahnïTeller (JïT) active Mn3+ species65. The JïT 

effect describes a spontaneous distortion phenomenon that will remove the degeneracy and lower 

the symmetry when an odd number of electrons occupy the TM eg orbital in the octahedral ligand 

field. The disproportionation reaction of Mn3+ (high spin, t2g
3eg

1) occurs in the presence of protons 

and generate Mn2+ and Mn4+ species, where Mn2+ can be readily dissolved due to the weak Mn-O 

chemical bond66. In non-aqueous electrolytes, a trace amount of protons may result from 



17 
 

electrolyte decomposition after long-time aging or high-voltage charging67. However, protons are 

more abundant in aqueous electrolytes, leading to more pronounced Mn dissolution and less stable 

performance. Similarly, Ni3+ (low spin, t2g
6eg

1) in NMC materials is also a JïT active species and 

suffers from dissolution when Arrhenius H3O+ or Brønsted H+ acid is present in the electrolytes. 

Additionally, to maintain the charge neutrality due to oxygen release during high voltage charging, 

Ni  cations carrying positive charges dissolve into the electrolyte. Higher TM contents in the 

materials inevitably result in more severe TM dissolution, accounting for one of the major reasons 

for capacity degradation. 

 

 
Figure 8. Schematic illustration of transition metal (Mn as an example) dissolution-migration-

deposition pathway during electrochemical cycling. Reproduced from Ref. 64. Copyright 2018, 

Royal Society of Chemistry. 

1.4.3 Mechanical breakdown  

Upon chargeïdischarge process, electrode lattice undergoes expansion and contraction to 

accommodate the insertion and extraction of ions (such as Li+ and Na+), which is known as the 

ñelectrode swellingò phenomenon68. In the secondary particle (~10 mm) that is composed of many 
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small primary particles (~50 nm), anisotropic volume change occurs owing to the different 

orientation of primary particles59. Consequently, strain-induced crack formation can be observed 

in cycled electrodes. As one of the major degradation mechanisms, intergranular cracks can result 

in: (1) poor grain-to-grain contact and compromised electrical conductivity; (2) aggravated side 

reactions between electrode and electrolytes owing to the freshly exposed particle surface. Higher 

current density can cause a more heterogeneous strain distribution and facilitate capacity loss69,70. 

Since aqueous batteries are capable of fast charging and allow for a high current rate up to 100C, 

more intergranular and intragranular cracks may form and therefore deteriorate the performance 

dramatically. 

To date, despite researchers having made great progress in manipulating the properties of 

aqueous electrolytes and constructing high-performance MABs, the impact of aqueous solution on 

electrode performance and corresponding interfacial degradation behaviors remain not fully 

understood. Our work focuses on exploring the major degradation mechanism at cathodeï

electrolyte interface and potential approaches to improve cycling stability. 
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2.1. Abstract 

Aqueous Li-ion batteries (ALIBs) are an important class of battery chemistries owing to the 

intrinsic non-flammability of aqueous electrolytes. However, water is detrimental to most 

cathode materials and could result in rapid cell failure. Thus, identifying the degradation 

mechanisms and evaluating the pros and cons of different cathode materials are crucial to guide 

the materials selection and maximize their electrochemical performance in ALIBs. In this study, 

we investigate the stability of LiFePO4 (LFP), LiMn2O4 (LMO) and LiNi0.8Mn0.1Co0.1O2 (NMC) 

cathodes in three different aqueous electrolytes, i.e., salt-in-water, water-in-salt, and molecular 

crowding electrolytes. We investigate the changes of these cathode materials from the surface to 

the bulk upon cycling in different aqueous electrolytes and analyze their prospects in ALIBs. 

LFP exhibits the best cycle life owing to stable structure but superior energy density. Although 

LMO and NMC deliver relatively higher energy density than LFP, Mn dissolution and surface 

reduction accelerate the capacity decay of LMO while bulk structural collapse lead to the 

degradation of NMC cathodes in diluted aqueous electrolytes. Nevertheless, LMO demonstrates 

more improved performance than NMC in water-deficient aqueous electrolytes. Overall, LFP 

and LMO are promising cathodes in aqueous batteries. None of the aqueous electrolytes studied 

here provide enough battery performance that can compete with conventional non-aqueous 

electrolytes. More extensive studies are needed to facilitate the development of aqueous batteries 

for practical applications, especially with focuses on the tradeoff between performance, cost of 

manufacturing, and safety. This work reveals the degradation mechanisms of olivine, spinel, and 

layered cathodes in different aqueous electrolytes and yields insights into improving electrode 

materials and electrolytes for ALIBs. 
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2.2. Introduction 

The exploration of renewable energies and development of energy storage technologies are 

in great demand, of which Li-ion batteries (LIBs) attract much attention owing to their high 

energy density.1ï3 However, the intrinsic flammability of organic electrolytes leads to severe 

safety concerns in conventional LIBs,4,5 as evidenced by fire accidents of electric vehicles and 

consumer electronics. Aqueous Li-ion batteries (ALIBs) are regarded as an alternative approach 

to tackle the safety issue.6,7 However, the narrow electrochemical stability window (ESW) of 

water (1.23 V) significantly limits the choice of electrode materials and the output energy 

densities of ALIBs. Since Dahnôs group developed the ALIBs in 1994,8 significant progress has 

been made to develop novel aqueous electrolytes with wide ESWs and investigating the 

electrochemical performance of different electrode materials.4 

Highly concentrated ñWater-in-saltò (WIS) electrolyte is one of the most interesting systems 

in aqueous electrolytes.9ï11 In WIS electrolyte, most water molecules are expected to participate 

in the construction of solvation shells and interact with the charged cations or anions through 

electrostatic force, significantly reducing the reactivity of water molecules and expanding the 

ESW of aqueous electrolytes.12ï14 Wangôs group developed a 21 molal lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) aqueous electrolyte, which successfully enlarges 

the ESW to 2.8 V and realizes stable cycling of a 2.3 V LiMn2O4/Mo6S8 ASIB over 100 times at 

low current density (0.15 C).9 Since then, various Li salts with high solubility in water have been 

examined to enrich the library of the WIS electrolytes, including but not limited to LiCl,15 and 

LiNO3
16. Follow-up studies showed that bi-salt WIS electrolytes can further expand the ESW to 

3.1 V,7 approaching that of the commercial non-aqueous electrolyte. However, the high cost 

associated with excessive salts has impeded the large-scale applications of WIS electrolytes.11 
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Molecular-crowding (MC) electrolyte is another family of aqueous electrolytes, although 

they can contain substantial amounts of organic molecules. MC electrolytes usually have less 

amounts of salts.17 The co-solvent including water and MC agents (macromolecules) is used in 

MC electrolytes, where the water solvation environment is regulated by MC agents through the 

construction of strong hydrogen bonding network.17,18 Confining water in a polyethylene glycol 

(PEG) agent has been shown to be capable of suppressing the hydrogen evolution reaction and 

enlarging the ESW to 3.2 V.17  The modification of functional groups of MC agents can further 

tune the viscosity of MC aqueous electrolytes and modulate the rate capability of batteries where 

MC electrolytes are used. 19 

Although both electrolyte systems show potential for applications, a comprehensive study is 

needed to demonstrate how different cathodes behave in these electrolytes, including the 

electrochemical performance, surface and bulk structural changes of cathode materials, and 

transition-metal (TM) dissolution, which can serve as a reference to identify the most compatible 

cathode-electrolyte system and inform the advantages and disadvantages of different electrolytes. 

Herein, we select LiFePO4 (LFP), LiMn2O4 (LMO), and LiNi0.8Mn0.1Co0.1O2 (NMC) as the 

model materials to represent the most classical olivine, spinel, and layered crystal structures and 

to directly compare their behaviors in aqueous electrolytes. For the aqueous electrolytes, we 

prepare 2 M lithium LiTFSI electrolyte (ñsalt-in-waterò, SIW), 21 m LiTFSI electrolyte (WIS), 

and 2 M LiTFSI-94% polyethylene glycol (PEG) 400-6%H2O electrolyte (MC) for our cross-

comparison experiments. The results show that LFP is the most stable cathode in all electrolytes 

with minor Fe dissolution and the longest cycle life, but the output energy density is the 

bottleneck owing to the low average discharge potential. LMO and NMC deliver relatively 

higher energy densities, but both cathodes show faster capacity decay than LFP materials. Mn 
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dissolution and surface reconstruction are the dominant degradation mechanisms in LMO 

cathodes. The water-induced structural collapse leads to rapid failure of NMC materials. 

Reducing the water content in aqueous electrolytes can notably improve the performance of 

LMO. Nevertheless, more efforts are desired to elevate the energy density and lower the cost in 

order to accelerate its practical application.   
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2.3. Results and Discussion 

2.3.1. Morphology Stability  

The soaking experiments are first conducted to evaluate the intrinsic stability of cathode materials 

in various electrolytes (Figure 1). LFP shows great storage stability in different electrolytes 

without significant morphology change (Figure 1a-1d). Although LMO remains stable in WIS 

and MC electrolytes (Figure 1g-1h), it suffers severe morphology change in the SIW electrolyte 

(Figure 1f), where the particle surface becomes fluffy. On the other hand, NMC exhibits some 

degree of exfoliation on the surface, especially in the WIS electrolyte (Figure 1k), which is likely 

associated with metal dissolution and hydration of the particle surface. The results suggest that 

LMO and NMC are more susceptible to water damage, and morphology change could occur even 

in the water-deficient aqueous electrolytes. Noted that there could be nanoscale changes that go 

beyond the detection limit of SEM and can influence battery performance.  

 

Figure 1. The surface morphology of particles in (a) ï (d) LFP, (e) ï (h) LMO and (i) ï (l) NMC 

cathodes at the pristine state and after soaking in different electrolytes for three days. The 
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electrodes were rinsed with dimethoxyethane (DME) and dried in a vacuum oven prior to SEM 

imaging.  

 

2.3.2. Electrochemical Performance of Different Cathodes 

To accurately analyze the cathode performance and exclude the potential effect of the anode, the 

symmetric-cell configuration is adopted for the electrochemical measurements. The delithiated 

cathodes are collected from full cells after the charging process (Figure S1) and are then paired 

with pristine cathodes to assemble symmetric cells. Based on the coulometry, 100% and 70% Li 

ions are extracted from LFP and LMO. To avoid the potential side reactions at high voltage, the 

NMC cathode is partially charged to 50% Li-ion extraction. The high water content in SIW 

electrolytes causes water co-intercalation and poor Li+ intercalation/deintercalation efficiency, 

leading to rapid failure of all cells (Figure S2). LFP shows reasonably good capacity retention and 

coulombic efficiency (~99.6%) in WIS and MC electrolytes (Figure 2a-2b, Figure 3a-3b), of 

which MC electrolyte enables a higher specific capacity.  
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Figure 2. Electrochemical performance of (a) ï (b) LFP, (c) ï (d) LMO and (e) ï (f) NMC 

symmetric cells in the WIS and MC electrolytes. The current density for all cells is 10 mA/g. The 

current density and specific capacity are calculated based on the mass of active materials in fully 

lithiated electrodes.  

LMO and NMC demonstrate a similar degree of rapid capacity degradation in the WIS and MC 

electrolytes (Figure 2c-2f, Figure 3c-3f) with a compromised coulombic efficiency (~99.0%). 

Considering that NMC exhibits more severe morphological change than LMO in the soaking 

experiments (Figure 1), one would think that NMC would be less stable than LMO.  However, 

Figure 2 and Figure 3 show these two materials have similar fading behaviors. Therefore, there 

are other factors beyond the surface morphological changes that influence cycling stability. We 

then performed more extensive investigations into the degradation mechanisms.   

 

Figure 3. The coulombic efficiency and discharge capacity of (a)-(b) LFP, (c)-(d) LMO and (e)-

(f) NMC symmetric cells cycled in WIS and MC electrolytes within the first 15 cycles. The LFP 
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symmetric cells exhibit the best capacity retention and the highest average coulombic efficiency 

of ~99.8% compared to LMO and NMC. 

 

2.3.3. Transition-Metal Dissolution Behaviors 

Transition metal (TM) dissolution is analyzed by using X-ray fluorescence microscopy (XFM), 

which can provide quantitative information and spatial distribution of dissolved species.(Kuai et 

al., 2020; Mu et al., 2020; Rahman et al., 2019) After the initial three cycles, the symmetric cells 

are disassembled, and the separators are used for measurements and quantitative mn 

dissolutionanalysis of dissolved species.  

As shown in Figure 4a-4c, the Fe dissolution from LFP is negligible in all the electrolytes, 

confirming the excellent TM stability of LFP in the presence of water. In contrast, LMO shows 

severe Mn dissolution during cycling, especially in the SIW electrolyte. The redox-active Mn3+ is 

subject to the JahnïTeller distortion and prone to experience disproportion reactions, where the 

generated Mn2+ can be easily dissolved into the electrolyte.(Zhang et al., 2023) Moreover, the MC 

electrolyte induces a slightly higher amount of Mn dissolution than the WIS electrolyte for the 

LMO electrode (Table 1), which could originate from a higher content of Mn3+ on the surface after 

cycling in MC electrolytes and will be discussed in the later section. 

Although the Ni and Mn dissolution has been detected in NMC materials (Figure 4g-4i, Figure 

S3), the total quantity of dissolved species is lower than LMO (Table 1). The dissolved Ni/Mn 

mass ratio is calculated to be ~15.3 in the SIW electrolyte, corresponding to an atomic ratio of 

~14.3. Given that the Ni/Mn atomic ratio in pristine NMC is 8, Ni dissolution is more severe than 

Mn dissolution when NMC811 is cycled in the SIW electrolyte. The ratio is reduced to ~2.1 in the 

WIS electrolyte and ~2.2 in the MC electrolyte. Since the detected Mn concentration is at a similar 

level in all the electrolytes, the Ni dissolution is significantly inhibited when the content of free 
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water molecules is lowered in aqueous electrolytes. We can also observe that the TM prefers to 

deposit at the near-edge position over the center region, which could be associated with the 

heterogeneous current or pressure distribution.(Schwieters et al., 2018) 

 

Figure 4. XFM results of transition metal dissolution of (a)-(c) LFP, (d)-(f) LMO and (g)-(i) NMC 

in SIW, WIS and MC electrolytes after three cycles in the symmetric cell configuration. The 

current density for all symmetric cells is 10 mA/g. After cycling, the cells are disassembled, and 

the separators are used for the measurements. The white dash curves denote the edges of the 

electrodes.  

Table 1. Quantitative TM dissolution of different cathodes in aqueous electrolytes after three 

cycles in the symmetric cell configuration. Cells are disassembled after cycling, and separators are 

collected for the XFM measurements.  
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The differences in the dissolution behavior become more pronounced after extended cycles 

(Figure 5) for LMO, including more severe TM dissolution and edge-region accumulation. The 

total amount of dissolved Mn reaches ~10.8 µg/cm2 in the WIS electrolyte and ~20.1 µg/cm2 in 

the MC electrolyte (Table 2). In contrast, the dissolved TMs only slightly increase for LFP and 

NMC in both electrolytes. Therefore, although the morphology stability of LMO is better than 

layered NMC materials, TM dissolution likely plays a more important role in battery performance 

decay. 

 

Figure 5. XFM results of transition metal dissolution of (a)-(b) LFP, (c)-(d) LMO and (e)-(f) NMC 

in the WIS and MC electrolytes after extended cycling in the symmetric cell configuration (50 

cycles for LFP and 100 cycles for LMO and NMC). The separators in cycled cells are used for the 

measurements. The white dash curves indicate the edges of the electrodes. 
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Table 2. Quantitative TM dissolution of different cathodes after long-term cycling (50 cycles for 

LFP, 100 cycles for LMO and NMC) in WIS and MC electrolytes.  

 

 

2.3.4. Electrode Surface Properties 

Surface changes such as the formation of cathodeïelectrolyte interphase (CEI) and surface 

reconstruction during the cycling also influence the degradation and coulombic efficiency of the 

materials. Herein we select LMO as an example for the investigation. The surface chemical 

environments after cycling are measured by X-ray photoelectron spectroscopy (XPS). The SIW 

electrolyte is excluded from the measurements since the cells undergo immediate failure during 

cycling. At the pristine state, we can notice the existence of Li2CO3 on the surface based on the C 

1s and O 1s spectra (Figure 6), which originates from the side reaction between LMO, ambient 

CO2 and moisture.(Mu et al., 2020) The single peak in the F 1s spectrum is assigned to the CH2-

CF2 in the PVDF binder. After cycling in the WIS and MC electrolytes, the peak position and 

shape barely change in C 1s, O 1s and F 1s spectra, suggesting no obvious CEI formation on the 

cycled electrode surface. Although previous studies have reported the appearance of inorganic 

(LiF, Li 2CO3) and organic species derived from TFSI- decomposition on the cathode surface after 

cycling in these aqueous electrolytes,(Shang et al., 2020) we do not observe this phenomenon in 

our study. The reason could be that a longer time of cycling (>20 cycles) is necessary for the CEI 

formation in aqueous batteries.  
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Figure 6. XPS results of (a) C 1s, (b) O 1s, (c) F 1s, and (d) Mn 2p spectra of the pristine and 

cycled LMO electrodes in the WIS and MC electrolytes, where the black dash curves are the 

experimental data, and the red solid lines are the fitted data. The electrodes are collected after 2.5 

cycles. 

Furthermore, the fact that no additional peak appears in the XPS depth profiling of the LMO and 

LFP electrodes cycled in MC electrolytes (Figure 7, Figure S4) confirms that the CEI is not 

formed. The gradually increased LiF content in the F 1s spectra from the surface to sub-surface in 

all the cycled electrodes could originate from the PVDF decomposition under Ar+ 

sputtering.(Forsythe & Hill, 2000; Lyons, 1995; Morgan & Uthayasekaran, 2022)  

In the Mn 2p spectra, we can observe that the binding energy slightly shifts to a lower value and 

the Mn3+ content increases in the cycled electrodes (Figure 6), indicating a reduced surface layer, 

agreeing with previous reports and stemming from the potential formation of Mn3O4.(Tang et al., 

2014; Zhang et al., 2023) Since Mn3+ suffers from severe JahnïTeller distortion and is prone to 

dissolve into the electrolyte, the higher Mn3+ content of the LMO electrode cycled in the MC 

electrolyte is expected to trigger more severe Mn dissolution than that cycled in the WIS electrolyte, 

which is in line with our XFM results (Table 1 and Table 2).  
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Figure 7. XPS depth profiling of the cycled LMO cathode in the MC electrolyte, where the black 

dash curves are the experimental data, and the red solid lines are the fitted data. 

 

2.3.5. Bulk Structural Stability 

Finally, we examine the bulk structural changes of all the materials by using synchrotron X-ray 

diffraction (XRD). The electrodes are collected after five complete cycles. Figure 8a shows that 

the lattice structure of LFP is well-preserved in all the electrolytes and highlights the superiority 

of the olivine phase in aqueous systems.  

Although the spinel phase can be observed in the LMO electrode after cycling, the zoom-in region 

(Figure 8b) shows that the peak intensity is diminished, especially in the SIW and WIS electrolytes, 

implying that the crystallinity is decreased in the presence of water.  

Some characteristic peaks of NMC disappear, and the layered lattice structure collapses after 

cycling in the SIW electrolyte (Figure 8c). Considering the previous reports have shown that Ni-
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rich NMC materials experience negligible bulk structural change after soaking in the water for one 

week,(Wood et al., 2020) we believe the electrochemical reactions during cycling (e.g., water co-

intercalation) significantly interrupt the chemical environment in the lattice and degrade the entire 

structure. In contrast, although the surface exfoliation of NMC is observed (Figure 1k and 1l) in 

the WIS and MC electrolytes, the layered structure is well maintained after cycling in these two 

electrolytes owing to the reduced content and activity of free water molecules.  

To conclude, LFP shows the best structural compatibility with all of the aqueous electrolytes 

studied here, whereas LMO and NMC preserve the basic structural integrity in the WIS and MC 

electrolytes. 
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Figure 8. Synchrotron XRD patterns of (a) LFP, (b) LMO, and (c) NMC cathodes after five cycles 

in different electrolytes. The corresponding zoom-in regions of the patterns are shown to the right. 

The peaks labeled by asterisk symbol belong to Al foil current collector. 

 

2.3.6. Evaluation of Different Cathodes 

Combining the above results, we evaluate the performance of different cathode materials from five 

aspects and summarize the results in Figure 9. When high energy density is not strictly required 

in the application, LFP is the best choice owing to its excellent chemical and electrochemical 

stability against water. In comparison, LMO provides a comparable energy density with LFP but 

shows slightly reduced crystallinity and apparent Mn dissolution in these aqueous electrolytes. 

Given the higher working voltage and acceptable cycle life, LMO can be applied to high-voltage 

ALIBs to experimentally examine the enlarged ESW of novel aqueous electrolytes.  The layered 

oxides exhibit the worst cycle life and morphology integrity in these electrolytes, which calls for 

proper electrode modification and electrolyte design. 

 

Figure 9. Radar plot of the key factors that determine the performance of LFP, LMO and NMC in 

the aqueous electrolytes. The data points located in outer pentagon indicates higher ratings. 
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2.3.7. Full-Cell Performance 

To gain more insights into the impact of different aqueous electrolytes, we test the full cell 

performance using 3,4,9,10-perylenetetracarboxylic diimide (PTCDI) as the anode. As shown in 

Figure S5 and S6, compared to the WIS electrolytes, the LFP||PTCDI cells exhibit higher capacity 

retention within the initial 15 cycles when the MC electrolyte is used, which could originate from 

more reduced water activity in the MC electrolyte. The LFP||PTCDI full cell exhibits excellent 

initial specific capacity of 125 mAh/g with 79.4% capacity retention after 500 cycles and an 

average coulombic efficiency (CE) of 99.8% in the MC electrolyte (Figure 10a). To increase the 

capacity, the upper cutoff voltage of LMO||PTCDI full cell is elevated to 2.5 V. The full cell shows 

50.6% capacity retention after 500 cycles with an average CE of 99.2% (Figure 10b). However, 

owing to the sluggish kinetics in MC electrolytes, LMO||PTCDI cells experience a long activation 

period to reach the maximum capacity (Figure S5d and Figure 10b). Overall, the MC electrolyte 

enables better electrochemical performance than the WIS electrolyte under conditions applied in 

this study.  
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Figure 10. Long-term cycling performance of (a) LFP||PTCDI and (b) LMO||PTCDI full cells in 

the MC electrolyte. The red curve corresponds to coulombic efficiency variation while the blue 

curve indicates capacity variation. The current density is calculated based on the mass loading of 

active cathode materials. The voltage ranges are varied in order to maximize the cyclable capacity 

of LFP and LMO materials. 
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2.4. Conclusion 

Aqueous batteries attract intensive attention recently owing to the non-flammable nature of 

the electrolytes. However, the intrinsic narrow electrochemical ESW of water (1.23 V) 

significantly limits the choice of electrode materials and the output energy density.  Moreover, 

some cathode materials are incompatible with water, imposing great challenges to the large-scale 

application of aqueous batteries. Many efforts have been devoted to designing aqueous 

electrolytes to reduce the content of free water molecules and expand the ESW.  The WIS and 

MC electrolyte represent two of the major categories of aqueous electrolytes with over 3.0 V 

ESWs. Nevertheless, there is a lack of systematic study regarding how commercialized cathode 

materials behave in different aqueous electrolytes. Such a study would inform future electrode 

and electrolyte modifications.  

Herein, we select three electrolytes with different water contents (SIW, WIS and MC) as the 

platform to investigate the performance and degradation mechanisms of LFP, LMO and NMC. 

Combining the electrochemical measurements with XFM, XRD and XPS analyses, we show that 

LFP exhibits negligible Fe dissolution, and morphological and structural degradation during 

cycling resulting in the best cycle life.  LMO delivers higher energy density but undergoes the 

most severe Mn dissolution and surface reduction. Since LMO has higher average redox 

potentials than LFP, it is a good platform material to study the novel aqueous electrolytes with 

significantly expanded ESWs. The morphological and structural degradation are the biggest 

concerns for the application of layered oxide materials (e.g., NMC811) in aqueous batteries. 

Overall, depending on the application areas, LFP and LMO are currently more promising than 

layered oxides in the aqueous battery fields.  
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From the electrolyte perspective, a water-rich environment would reduce the crystallinity of 

cathode materials, facilitate TM dissolution and structural collapse, and finally lead to rapid cell 

failures. In comparison, with limited water content, the WIS and MC electrolytes alleviate the 

TM dissolution and inhibit bulk structure changes. The MC electrolyte is relatively better in 

maintaining the electrochemical performance than WIS electrolyte under the conditions applied 

in this study. Nevertheless, none of these electrolytes provides enough battery performance that 

can compete with conventional non-aqueous electrolytes. More extensive studies are needed to 

facilitate the development of aqueous batteries for practical applications, especially with focuses 

on the tradeoff between performance, cost of manufacturing, and safety. 
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2.5. Experimental Section 

2.5.1. Materials Preparation 

LiFePO4 (LFP), LiMn2O4 (LMO) and LiNi0.8Mn0.1Co0.102 (NMC) were provided by the U.S. 

Department of Energyôs (DOE) CAMP Facility (Cell Analysis, Modeling and Prototyping) at 

Argonne National Laboratory. 3,4,9,10-perylenetetracarboxylic diimide (PTCDI) was purchased 

from Alfa Aesar. The Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salts (99.95%) and 

Polyethylene glycol (PEG 400) solution were purchased from Sigma Aldrich. 

2.5.2. Electrochemical Measurement 

LFP, LMO and NMC slurries were prepared by mixing active materials, carbon black and 

polyvinylidene fluoride (PVDF) with a ratio of 8:1:1 and then casted on the carbon-coated 

aluminum foil. The mass loading was estimated to be ~3.5, 4 and 6 mg/cm2, respectively. The 2 

M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and 21 m aqueous electrolytes were 

prepared by dissolving stoichiometric amount of LiTFSI in DI water. The 2 M LiTFSI-94%PEG-

6%H2O electrolyte was prepared by mixing the PEG400 with water and dissolving the correct 

amount of LiTFSI in the mixed solvents. The PEG400 and LiTFSI were purchased from Sigma 

Aldrich. To assemble the symmetric cell, different cathodes were assembled with the 3,4,9,10-

perylenetetracarboxylic diimide (PTCDI) anode using the MC electrolyte and charged to obtain 

the delithiated cathodes. 100%, 70% and 50% Li-ions were extracted from LFP, LMO and NMC 

electrodes, respectively, to prepare the delithiated cathode materials (The calculation is based on 

the coulometry). Then the delithiated cathodes and pristine cathodes were used to assemble the 

symmetric cells. The applied current density of pre-delithiation process and symmetric cell cycling 

was 10 mA/g based on the active cathode mass. The full cells were made  by using different pristine 

cathodes and PTCDI anodes, and the current densities were 20 and 50 mA/g. To access the 
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maximum capacity and avoid the side reactions happening in different full cells, the voltage ranges 

were determined to be 0ï1.9 V (LFP||PTCDI cell in WIS electrolyte), 0ï2.0 V (LFP||PTCDI cell 

in MC electrolyte), 0.4ï2.3 V (LMO||PTCDI cell in WIS electrolyte), and 0ï2.5 V (LMO||PTCDI 

cell in MC electrolyte). 

2.5.3. Materials Characterizations 

The scanning electron microscopy (SEM) was characterized on a LEO 1550 field-emission 

instrument with an accelerating voltage of 6 kV. The lab X-ray diffraction (XRD) results were 

obtained on a Rigaku Miniflex II diffractometer with a Cu KŬ X-ray radiation (ɚ = 1.54 ¡) in a 

scan range of 10-60°. The synchrotron XRD patterns were collected at the beamline 28-ID at the 

Brookhaven National Laboratory with the X-ray wavelength of 0.9762 Å. A LaB6 sample was 

used to calibrate the diffraction configuration. The XRD patterns were converted into the Cu KŬ-

based XRD with the wavelength of 1.5406 Å. X-ray fluorescence microscopy (XFM) 

measurements were conducted at the 8-BM-B beamline at the Advanced Photon Source, Argonne 

National Laboratory. The samples were raster-scanned by a sub-micrometer focused 10-keV X-

ray beam with a step size of 25 µm. The fluorescent X-rays were detected with a four-element 

silicon-drift Vortex detector and the raw data were processed and quantified with MAPS. The cells 

after different cycle numbers were disassembled and the separators were used for XFM 

measurements. X-ray photoelectron spectroscopy (XPS) measurements were performed on the 

PHI VersaProbe III with a monochromatic Al K-alpha X-ray source (1486.6 eV). Ar sputtering 

was applied to the samples at a sputtering rate of 0.9 nm/min. The emission angle is 45 degrees 

and the pass energy for different elements is 26 eV. The samples synchrotron XRD and XFM were 

sealed with Kapton tapes and stored in Ar-filled glove box before measurements. The XPS samples 

were attached to XPS holder in the glovebox prior to being transferred to the measurements. 
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2.9. Supporting Information  

 

 
Figure S1. The charging profiles for preparation of delithiated cathodes. The charging process is 

conducted in the full cell configuration using Li4Ti5O12 (LTO) as the anode and MC electrolyte. 

The current density is calculated based on the mass of cathode active materials. Based on the 

coulometry, 100%, 70% and 50% Li-ions are extracted from LFP, LMO and NMC electrodes 

upon such charging. 
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Figure S2. The symmetric cell performance of different cathodes in the salt-in-water (SIW) 

electrolyte. The current density is 10 mA/g for all symmetric cells, which is calculated based on 

the active mass loading of lithiated cathodes. All cells experience rapid failure when cycled in 

the SIW electrolyte, suggesting the negative impact of the water-rich environment on the 

electrochemical cycling of all traditional cathode materials. 
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Figure S3. XFM results of Mn dissolution of NMC in SIW, WIS and MC electrolytes after three 

cycles in the symmetric cell configuration. The current density for all the symmetric cells is 10 

mA/g. After cycling, the cells are disassembled, and the separators are used for the 

measurements. The white dash curves denote the edges of the electrodes that can be observed on 

the separators owing to the high-pressure cell assembly process. 
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Figure S4. XPS depth profiling of the cycled LFP cathode in the MC electrolyte, where the 

black curves are the experimental data, and the red solid lines are the fitted data. The gradually 

increased content of LiF could result from the PVDF decomposition under the Ar+ treatment. 
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Figure S5. The electrochemical performance of (a) LFP||PTCDI full cell in the WIS electrolyte, 

(b) LFP||PTCDI full cell in the MC electrolyte, (c) LMO||PTCDI full cell in the WIS electrolyte, 

(d) LMO||PTCDI full cell in the MC electrolyte. The voltage ranges of different cells are 0ï1.9 

V, 0ï2.0 V, 0.4ï2.3 V and 0ï2.5 V, respectively. The current density for all cells is 20 mA/g. 

The current density and specific capacity are calculated based on the mass loading of active 

cathode materials.  
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Figure S6. The long-term cycling performance of LMO||PTCDI full cell in the WIS electrolyte 

with a current density of 20 mA/g. The red curve corresponds to coulombic efficiency variation 

while the blue curve indicates capacity variation. The LMO exhibits rapid capacity decay with a 

capacity retention of 77.4% after 100 cycles. In comparison, the LMO shows 96.2% capacity 

retention after 100 cycles in Figure 10b. Therefore, LMO||PTCDI full cell exhibits better 

performance in the MC electrolyte. 
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3.1. Abstract 

Mn dissolution has been a longstanding, ubiquitous issue that negatively impacts the performance 

of Mn-based battery materials. Mn dissolution involves complex chemical and structural 

transformations at the electrodeïelectrolyte interface. The continuously evolving electrode-

electrolyte interface has posed great challenges for characterizing the dynamic interfacial process 

and quantitatively establishing the correlation with battery performance. In this study, we visualize 

and quantify the temporally and spatially resolved Mn dissolution/redeposition (D/R) dynamics of 

electrochemically operating Mn-containing cathodes. The particle-level and electrode-level 

analyses reveal that the D/R dynamics is associated with distinct interfacial degradation 

mechanisms at different states of charge. Our results statistically differentiate the contributions of 

surface reconstruction and JahnïTeller distortion to the Mn dissolution at different operating 

voltages. Introducing sulfonated polymers (Nafion) into composite electrodes can modulate the 

D/R dynamics through trapping the dissolved Mn species and rapidly establishing the local Mn 

D/R equilibrium. This work represents an inaugural effort to pinpoint the chemical and structural 

transformations responsible for Mn dissolution via an operando synchrotron study and develops 

an effective method to regulate Mn interfacial dynamics for improving battery performance.   
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3.2. Introduction 

Mn-containing battery materials can increase sustainability and reduce the cost of mass-

produced rechargeable batteries1ï6. However, most of these materials can undergo degradation due 

to the interplay between the JahnïTeller (JïT) distortion active Mn species and irreversible 

structural changes during battery operation7ï11. Many of the degradation processes originate at the 

electrochemical interface and are interconnected at the nanometric scale12ï15. Understanding the 

relationships between different interfacial processes (i.e., particle-to-particle, particle-to-

electrolyte) has been a longstanding challenge for the battery community. In commercial non-

aqueous Li-ion batteries, the high vapor pressure of non-aqueous solvents and the air-sensitive salt 

prohibit the observation of interfacial evolution under operating conditions. As such, most 

previous studies utilized ex situ characterizations to probe the electrode surface after cycling9,16ï18, 

lacking temporal resolution. Furthermore, in situ techniques such as transmission electron 

microscopy show excellent temporal and spatial resolution but typically lack the statistical 

specificity for the complex and heterogeneous electrode surface19,20. Thus, the particle and 

electrode heterogeneities were rarely considered, albeit their significance in degradation 

mechanism and battery performance. Therefore, a multidimensional operando investigation of 

Mn-based cathode is urgently needed to statistically elucidate the dynamics of cathode surface and 

degradation mechanisms with temporal and spatial resolution.  

Spinel LiMn2O4 (LMO) represents one of the most classical Mn-based cathodes in 

rechargeable Li-ion batteries21ï24. During battery cycling, the electrochemical interface deviates 

from the equilibrium, resulting in various interfacial degradations. It is widely argued that driven 

by the Mn3+ JïT distortion and 2Mn3+  OMn2+ + Mn4+ disproportionation, LMO suffers from 

pronounced Mn dissolution accelerated by proton at the electrode-electrolyte interface, which 
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aggravates the electrolyte decomposition and impedance growth on the anode surface7,16,25. The 

dissolution can also be associated with surface reconstruction18, i.e., formation of Mn3O4, layered  

or rocksalt phases, at high voltages (>4.2 V vs. Li/Li+)9,26, However, the interplay between distinct 

mechanisms remains elusive and calls for a more comprehensive study.  

Mn redeposition is another crucial issue that is even more insufficiently investigated. The 

dissolved metal cations can deposit onto the electrode surface under the electric field8,27. The ion 

speciation across the electrochemical interface, especially metal dissolution/redeposition (D/R) 

dynamics, will further modify the chemistry and structure of electrode surfaces, giving rise to 

varied cell performance and making the surface analysis highly challenging8,27ï31. Tracking D/R 

dynamics at the electrode level can reveal the metal dissolution mechanism and quantitatively 

correlate the Mn loss with performance decay. Although the influences of dissolved Mn on the 

properties of battery components (i.e., cathode, anode, electrolyte) have attracted extensive 

research attention25,27,32, the metal D/R dynamics and mechanisms at different states of charge 

(SOCs) are poorly understood because reactions are spatially confined at the electrochemical 

interface and dynamically evolve, imposing challenges for experimental measurements.  

The regulation and suppression of Mn dissolution constitutes an important factor in practical 

applications of Mn-based cathodes. Trapping the dissolved Mn species through coating to 

manipulate the Mn D/R dynamics is a promising direction while lacking exploration. Considering 

that the sulfonate groups in a polymer can coordinate with transition metal cations and affect the 

transport kinetics of different ions33,34, introducing foreign polymer additives into the Mn-based 

cathodes is a potential approach to effectively inhibiting Mn dissolution. 

Since LMO has decent structural integrity in neutral water at the pristine state, the LMO-based 

electrode operated in the dilute aqueous electrolyte offers a desirable platform for the operando 
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observation of Mn D/R dynamics. Therefore, in this work, we report the real-time visualization 

and quantification of the D/R dynamics with single-particle resolution and electrode-scale 

statistical analyses. We reveal the SOC-dependent Mn dissolution mechanisms of LMO cycled in 

the aqueous electrolyte. The JïT distortion is the root cause for Mn dissolution at low SOCs (< 1.0 

V vs. Ag/AgCl). When the voltage is higher than 1.0 V vs Ag/AgCl, surface reconstruction and Jï

T distortion coexist and impose different effects on Mn dissolution. Specifically, the surface 

reconstruction-induced Mn dissolution dominates the medium voltage range (1.0ï1.2 V vs. 

Ag/AgCl), and the JïT distortion-induced Mn dissolution governs the high voltage range (1.2ï

1.55 V vs. Ag/AgCl). Sulfonated tetrafluoroethylene (i.e., Nafion), present at the surface of active 

particles, coordinates strongly with dissolved Mn cations, reduces proton conductivity, and 

improves cell kinetics and cycle life. The present study creates insights into manipulating Mn D/R 

dynamics at the electrochemical interface for rechargeable batteries. 
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3.3. Results and Discussion 

3.3.1. Dynamic Mn D/R behaviors during the Electrochemical Cycling 

We choose a 2 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) aqueous electrolyte to 

investigate the Mn D/R dynamics in the LMO electrode. Such a dilute electrolyte can accelerate 

Mn dissolution to a quantifiable concentration within a short cycling period, allowing for in situ 

and operando studies. Figure 1a shows the cyclic voltammetry (CV) of the phase pure LMO 

(Figure S1), with a pair of oxidation/reduction peaks corresponding to the Mn3+/Mn4+ redox 

couple. The high current density near the upper cutoff voltage is contributed collectively by the 

Mn oxidation reaction and oxygen evolution reaction (OER).  The materials degradation can be 

observed by the gradual peak current decay within 15 cycles. We then applied the in situ X-ray 

fluorescence microscopy (XFM) method35 to track Mn distribution at the electrode level 

throughout electrochemical cycling (Extended Data Figure 1). The pristine drop-casted LMO 

electrode shows a heterogeneous Mn distribution (Figure 1b) with some aggregated regions. Due 

to Mn dissolution, continuous CV cycling lowers the intensity of the high-concentration regions 

and reduces the overall heterogeneity of the Mn distribution. We then program the data acquisition 

time for each XFM map to be identical to the time needed for each CV cycle, which allows us to 

track the net Mn concentration change following each cycle. We observe that the Mn concentration 

exhibits a monotonic decrease within the first ten cycles and then becomes stabilized in the 

following cycles (Figure 1c). The net concentration change presented here reflects that the Mn 

D/R process favors dissolution until an equilibrium is reached after 10 CV cycles. 

We subsequently program the data acquisition time for each XFM map to be longer than the 

time needed for each CV cycle, which allows each XFM map to cover more than one complete 

CV cycle. The Mn concentration exhibits non-monotonic fluctuations (Figure 1d), which suggests 
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the voltage-dependent D/R behaviors. Indeed, when we perform chronoamperometry (CA) 

measurements at different potentials, the Mn concentration decreases at the positive potential (0.9 

V) and increases at the negative potential (-0.1 V, Figures S2 and S3).  

We further conduct pixel-by-pixel mathematical subtractions between neighboring maps 

(Figure S4) to obtain spatially resolved Mn concentration changes between adjacent CV cycles. 

The negative and positive concentration changes correspond to Mn net concentration loss 

(dissolution > redeposition) and net concentration gain (redeposition > dissolution) between 

neighboring maps, respectively (Figure 1e). The subtraction between the 2nd and 3rd cycles yields 

a broader and more negatively shifted histogram, indicating that the Mn D/R is more 

heterogeneous and there is a net Mn concentration loss during the early cycles. In contrast, the 

subtraction between the 14th and 15th cycle yields a narrower histogram centered at 0% relative 

concentration change. The comparison between the two subtractions further demonstrates a more 

pronounced dissolution behavior during early cycles, consistent with Figure 1c. Since LMO 

particles are susceptible to dissolution and redeposition once they are electrochemically cycled, 

we conjecture the pixels that experience 0% relative concentration change are electrochemically 

inactive LMO domains. As shown in Figure S5, the inactive domains expand significantly after 

the 8th cycle. Noted that the value could be overestimated owing to the possibility that a small 

fraction of active LMO particles may remain stable with no Mn dissolution during electrochemical 

cycling. In summary, the D/R dynamics decreases the redox-active Mn species and increases the 

population of inactive LMO domains, contributing to the performance decay. The distinct D/R 

dynamics during the CV cycling, especially the non-monotonicity, motivates us to investigate the 

voltage-dependent D/R dynamics.  
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Figure 1. Dynamic Mn D/R process during the CV cycling in the three-electrode 

configuration. a, CV profiles of the LMO electrode cycled in a 2 M LiTFSI aqueous electrolyte, 

where the scan voltage ranges from ī0.1 to 1.5 V versus Ag/AgCl and the scan rate is 5 mV sï1. b, 

In situ XFM mapping of the LMO electrode during CV cycling, where the colour code denotes the 

relative Mn concentration. The pixel size is 2 ɛm Ĭ 2 Õm and the maps are acquired from the first, 

fourth, seventh and tenth cycle, respectively. c, Relative Mn concentration change calculated from 

each XFM scan when the time required for each XFM scan (8 min 10 s) is identical to the time per 

CV cycle (8 min 10 s, 6.5 mV sï1), showing continuous Mn dissolution until stabilization after ten 

cycles. d, Relative Mn concentration change calculated from each XFM scan when the time 

required for each XFM scan (14 min 10 s) is longer than the time per CV cycle (10 min 40 s, 

5 mV sï1), showing non-monotonic Mn concentration changes. e, Distribution of relative Mn 

concentration variation at the beginning and final stages of CV cycling in c through pixel-by-pixel 

analyses. The histogram is obtained by subtracting the corresponding pixel values between two 
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neighbouring CV cycles, where a negative value represents Mn dissolution being more than 

redeposition and a positive value represents Mn redeposition being more than dissolution. 

3.3.2. Voltage-dependent Mn D/R Dynamics 

LMO shows noticeable capacity decay when cycled in the 2 M LiTFSI aqueous electrolyte 

using the constant current chargingïdischarging method (Figure 2a). We then investigate the 

voltage-dependent Mn dissolution with single-particle resolution during the first charging process 

(Figure 2b). The Mn concentration gradually decreases during charging, accompanied by the 

dramatic particle shrinkage above 1.0 V. The quantitative analysis (Figure 2c) and corresponding 

first derivatives of the curve (Figure S6) reveal that the Mn concentration exhibits more severe 

loss when the voltage is higher than 1.0 V. The data point at ~1700 s in Figure S6 deviates from 

the neighboring points and could origin from the systematic error (i.e., signal fluctuation).  The 

apparent Mn dissolution rate is facilitated between 1.0ï1.2 V and gets more facilitated when 

holding at 1.2 V. More detailed analyses of different particles reveal that the Mn concentration 

variation ranges from ï60% to +4% at the single-particle level (Extended Data Figure 2), which 

could be impacted by the position of the particles in the electrode and the interaction with the 

neighboring particles. Therefore, an electrode-level analysis with ensemble-averaged information 

from many particles can represent the overall Mn D/R behaviors during cycling. 

At the electrode level, we further divide the in situ first charging profile into low voltage range 

(LV, 0.3ï1 V), medium voltage range (MV, 1.0ï1.2 V), and high voltage range (HV, 1.2ï1.55 V) 

(Figure 2d). The charging capacity at LV and MV is contributed by Mn oxidation, and the capacity 

at HV is attributed to the oxygen evolution reaction (OER). From Figure 2e we can observe that, 

compared to the sluggish Mn loss at the LV range, rapid Mn dissolution takes place at the MV and 

beginning of HV ranges. Moreover, during the holding process at 1.2 V, we can notice that the Mn 
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concentration experiences a severe drop at the initial stage (Figure 2e), in line with the feature we 

observed at the single-particle level (Figure 2c) and corresponding to high dissolution rate, and it 

gets stabilized upon elongated voltage holding at 1.2 V, suggesting a dynamic equilibrium of 

dissolution and redeposition processes.  The accumulated Mn loss is 3.0%, 3.8%, and 3.2% at LV, 

MV, and HV, respectively, which shows that the medium-voltage charging, albeit providing only 

21 mA/g capacity (23% of the total charge capacity), introduces the most severe Mn dissolution. 

The Mn D/R behaviors in the following charging processes exhibit a non-monotonic feature and 

becomes more complicated (Figure S7), which could be attributed to the further interaction 

between electrode particles and gradually accumulated Mn species at the electrode-electrolyte 

interface. The overall Mn loss shows large discrepancy between the single-particle and electrode-

scale measurements. Between OCV and 1.2 V, the single-particle measurement has a 40.4% loss, 

while the electrode-scale measurement has a 6.8% loss. Some particles experience higher degrees 

of redox reactions and therefore a more severe Mn dissolution behavior than other particles, 

indicating a heterogeneous charge distribution at the electrode level36,37. Moreover, at both MV 

and HV ranges, we observe a Gaussian-like distribution in the pixel-by-pixel analyses of the Mn 

D/R dynamics (Figure 2f), which suggests that both Mn dissolution and redeposition take place 

when the LMO undergoes charging. Meanwhile, using the graphite paper as the counter electrode, 

we show that the dissolved species can not only redeposit on the LMO surface but also migrate 

through the electrolyte and deposit on the counter electrode (Extended Data Figure 3). Overall, 

our results show a voltage-dependent, continuously evolved Mn D/R behavior upon constant 

current charging. 
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Figure 2. Voltage-dependent Mn dissolution behaviors. a, Chargeïdischarge profiles of the 

LMO electrode in the 2 M LiTFSI aqueous electrolyte, where the voltage range is 0ï1.2 V versus 

Ag/AgCl and the current density is 1 C (100 mA gï1). b, The first charging profile (~0.8 C) of in 

situ XFM measurements and the corresponding particle-level Mn concentration maps at different 

charging voltages. The pixel size is 300 nm Ĭ 300 nm and the image size is 12 Õm Ĭ 15 Õm. c, 

Particle-level Mn loss ratio calculated from the results in b. d, The first charging profile (~0.8 C) 

of in situ XFM measurements for electrode-level analyses, where the voltage was kept constant at 

1.20 and 1.55 V for additional XFM measurements. The blue, yellow and pink background colors 

represent LV, MV and HV, ranges, respectively. e, Electrode-level Mn loss ratio during charging. 

The voltage-holding processes start from the data points labelled with 1.20 and 1.55 V. f, Pixel-

by-pixel analyses of Mn D/R dynamics at the MV and HV ranges. 
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3.3.3. Voltage-Dependent Structural and Chemical Transformations 

To shed light on the Mn dissolution mechanism at different voltage ranges, we apply in situ 

hard X-ray absorption spectroscopy (XAS) to investigate the bulk properties of LMO upon cycling. 

We select five states-of-charge (SOCs), i.e., the pristine, 1.0 V, 1.2 V, 1.45 V, and discharged 

states (Figure 3a). Based on the whiteline energy of references and LMO samples, we show that 

Mn is continuously oxidized from 3.5+ at the pristine state to 3.9+ at 1.2 V charged state while 

demonstrate negligible change at the HV region (Figure 3b-d). Extended X-ray absorption fine 

structure (EXAFS, Figure 3e) reveals that the Mn-O and Mn-Mn interatomic distances experience 

abnormal elongation when LMO enters the HV range (Figure 3f). The EXAFS fitting results show 

that the corresponding Mn-O coordination number is reduced from six to five (Figure 3g, Figure 

S8, Figure S9 and Table S1-5). These results collectively reveal the structural degradation of 

LMO induced by the OER at HV, originating from the lattice oxygen loss32. As particle surface 

can directly interact with the electrolyte, it is expected that the surface will undergo the most 

pronounced structural change upon cycling, as confirmed by previous studies regarding the surface 

reconstruction in layered cathode materials18. Therefore, understanding the surface structural 

change is crucial to revealing the LMO degradation mechanism in aqueous electrolytes. 

To gain more insights into the surface reconstruction of LMO upon charging, we conduct a 

suite of surface-sensitive characterizations. The HAADF-STEM images along [110] zone axis of 

pristine materials confirm a well-defined spinel LMO phase from particle surface to bulk (Figure 

S10). After charging to 1 V, a transition phase between spinel LMO and Mn3O4 appears on the 

surface (Figure S11)9, which is further transformed to pure Mn3O4 phase when the electrode is 

charged to 1.2 V (Figure S12). Meanwhile, the intensity of Mn atoms with lower stacking density 

gets greatly diminished at the surface, and such feature becomes more pronounced in the 1.55 V 
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charged particles (Figure S13). The Mn dissolution behavior of Mn3O4 (Extended Data Figure 

4) and MnO2 (Extended Data Figure 5) proves that the Mn loss at 1.2 V mainly originates from 

Mn3O4 dissolution owing to the relatively weak chemical bond between Mn2+ and oxygen anions. 

The Mn L2,3 electron energy loss spectra (EELS) of 1.55 V charged LMO particles exhibit blue 

shift (Figure 3h and 3i) moving from the surface to the bulk, confirming that Mn is reduced on 

the surface. The thickness of the surface reduction layer is estimated to be ~10 nm, consistent with 

the thickness of the distorted region in the HAADF-STEM image (Figure S13).  

We believe such a thick surface reconstruction layer is caused by the thermodynamic 

instability of the delithiated LMO and the electrode-electrolyte side reaction. After 20 cycles, the 

particle becomes porous with polycrystalline structures and amorphous phases emerging on the 

surface (Figure S14), suggesting a severe distortion of LMO structure in dilute aqueous 

electrolytes. The soft XAS results show that LMO undergoes a typical oxidation process upon 

charging to 1 V (Figure 3j). However, upon charging to 1.2 V (MV) and 1.55 V (HV), Mn at the 

surface becomes reduced, in agreement with the EELS results and confirming the emergence of 

surface reconstruction. The appearance of a mixed states of Mn2+ and Mn3+ species at MV proves 

the formation of Mn3O4 on the particle surface, which agrees with previous observations in non-

aqueous electrolytes9. These findings suggest that a higher degree of structural distortion occurs 

when voltage is higher than 1 V. Up discharging to 0 V, the surface becomes more oxidized than 

that at 1.2 V (MV) and 1.55 V (HV), which suggests that the Mn3O4 gets dissolved upon 

discharging, consistent with the hard XAS results in Figure 3. Collectively, our results show that 

there is a correlation between surface reconstruction and Mn dissolution.  
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Figure 3. Chemical and structural transformations of LMO during electrochemical cycling. 

a, Chargeïdischarge profile of in situ hard XAS measurements, where the current density is 

0.2 C (20 mA gï1). b,c, Mn K-edge hard XAS spectra at different SOCs (b) and the 

corresponding zoomed-in views of the white-line region (c). d, White-line energy as a function 

of SOCs. e, Fourier-transformed magnitude of Mn K-edge EXAFS at different SOCs. f, 

Interatomic distance at different SOCs. g, Coordination numbers for MnïO and MnïMn 

obtained from Mn K-edge EXAFS simulations. The error bars are generated on the basis of the 

EXAFS simulation errors. h, HAADF-STEM image for the scanning pathway. i, Mn L2,3-edge 

EELS spectra along the scanning pathway. j , Mn L3-edge soft XAS spectra of LMO electrodes at 

different SOCs. For example, 1.55 VC indicates the electrode charged to 1.55 V, and 0 VDC 

indicates the electrode discharged to 0 V. The measurements were conducted in the surface-

sensitive TEY mode. 

3.3.4. Correlations between Mn D/R Dynamics and LMO Transformations 

Thus far, our study has found that both D/R dynamics and materials transformation are 

voltage-dependent. Since the Mn dissolution has been shown to be strongly correlated with 

materials transformation7,16, here we statistically establish the correlation between D/R dynamics 

and materials transformation at different voltage ranges.  

The Mn concentration in pristine electrode exhibits non-uniform distribution in the histogram 

(Figure S15a), suggesting the heterogeneous loading of the as-prepared LMO electrode.  We 

divide the initial electrode loading into four categories based on the Mn XFM concentration map, 

namely, Low C, Medium-Low C, Medium-High C, and High-C. The area under the curve (AUC) 

in the concentration histogram reflects the total Mn concentration and is used to separate different 

categories, where each category occupies 25% of AUC (Figure S15a). Meanwhile, at each voltage 
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range, we can categorize the D/R dynamics into four scenarios based on the net change of the local 

Mn concentration, i.e., mild net dissolution, mild net redeposition, severe net dissolution, and 

severe net redeposition domains (Figure S15b). These two categorizations allow us to 

quantitatively correlate D/R dynamics, initial LMO loading, and voltage range. By comparing the 

D/R dynamics with the same scenario (i.e., same color-coded data points in Figure S16) at 

different voltage ranges, we observe that the LV and HV ranges display similar characteristics and 

are distinct from the MV range (Figure S16). Therefore, the driving force behind the D/R 

dynamics at the LV and HV ranges is distinct from that at the MV range.  

Combining with the characterization results (Figure 3), we propose the correlation between 

the D/R dynamics and voltage-dependent materials transformations (Figure 4). When LMO is 

charged from 0.3 V to 1.0 V (LV range), a substantial amount of Mn still remains at the JïT active 

Mn3+ state due to the low charge capacity (low Mn oxidation), leading to noticeable Mn dissolution 

in the presence of hydronium in the water. When the voltage is between 1.0 to 1.2 V, the delithiated 

LMO particles undergo surface reconstruction and the emergence of soluble Mn2+ in Mn3O4 

dominates the Mn dissolution behavior. Once the LMO is further charged to the OER potential 

(i.e., HV range), protons gradually accumulate near the electrode surface due to the decreased OH- 

concentration caused by the OER. As the capacity of LMO is smaller than the theoretical value 

(148 mAh/g) and our hard XAS results in Figure 3g shows that the Mn is not fully oxidized at 

1.55 V, there are many particles remain partially charged even at the HV range, indicating 

heterogeneous charge distribution at the electrode level (particle with different color codes in 

Figure 4), which is associated with the different Mn D/R behaviors at the particle level (Extended 

Data Figure 2). The enriched proton species near the electrode surface aggravates the 

disproportion of residual Mn3+ and makes the JïT distortion-induced Mn dissolution become the 
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primary factor responsible for Mn dissolution. Moreover, the strong acidic environment drastically 

interferes with the Mn local bonding and induces more lattice oxygen loss compared to the LV 

range (Figure 3g). Therefore, the dissolution rate at HV range is significantly boosted (Figure 2e). 

We believe the Mn D/R dynamics and corresponding degradation mechanisms we present here 

can also inform insights into the non-aqueous system, where the proton species are generated by 

the ethylene carbonate and LiPF6 interacting with trace moisture in the electrolytes.  

Therefore, we also evaluate the Mn D/R behavior of LMO in organic solvents. Herein, the 

tetraethylene glycol dimethyl ether (TEG-DME) with a low vapor pressure is selected as the 

solvent. As shown in Extended Data Figure 6, the Mn dissolution is significantly inhibited in the 

2 M LiTFSI-TEG-DME electrolytes owing to the reduced proton concentration. The accumulative 

Mn loss is estimated to be ~1.5% upon the first charging process, and proton generated as a result 

of ether decomposition is a primary reason that leads to Mn dissolution38. Considering that the 

sealing of our operando cell is less stringent than that of a coin-cell or pouch-cell configuration, 

and the net Mn dissolution could be overestimated in this case due to the moisture impact. 
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Figure 4. Mn dissolution mechanism of LMO in 2 M LiTFSI aqueous electrolytes. Schematic 

of the voltage-dependent Mn dissolution mechanisms, where the asterisk symbol indicates the 

primary degradation-driving forces. The different colours of LMO particles indicate different 

SOCs, where the red colour suggests the highest SOC, whereas the white colour suggests the 

lowest SOC. The particles close to the current collector exhibit higher SOC compared with the 

particles far from the current collector. The yellow arrow indicates the change in bond length. The 

OCV stands for open-circuit voltage. 
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3.3.5. Regulating Mn D/R Dynamics with Sulfonated Polymers 

Our results have revealed that the surface reconstruction at the MV range leads to the most 

severe Mn dissolution when the upper cutoff voltage is set to 1.2 V vs. Ag/AgCl. Hence, inhibiting 

surface reconstruction is expected to significantly improve the performance. Nafion, a cation 

exchange polymer that allows for selective permeation of cations, has been widely utilized as a 

coating material in fuel cells and catalysts to reduce the undesired interfacial interactions and 

alleviate the surface degradation33,34,39,40. Herein we discover that simply adding Nafion during the 

electrode preparation can efficiently mitigate the capacity loss of the composite electrode during 

cycling.  

As shown in Figure 5a, the capacity retention of the Nafion-added LMO is improved. 

Compared to the pure LMO, the Nafion-added LMO electrode exhibits smaller reaction 

overpotentials at the LV range and a higher output capacity (Figure 5b).  The TEM results in 

Figure S17 reveal that the Mn3O4 phase appear on the particle surface after Nafion coating owing 

to the acidic environment in the Nafion solution. The Mn2+ in Mn3O4 can be easily dissolved into 

the electrolyte at low voltage, therefore giving rise to more Mn loss at the LV range during in situ 

XFM measurements. (Figure 5c and 5d). In contrast, at the MV range (1.0ï1.2 V), the Nafion 

layer can modify the interaction between LMO and aqueous electrolytes and suppress the Mn 

dissolution. Importantly, the Nafion-added LMO electrode exhibits negligible net Mn loss in the 

4th charge. As shown in Figure 5e, this phenomenon could be attributed to the fact that the 

sulfonate groups in Nafion can ionically associate with the positively charged Mn species and 

reduce the proton hopping sites41, which effectively diminishes the proton transport and prevents 

the surface from the attack of protons. Meanwhile, the trapped Mn2+ can accumulate near the 
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particle surface, reducing the time needed to reach the D/R equilibrium (i.e., Le Chatelier's 

principle). These two factors collectively lead to the suppressed Mn loss in the following cycles.  

To further validate our hypothesis, we soak the casted Nafion membrane into 2 M MnSO4 

aqueous solution for one day. The EDS results confirm the significantly increased Mn 

concentration in the soaked membranes, and the atomic ratio of S: Mn can reach 1.85, suggesting 

over 50% of sulfate groups coordinate with Mn species (Extended Data Figure 7). Therefore, 

introducing Nafion into the composite electrodes can improve reaction kinetics, regulate Mn 

dissolution, and significantly mitigate Mn loss. We also want to highlight that controlling the 

Nafion concentration is crucial in maintaining the LMO structure and improving the performance. 

Excessive Nafion solution can lead to rapid capacity decay due to the instability of LMO phase in 

acidic environments (Figure S18). In our study, the weight ratio of LMO: Nafion is controlled to 

be larger than 150. Moreover, using deprotonated Nafion is another strategy to alleviate the LMO 

structural change during the modification process. 
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Figure 5. Electrochemical performance and underlying Mn dissolution behavior of Nafion-

added LMO materials. a, Chargeïdischarge profiles of Nafion-added LMO electrodes in the 

2 M LiTFSI aqueous electrolyte, where the voltage range is 0ï1.2 V versus Ag/AgCl and the 

current density is 1 C (100 mA gï1). b, Comparison of the first charging curve of pure LMO and 

Nafion-added LMO, where the Nafion-added LMO shows smaller overpotentials on charging. c, 

In situ XFM mapping of the Nafion-added LMO at different SOCs, where the colour code 

denotes the Mn concentration. The pixel size is 2 ɛm Ĭ 2 Õm and the image size is 

100 ɛm Ĭ 100 Õm. d, Mn loss of pure LMO and Nafion-added LMO electrodes on charging. e, 

Schematic of the chemical environment surrounding Nafion-added LMO particles during the 

fourth charging process. 
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3.4. Conclusion 

Understanding and controlling the dynamic Mn D/R behaviors in Mn-based cathodes can 

reveal electrode degradation mechanisms and more importantly inform the development of 

methods for stabilizing electrode materials. The continuously evolved speciation at the 

electrochemical interface makes it challenging to accurately identify the interfacial degradation 

processes, such as metal dissolution. Using in situ XFM and a suite of surface- and bulk-sensitive 

techniques, we have developed comprehensive understanding about the Mn D/R dynamics and the 

corresponding LMO degradation mechanism in the aqueous electrolyte. The continuous Mn 

dissolution and increased inactive LMO domains collectively leads to performance decay upon 

cycling. The JïT distortion and surface reconstruction are responsible for the voltage-dependent 

Mn dissolution behavior. The Mn dissolution exhibits a non-linear relationship with the voltage, 

and a higher rate can be observed when the surface reconstruction takes place. Introducing Nafion 

into the electrodes can boost reaction kinetics and inhibit the Mn dissolution especially caused by 

surface reconstruction. Meanwhile, the trapped Mn2+ in Nafion can hinder the proton diffusion 

towards LMO particle surface and accelerate the establishment of Mn D/R equilibrium, thereby 

improving cycle life in the dilute electrolyte. The present study directly visualizes and quantifies 

transition metal D/R dynamics and unravels the role of the sulfonated polymer in controlling D/R 

dynamics and improving battery performance. The in situ experimental methods developed here 

can be broadly applied to investigate other electrochemical systems that involve solid-liquid 

interfaces.  
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3.5. Experimental Section 

3.5.1. Material Preparation 

The active material LiMn2O4 (LMO) was provided by the U.S. Department of Energyôs (DOE) 

CAMP Facility (Cell Analysis, Modeling and Prototyping) at Argonne National Laboratory. The 

Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salts (99.95%), Nafion solution (5wt. %, 

contains 45% water) and Mn3O4 (97%) were purchased from Sigma Aldrich. MnO2 (activated, 

tech. 90%) was purchased from Alfa Aesar. MnO2 was heated at 350 ÁC for 12 hours before use. 

3.5.2. Electrochemical Measurements 

In the three-electrode system, Ag/AgCl (3M NaCl) (MF-2052, BASi Research) and Pt wire (Sigma 

Aldrich) were utilized as reference and counter electrodes, respectively. The electrolyte was 

prepared by dissolving 2 M LiTFSI in the DI water. The LMO slurry was prepared by mixing 

active materials, carbon black (CB) and polyvinylidene fluoride (PVDF) with a ratio of 8:1:1 and 

then drop-casted onto carbon paper. The active mass loading was estimated to be ~3 mg/cm2. The 

composition (% weight) of LMO electrodes used for the particle-level analysis is 6:3:1 (LMO: 

PVDF: CB) to stabilize the particle during XFM experiments. The mass loading is ~2 mg/cm2. For 

the Nafion-added LMO electrodes, 45 ɛL Nafion solution was added to the LMO slurry containing 

300 mg of the solid mixture. Then the slurry was drop-casted on the carbon paper with a mass 

loading of ~3.5 mg/cm2. The composition (% weight) of drop-casted Mn3O4 and MnO2 electrodes 

was 8:1:1 (Active Material: PVDF: CB), and the mass loading was ~4 mg/cm2. The cyclic 

voltammetry (CV) measurement was conducted at a scan rate of 5 mV/s within ï0.1ï1.5 V (vs. 

Ag/AgCl). The galvanostatic cycling with potential limitation (GCPL, normal charging-

discharging process) measurement was conducted within 0ï1.2 V (vs. Ag/AgCl) and the current 

density was 100 mA/g. The Chronoamperometry (CA) was conducted at different voltages (-0.1 
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V, 0.9 V, 1.2 V) for the measurements. All electrochemical measurements were conducted by 

using a Potentiostat (SP-150, BioLogic, France). 

3.5.3. SEM and XRD characterization 

The morphology of the materials was characterized on a LEO 1550 field-emission scanning 

electron microscopy (SEM) with an accelerating voltage of 6 kV. EDS measurements were carried 

out with the SEM with an accelerating voltage of 20 kV. The EDS sample of soaked Nafion 

membrane is washed with DI water three times and dried at 80 °C to remove the residual water. 

The lab X-ray diffraction (XRD) results were obtained on a Rigaku Miniflex II diffractometer with 

a Cu KŬ X-ray radiation (ɚ = 1.54 ¡) in a scan range of 10ï70°. 

3.5.4. In situ XFM Measurement 

The in situ XFM was performed at the 2-ID-E beamline of Advanced Photon Source, Argonne 

National Laboratory. The in situ cell design can be found in previous report35. The samples were 

prepared by the same drop-casting method as described above. The Ag/AgCl and carbon rod serve 

as the reference and counter electrodes, respectively, during the electrochemical measurements. 

The bulk electrodes were raster scanned by a sub-micrometer (~700 nm) focused 10.5 KeV X-ray 

beam with a step size of 2 ɛm for electrode-scale measurements and 300 nm for particle-level 

measurements along x and y axes, except for the step size of XFM measurement in Figure 5c, 

which is 2 ɛm along x and y axes. During the measurement, the samples were aligned at an angle 

of ~60° with respect to the incident beam. The fluorescent X-ray signals were detected with a four-

element silicon-drift Vortex detector and the raw data were processed and quantified with XRF 

MAPS software developed by Argonne National Lab.  
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3.5.5. In situ Hard XAS Measurement 

Hard XAS measurements were conducted at beamline 4-1 at the Stanford Synchrotron Radiation 

Lightsource, SLAC National Accelerator Laboratory. The sample preparation and cell 

configuration were the same as in the XFM measurements. The Mn K-edge spectra was collected 

in the fluorescence mode, with samples aligned at an angle of ~45° with respect to the incident 

beam and fluorescent detector. The Mn metal foil was used to calibrate the edge energy. All 

XANES and EXAFS spectra were analyzed with the Athena software. The fitting of EXAFS 

results was analyzed with Artemis software. The current density was 20 mA/g for the chargingï

discharging process during in situ XAS measurements. 

3.5.6. TEM measurement 

High Annular Dark Field -Scanning Transmission Electron Microscope (HAADF-STEM) and 

Electron Energy loss Spectroscopy (EELS) measurements were performed with Thermo-Fisher 

Talos F200X and Hitachi HD2700C at an accelerating voltage of 200 kV at the Center for 

Functional Nanomaterials, Brookhaven National Laboratory. The background subtraction of 

EELS spectra was processed with the digital micrograph (Gatan) software. 

3.5.7. Soft XAS Measurement 

Soft XAS was performed at the Stanford Synchrotron Radiation Lightsource (SSRL), beamline 

10-1, SLAC National Accelerator Laboratory using a ring current of 350 mA and a 1000 L mmī1 

spherical grating monochromator with 20 Õm entrance and exit slits, providing å1011 ph sī1 at 0.2 

eV resolution in a 1 mm2 beam spot. Data were acquired under ultrahigh vacuum (10ī9 Torr) in a 

single load at room temperature using TEY, where the sample drain current was collected. The 

samples were mounted on an aluminum sample holder in an Ar-filled glove box and well-sealed 

for transfer. 
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3.9. Extended Figures 

 

 
Extended Figure 1. The three-electrode cell used for the in situ and operando X-ray 

fluorescence microscopy (XFM) experiment. The X-rays hit the electrode from the side of the 

current collector (carbon paper).  
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Extended Figure 2. The XFM images at the single-particle level of LMO electrodes at different 

states of charge during the first cycle, showing a heterogeneous Mn D/R behaviors. 
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Extended Figure 3. (a) The photo of a graphite paper used as the counter electrode during 

electrochemical cycling, where the arrows indicate the original and cycled regions; (b) XFM 

image of the region labeled by blue frame in (a), showing a much higher Mn concentration in the 

cycled region and confirming that the dissolved Mn species can deposit on the counter electrode 

surface. Note that XFM is extremely elementally sensitive, the minor Mn concentration in the 

pristine graphite originates from impurity. 
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Extended Figure 4. The Mn D/R dynamics of Mn3O4 held at 1.2 V. The CA protocol is applied 

for 21 minutes to keep the voltage at 1.2 V and monitor the Mn concentration variation. Each 

XFM image takes 7 minutes. 
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Extended Figure 5. The Mn D/R dynamics of MnO2 held at 1.2 V. The CA protocol is applied 

for 21 minutes to keep the voltage at 1.2 V and monitor the Mn concentration variation. Each 

XFM image takes 7 minutes. 
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Extended Figure 6. (a) The XFM images of Mn concentration in the LMO electrode during 

electrochemical cycling in 2 M LiTFSI in tetraethylene glycol dimethyl ether (TEG-DME) 

solvents; (b) the corresponding Mn D/R behaviors during the first cycle. 
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Extended Figure 7. (a) The photos of casted Nafion membrane; (b) the EDS mapping of Mn 

element for pristine and soaked Nafion membranes. The Mn signal in pristine membranes is 

caused by the uncertainty from the instrument, the actual Mn atomic ratio is close to zero. 

 

  



103 
 

3.10. Supporting Information 

 

 
Figure S1 The X-ray diffraction pattern and scanning electron microscopy images of pristine 

LiMn 2O4 (LMO) materials.  
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Figure S2 The in situ (a) chronoamperometry (CA) profile when holing at 0.9 V vs. Ag/AgCl, 

and (b) corresponding Mn concentration variation in the probed area. 
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Figure S3 The in situ (a) CA profile when holing at -0.1 V vs. Ag/AgCl and (b) corresponding 

Mn concentration variation in the probed area. 

  



106 
 

 

Figure S4 The image subtraction method used in the main text to identify the Mn concentration 

variation between adjacent cyclic voltammetry (CV) cycles. The histogram of subtracted image 

reflects the relative Mn change at each pixel. A negative value indicates the specific pixel 

exhibits net Mn dissolution behavior while a positive value indicates net Mn redeposition 

behavior.  
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Figure S5 The evolution of inactive LMO domain during the CV cycling. The percentage is 

equal to number of zero-change pixels divided by number of total pixels.  
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Figure S6 The first derivative of the particle-level Mn loss as a function of time (Figure 2c), 

indicating a higher Mn dissolution rate when voltage is higher than 1 V vs. Ag/AgCl. 
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Figure S7 The Mn D/R dynamics during (a) third, (b) fourth and (c) fifth  charging process. The 

Mn concentration exhibits non-monotonic variation in different cycles. The Mn loss is calculated 

based on normalizing to the initial concentration at the beginning of each cycle (third, fourth and 

fifth cycle). In the third and fifth charging process, the Mn concentration increases first at the 

low voltage region (< 1 V) and then rapidly decreases at the medium voltage region (1-1.2 V), 

suggesting that the Mn dissolution rate becomes higher than the redeposition rate at the elevated 

voltages. The accumulative Mn loss (%) is estimated to be ~2% and 8% during the third and fifth 

charging process, respectively. However, at the fourth charging process, the Mn content first 

experiences a rapid loss, followed by a gradual increase. The overall Mn content show negligible 

change after charging. Overall, the Mn D/R dynamics are sophisticated and can be non-

monotonic. 

  
































































































































































































