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Abstract

The invention of Liion batteriegLIBs) marks a new era of energy storage and allows for the
largescale industrialization of electric vehicles. However, the flammable orgéettrolyte in
LIBs raisessignificantsafety concerns and has resultedumeroudires and explosion accidents.
In the pursuibf more reliable andtable battery solutions, interestaqueous batterie®mposed
of high-energy cathodes and watssised electrolytesre surging.Limited by the narrow
electrochemical stability window (ESW) of water, conventional aqueous batterieaaméve
inferior energy densities. Current development mainly focusesammpulating the properties of
aqueous electrolytes through introducing excessive salts or secondaryssalteit enables an
unprecedetedly broad ESW and more selections of electrode matavlals also resulting in
some compromises. On the other hand, the interaction between electrodes and agueous electrolytes
and associated electrode failure mechanisnthegey factors that govern cell performance, are
of vital importance yet not fully understoddwing to the higitemperature calcination synthesis,
mostelectrodematerials are intrinsically moistufeee and sensitive to the watéch environment.
Therefore,compared to the degra@an behaviors in conventional LIBs, such as cragkand
structure collapse, the electrode may suffer more severe damage during cycling and lead to rapid
capacity decay. Herein, we adopted msttale characterization techniques to identify the failure
modesat cathodeelectrolyte interfacand provide strategider improving the cell capacity and

life during prolonged cycling.



In Chapter 1, we first provide a background introduction of conventionalagueous and
agueous batteries. We thehowthe current development of modern aqueous batteries through
electrolyte modificatiorand their merits and drawbacks. Finally, we present typical electrode
failure mechanism in neaqueous electrolytes and discuss how water can further impact the
degradation behaviors.

In Chapter 2, we prepare three types of aqueous electrolytesystdmaticallyevaluate the
electrochemical performance &fiNixMnyCoixyO2, LiMn204 and LiFePQ@ in the aqueous
electrolytes. Combing surfacand bulksensitive 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 catbanaterials. We alsarovide fundamental insights
into the materials selection and electrolyte design in the aqueous batteries.

In Chapter 3, we select LiMpOs as the material platform to study the transition metal
dissolution behavior. Relying on the spatially resolveda)X fluorescence microscopy, we
discover a voltagelependent Mn dissolution/redepositi@/R) process during electrochemical
cycling, which is confirmed to be related to the Jaheller distortion and surface reconstruction
at different voltages. Inspired by tfiadings, we propose an approach to stabilize the material
performance through coatingl®nated tetrluoroethylene(i.e., Nafion) on the particle, which
can regulate the proton diffusion and Mn dissolution behavior. Our gigdgves the dynamic
Mn D/R process antlighlightsthe impact of coating strategy in the performance of aqueous
batteries.

In Chapter 4, weinvestigatethe diffusion layer formed by transition metals at the electrode
electrolyte interface. With the help of customiznetisand XFMtechnique, weuccessfully track

the spatiotemporal evolution of the diffusion layer during soaking and electrochemical cycling.



The thickness of diffusion layer is determined to dtemicron level, which can be readily
diminished when gas is generated on the electrode sudacapproach can be further expanded
to study the phase transformation and particle agglomeration at the interfacialaegjiprovide
insights into the reactive complexes.

In Chapter 5, we reveal the correlation between the electrolytic water decomposition and ion
intercalation behaviors in aqueous batterigs.the Nadeficient system, we discover that
overcharging in the formation process can introduce more cydi&blens 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 andidtaintercalation on the anode when the charging
voltageexceedshe normal oxidation poteiati 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 AudienceAbstract

Li-ion batteriegLIBs) have dominated the markietr portable devices and electric vehicles
owing to their high energy density and good cycle life. Howefreguentbattery explosion
accidentdave raised significastafetyconcerngor all customersThe root cause can béributed
to the flammable organic electrolytes in conventional LIBs. To address this issue, agueous batteries
based on watenich electrolytes attract intensive attention recerRigcentresearch progress has
dramaticallyimproved the energy density of aqueous batteries dramatimgliviodifying the
properties otlectrolytes. However, most electrode mateaaésncompatiblewith water,leading
to severe side reactions aadunstable cycle life. Therefore, understanding the failure mechanism
of electrode materia in the presence of water is crucial while not fully studied yet. Our projects
systematically evaluate the degradation behavieanbuselectrodes in aqueous electrolysesl
uncoverthe root cause of transition metal dissolution in the electrodes. Our studidigkhed
improving battery capacity and cycle life throughspecializedormation cycle and polymer
coating process. Furthermore, we also provide new approaches to investigate the dynamic process
occurring at electrodelectrolyte interfacewhich is applicable to other saliijuid systemsin
summary our researchevealsthe correlation between the failure mechanism and the capacity
decay invarious electrode materialsproposingeffective 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 ismgerative 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)@rntheir commercialization by SONY in 199@ fact, the
EV market size was valued at $384.65 billion globally in 2022 apbjectedo grow to $500.48
billion in 2023. The EV policy announced by the Biden Administratgamsto havehalf of all
new vehicles sold in the Usy 2030 beeraemission vehicleés |t can be anticipated that LIB will
play a more significant role in the coming decades. Nevertheld#s still grapple withserious
safety issugssuch adire andexplosion, as proved byumerous recemtccidentd 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 edgiyte*>. As a result, replacinthesevulnerable
organic solvents with neflammable components crucial to mitigatepotential concernand

enhance safety



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 electrodesonsist ofactive materials, usually transition metal oxides (TMO),
conductive additive® enhance the electron conductivity in the electrodes, and polymeric binders
thatmaintainelectrodantegrity by holdinghematerials together. Similarly, the anode electrodes
arecomprisedf active materialstypically graphite, along withinders. The electrolytactsas a
conductive agerfacilitating thetransport ofLi ions. Depending on the solvents and dissolved Li
salts, the stability and conductivity of electrolytes vary significantly. driesencef a separator
preventsdirect contact between cathode and anode materials. As shdwgune 1, the Li ions
areextracted from the cathode and intercalate into the anode during chaitggngverse process
occurs during dischargingvhere Li ions move from the anode to the catho@ibe 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 RefCopyright

2013 American Chemical Society

1.1.2 Traditional Aqueous Battery

Developing aqueous batteries containing watesed electrolytes is appealingapproach
due to their potential for bettethermal resistance and lower c6%t In fact, the oldest
rechargeable battertheLeadAcid battery (LAB) has alreadgmbracedhis concept since 1859
andis extensively employeéor power backupn variousindustial applications!. The LAB
employsPbQ/Pb as electrode materialwjth a PbQ/PbSQ redox reactionoccurringon the
cathode side and Pb%®b redox reaction on anode side. Agdll-establishedystemthe LAB
market size was valued at US $58.95 billion in 2818nd the techreconomic analysis (TEA)
estimatsthe cost of energfor LAB to be 0.16~0.86 $/kWH However, thaise oftoxic cathode
active materials and highly corrosive acidic electrolytes in L&Bnvironmentally unfriendly
Additionally, replacemerst are required every 4~5 years, which elevates the lifetime cost

substantiallyFurthermoreNi-based batteries (NEd and NiFe)utilizing alkaline electrolytes and



relying on the redox reactions of NiO(OH)/Ni(QHffer higher energy density than LABY,
However the practical concerns such as toxic raw materials, severdisdifarging issue arttie
fi me mo r y hirdértheir tatg@scale applicatiol¥!”. Therefore traditional aqueous batteries

do notmeetall requirementandnecessitatéurtherenhancements

1.2 Modern Aqueous Battery (MAB)

Compared to the traditional agueous battery, modern aqueouselsdtd®e made significant
progressn two key aspects: (ipchievinghigh energydensity and (iiutilizing lesscorrosive and
electrochemically stable electrolyté$® Depending on the electrode chemistry, the redox
mechanism for different MAB can lmategorized to three main typessertion, conversion and
deposition Figure 2)%1820,

In an insertion reaction, the electrodes can accommedatauscharge compensators {L.i
Na‘, K*é ) through intercalation/deintercalation process while maintaining the crystal structure
norrinterrupted. Conversely the realization of conversion reaction relies on the crystal
reconstruction upon cyclingyften resulting insubstantialattice strain structure collapseand
consequently, a shorted battery lifetime spaaposition reactiongvolve the dissolution and
depositionof metal ionson the electrode surface and primarily studied in the Zn/Z# aqueous
batterie$?2 Among all three types of reaction mechanisms, insertion chentissybeen
extensivelyinvestigated and adopted in many battery technologieseforg 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 MABReproduced from Rel8. Copyright 2@3, SpringeMature.

While MAB are in the early stage of the development for indabtapplication, itis
anticipated that they will play an important role in lasgale grid and other portable devices
However, the limitatiorarisingfrom water decomposition significanthamperghe rapid growth
of MAB fields?*. According to the Pourbaix diagrarfigure 3), the electrochemical stability
window (ESW) of water is onlgpproximately-1.23 V2%, which isconsiderablysmaller than non
agueous electrolytes in LIB-3.33.9 V). Therefore, when the voltage exceeds the upper limit of
ESW, waterundergoes oxidatigheading to theoxygen evolution reaction (OER). Similarly, if
the voltage isbelow the lower limit, water experiences reductigririggering thehydrogen
evolution reaction (HER). Sincex@nd H 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 ionstrainedy this narrow ESW significantlydiminishing the energy density.
Moreover the redox potentials of many cathode matedalsiot fallwithin the ESW of waté®,
thereby limiting the choice of electrode resources overcome this challenge, researcleees
dedicatingextensive efforts to expanding the ESW of aqueous electrolytes so that different

materials can be accommoda&e.
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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, respectRefyroduced from ReR5.

Copyright 2@1, Royal Society of Chemistry

1.2.1Concentrated electrolyte
In the traditional diluted aqueous electrolytes, the cations and anions of the salts are

completelysolvated in the electrolyte and surroundedibundance dfee water moleculéé The
primary energy barriers to decompose the water are the breaking of the polakzszh@s within

free water molecules and the hydrogen bonds between adjacent water molemoNessely in

the concentrated electrolytes where the dissolved sighgicantly outweigh the solvents, most
water molecules participate in the formation of ion solvation $hélisThe weak hydrogen bonds
aresubstitutedoy strongelectrostatic force betweevaterandions. As a resultthis enhances the

electrochemical stability of water and allows for the expansion &8wof aqueous electrolytes.



Inspriedby t hi s str at degseda Wavimdg @bt gr 6 Wp Swhicel ect r
incorporate®1 mol/kg lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) (14.2 wt% of water)
enhancinghe electrolyte stabilityAs illustratedn Figure4, i n di-ihwd tea@r G sall e ct r o
Li ions are fully hydrated. The primary and secondary solvation sheathsaoisidonsistof four
water moleculegach with an ample supply of free water molecules available for decomposition
during electrochemical cjing. However, vhen the concentration reachdsrol/kg, only about
~2.5 water moleculeare presenn the first solvation sheathnd no free water molecules can be
observed in the system. This passivation apprehitsthe HER potential from 2.63 V to 1.90 V
(vs. Li/Li*) and extends theESW to up to 3.0 \#’. Utilizing this advanced electrolyte,

LiMn 204/Mo6Ss full cells achievean 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.

Free H,0 molecular Interaction of TFSI

~

Primary Solvation Sheath

e’
b“ i . @70
‘ \/ 5 Free TRSI ’ ""4 b‘
. C- (W4 £ " :‘
- N e , W
24 3 O.,' . e
" 1\
‘ Secondary Solvation Sheath " ‘{‘
‘ \ :‘. Liion
{{Li(H,0), ](H,0),}+nH,0 n 21 Li (H,0), s-TFSI
Salt-in-Water Water-in-Salt

Figure 4. lllustration of primary Li* solvation sheath in diluted "saft-water" electrolyte and
concentrated "waten-salt" electrolyte Reproduced from Ref7 with permission. Copyright

2015, Science.

LiCl and LiNOs demonstratsimilar functions to LiTFSI**2 Subsquenstudiesindicatethat
introducinga second fluorinated Li saltsuch as lithium trifluoromethane sulfonate (LiOTdan

7



further expand the ESW to over 3.8*WHowever, the excessiveausf Li saltimposessignificant

cost pressures on materialghich will be discussed in the following section.

1.2.2. Cesolvent electrolyte

In addition toultra-high concentration electrolygeresearcherbavediscoveed that mixing
organic compoundsvith a high ratio of O and N atoms with water and primary Li salts can
effectively disrupt the hydrogen bonding structofewater.Whenthe weight ratio of organic
compounds isufficiently high(50i 90 wt%),it diminishesthe characteristic vibraticemdreaction
activity of water. Tlese organic components include polymers such as polyacrylic acid, small
organic molecules such as sugar, and organic solvasitssiypolyethylene glycol (PEBY®. This
method can beonsidered aalternativeapproach to reduce free water content.

The fAmodreccwudianrgd el ectrolyte is ®Xeetaf t he
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 ®1 bond between watd?EG while @hancing the strength of covaleni®bond
of waterwater, as proved by the bhshift of HO oscillation inFigure 5. Therefore, this
electrolyte enables broad ESW of 3.2 V with a low salt concentration (8 LiTFSI). The
Li4TisO12/LiMNn 204 aqueous full ell achievesan initial energy density of 110 Wh/kg at 1C with a

stable cycle life.



C-H (PEG) bending

C-H (PEG) stretching

94% H-0 (H,0) stretching 94%
90% H-0 (H,0) bending
—>

90%

T I T I T
2,750 3,000 3,250 3,500 3,750 1,400 1,470 1,540 1,610 1,680 1,750
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Figure 5. Normalized FTIR results of a series of dlar LITFSI-xXPEG(1-x) H2O aqueous

electrolytesReproduced from ReR6. Copyright 2@0, Springer Nature.

Furthermorein noraqueous batters the electrolyte will react with electrode surface during
the first charging process and generate a thin l&yenwwn assolidi electrolyte intephase(SEI)
located on the anode surfateérhe SEI is ionically conductivieut electronically norconductive,
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 SEltypically consistf various inorganic compounds, such as lithium carbonat€Qs),
lithium fluoride (LiF) and lithium oxide (L20)*2. However, theseompoundsre soluble in water,
making it challenging to form SEI in a typical aqueous environment, consequently hindering the
achievement of a stable cycle life

On thecontrary in therecentlydeveloped aqueous system, the free water content is negligible,
and the electrochemical stability of water is greatly enhart®exbssive Li salt in concentrated
electrolytes and organic components insotvent electrolytes caact asthe primary source to
generate SEI. For instance, LiEsultingfrom the reduction reaction of LITFSI in WIS electrolyte
can be detected on the b8 anode surface after cycling because there is no free axadable

for thesolvation process of L Similarly, reaction products (RGBLI, R indicates alkyl groups)



originaingf r om t etraet hyl ene gl ycol di me tinhwyalt eeatoh er

electrolyte appaaon the LiTisO12 surface supporing the realization of longerm cycling®.

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 ageeoolytels
significantly. The reduced solubility of SEhdertheseconditiors is beneficial forachievinga

stable cycle life.

1.3 Merits and limitation of MAB

MAB areviewedas promising alternatives traditional rechargeable batteries owing to their
intrinsic nonflammable naturecosteffectivenessand 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 overcharginystill cause the failure or even explosion of MAB#n 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 digogandhen beeduced to water
(Figure 6). This procesknownasi 0 x y g e n ¢ y cesult i the veaterdossindaioymild
pH change near the electrode surface can be buffered by the highly acidic or alkaline

electrolyte$*“°
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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 dischargingReproduced from Rel.8. Copyright 2@3, SpringeNature.

When the reversible fioxygen cycleodo is inter
the systemleadng to the surge of internal pressure, ultimately ra@sglin an explosion. For
example, Prussian Blue Analogues (PBAgdeof metal hexacyanoferrates are widely applied in
proton or sodium aqueous batteries owing to th@sypreparation, high conductivity, astrong
stability against waté?. On the other hand, PBA are great catalysts for water splitting because of
low overpotential and high current densityHence, 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
duringdischargeFurthermore, the great fluctuation of pH near cathodes canmptdredand is
detri mental to the material sdé structure. Ther e

management is still essential to maintain a stable system.

11



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 Likk ethylene carbonate (EC) and dimethyl carbonate
(DMC) at a volume ratio 1:1, based on the price at Sigidech) in LIBs, replacing the organic
solvents with water can substantially reduce the cost. Meanwhile, theawpegll assembly
process of MABcan eliminate the use ajlovebox and dry room, effectivelseducingthe
equipment and utilitexpensesThe nherentnonflammable naturef MABs also decreases the
budgetassociated withattery protection and management system.

However, this advantage is not alwaysolute especially given the current aqueous systems.
As mentioned in the previous section,cansiderable amoundf salt is addedto the WIS
electrolytes. Take LITFSI as an example, the cost of 8lImiTFSI can reactapproximately
~$3289/kg (Sigm&ldrich), which is twiceas high asionaqueous electrolytes, not to mention
ot her dual salt el ectr ol yt algncecdatAclesdre desiredatan t h e
fabricateMAB with high output energy dertgi These cathodes, such as Li@®a(LMO) and
LiNixMnyCorxyO2 (NMC), are sensitive to oxygen level and moisture ande lsringent
requiremerg on the assembling process, whiglisesthe capital cosvf manufacturinéf. Lastly,
the relatively shorter cycle life of MAB than LIBs mancur highercost for followup service and
maintenance. Overalllespite 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 fietd.
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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, tloa ldonductivity of MABs
ranges from ~0.06 to ~0.6 S/€M°. Such kinetics allows for promising fasharging capability,
marking anotheradvantageous featusd MABs. Some studies have reported thafull 100%
capacity chargenly takes around thirty secorté®? far surpassinghe upper limit of noraqueous
LIBs. Nevertheless, given the fact that the performance of most MABs is demonstrated at coin
cell level, extensive efforts arequiredto scale up (prismatic or cylindrical cell) so that MABs
can be practically applied in real life. Moreovachievingfast charginghecessitates compatible
electrolytes and electrodes. Many popular cathode materials do not support rapid ion
intercalation/deintercalation process owing to the limited Li diffusion channel in theeattic
makingthemunsuitablecandidates for fastharging purposé. Exploring moreviable materials
and developing eosteffectiveapproach for largscale synthesis are the keguirementso fully

leveragethe fastkinetics andaddress the existing gapthe market.

1.3.4 Limited choices of anode materials

In addition to cathode materials, the types of anode matematfoundly impactsLi
stripping/plating efficiency and the electraznfiguration such asnass loadingndthicknes&**®
Graphite iscommonlyused in current commercialized LIBs due to low discharge voltage, facile
synthesis and stable lattice to accommodate LPfoii® optimizeenergy 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 ¥Wt9)ith the adventof solid-state

electrolytes in the market, Li metadffering 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
nonflammable soliéstate batteri€s. 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 voltagettatgeceedthe ESW
of aqueous electrolytes and inevitably cause water decompé%itiom the othercontrary Li
metal reactsigorouslywith water andyeneratesithium hydroxide and flammable hydrogen gas,
excluding its application in MABs. Therefore, looking for new anode materials that have higher
discharge voltage andertnesgo water is an urgent task in the field.

In conclusion, since the research of MABmigts early stage antas notyet maturedsome
advantages are not well aligned between the expectation and current prEgresser, it is
foreseeabl¢hat MABs will makeprofoundimpacts in our dailyives once more time and efforts

arededicated tdurthering thisinvestigation.

1.4. Failure mechanism of electrodein MABSs

Electrode failurestands as a prevalent degradation mechanism across all rechargeable
batteries According to previous reports, the electrode materials suffer from structural degradation
and chemamechanical breakdown after cycling in ragueous LIB%. In contrastwithin the
realm of MABs, most researafoncentrate®n the modification otlectrolyte properties while
overlooking the electrodelectrolyte interaction and degradation behavior of electrodes. Many
high-energy cathode materials are sensitive to wat@rsolution angroneto encounteringnore
severe failure modes, which leads to a compromised cycle life. Since there is a lack of study
regarding how electrodes degrade in aqueous electrolytes, herdelimeatethe typical failure
modes of electrodes in n@gueous electrolytes and discuss how wateght potentially

exacerbat¢he decay.
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1.4.1 Structure collapse

Ni-rich transition metal oxides (MC) are promising intercalatietype cathode active
materials and have been widely commercialized in the market owing their high energy density,
good conductivity, anctontrollable largescale synthesi& As the redosactive species, Ni
undergoes two subsequent oxidation process&stiNNi** and Nf* to Ni**) during charging and
delivers high capacity. HowevaasNi?* and Li* have similar ionic radi(0.69A vs. 0.76A) and
bonding environments, Rfican migrate to the Lisitesover prolonged electrochemical cycling
and generate Li/Ni antisite defe€tsSuch cation mixing results in the phase transformation on the
particle surface from original layered structure to electrochermeative rocksalt structure
(Figure 7), detrimentally affectinghe battery performange Moreover, Nt* in highly charged
materials is a strong oxidizing agent and reaetglily with electrolytes, releasing the lattice
oxygen and consuming conductive stk is expected thaniagqueous electrolytes, there will be
more oxygen accumulated on the electrode surface because of the synergetic effect of high
charging voltage angresenceof Ni** speciesdisrupting the oxygen cycle and rendering the
system more fragileFurthermore, water can react with cathodes and dissolvedtdCform
carbonates and hydroxiddsnderingfacile Li-ion transport. Therefore, the structure collapse of

electrode materialglaysa 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 rocks#idtlayered structural transformation from surface to bulk.

Reproduced from Re€2. Copyright 20.8, Elsevier.

1.4.2 Transition metal dissolution

Thought the cycling procesall transition metal (TM) atoms are supposesdtéblyreside in
their respectivdattice sites. However, most TMs are prone to get dissolved in the electrolyte,
migrate through the electrolyte driven by #@ncentration gradient, and finally deposit on the
anode surfacéFigure 8)%%. This phenomenon caussthe loss of active materials in the cathode
and increased impedance of the anode. Take spinel LMO as an example, the redox reaction of
Mn3*/Mn** contributes to the capacity while the Mn dissolution is observed in the $ysTdma
underlying mechanism igssociatedvith the JahinTeller (I T) active Mr#* specie®. TheJi T
effect describes a spontaneous distortion phenomenon that will remove the degeneracy and lower
the symmetry when an odd number of electrons occupy the;Dikbigal in the octahedral ligand
field. The disproportionation reaction of Bfr{high spin, #°e5') occursin the presence of protons
and generate Miiand Mrf* species, where Mfican be readily dissolved due to the weak®In

chemical bonff. In nonaqueous electrolytesa trace amount of protsnmay result from
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electrolyte decomposition after lottigne aging or highvoltage charging. However, protons are
more abundanh aqueous electrolyseleading to more pronounced Mn dissolution and less stable
performance. Similarly, Nt (low spin, tPest) in NMC materials is also & T active species and
suffers from dissolution when Arrheniugs®f or Brgnsted Hacidis presentn the electrolytes.
Additionally, tomaintainthe charge neutralitgue tooxygen releasduringhigh voltage charging,

Ni cationscarrying positive chargedissolveinto 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.

Charger

= o |
Q Li* o
= 0 1
= g
o o
= O

@ o

|3 | =

o 2

= Mn;+ S

Mn dissolution Mn deposition

Figure 8. Schematic illustration of transition metal (Mn as an example) dissolatigration
deposition pathway during electrochemical cycliRgproduced from Reb4. Copyright 28,

Royal Society of Chemistry.

1.4.3 Mechanical breakdown
Upon chargedischarge proces®lectrodelattice undergoes expansion and contraction to

accommodate the insertion and extraction of i@muglf as Li and N&), which isknown as the

fiel ectrode s weS Inihexssgecondaryhparticle Bdm) that is composed of many
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small primary particles (~50 nm), anisotropic volume chaogeursowing to the different
orientation of primary particl&s Consequently, straimduced crack formation can be observed

in cycled electrodes. As one of the major degradation mechanisms, intergranular cracks can result
in: (1) poor grairto-grain contact and compromised electrical conductivity; (2) aggravated sid
reactions between electrode and electrolytes owing to thdyfreghosed particle surface. Higher
current density can cauagnore heterogeneous strain distribution and facilitate capaciyfdss

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,despiteresearchers hawg made great progress in manipulating the properties of
agueous electrolytes andnstructindhigh-performance MABS, the impact of aqueous solution
electrode performance and correspondinggrfacial degradation behaviorszamain not fully
understood Our work focugs on exploring the major degradation mechaniatcathodé

electrolyteinterfaceand potential approaebto improvecycling stability.
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2.1. Abstract

Aqueous Liion batteries (ALIBs) are an important class of battery chemistries owing to the
intrinsic norflammability of aqueouslectrolytes. 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 dection and maximize their electrochemical performance in ALIBs. In this study,
we investigate the stability of LiFeRQLFP), LiMn204 (LMO) and LiNio.sMno.1C0.102 (NMC)
cathodes in three different aqueous electrolytes, i.esinsalater, watetin-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 staltieisture but superior energy density. Although
LMO and NMC deliver relatively higher energy density than UAR,dissolution and surface
reduction accelerate the capacity decay of LMO while bulk structural collapse lead to the
degradation of NMC cathodes diluted aqueous electrolytes. Nevertheless, LMO demonstrates
more improved performance than NMC in watleficient aqueous electrolytes. Overall, LFP
and LMO are promising cathodes in aqueous batté¥i@se of the aqueous electrolytes studied
here provide enough battery performance that can compete with conventioaajusmus
electrolytes. More extensive studies are needed to facilitate the development of aqueous batteries
for practical applicationgspecially with focuses on the tradeoff betweengoerénce, cost of
manufacturing, and safety. This work reveals the degradation mechanisms of olivine, spinel, and
layered cathodes in different agueous electrolytes and yields insights into improving electrode

materials and electrolytes for ALIBs.

29



2.2. Introduction

The exploration of renewable energies and development of energy storage technologies are
in great demand, of which dion batteries (LIBs) attract much attention owing to their high
energy density'® However, the intrinsic flammability of organic electrolytes leads to severe
safety concerns in conventional LIB3as evidenced by fire accidents of electric vehicles and
consumer electronics. Aqueousibn batteries (ALIB) are regarded as an alternative approach
to tackle the safety issiié 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 ALI Bs. Si nce Da i sighiicangprograsphasi e v el o
been made to develop novel aqueous electrolytes with wide ESWs and investigating the
electrochemical performance of different electrode matefials.

Hi ghly conceimgalatt® d( WIWa)t eegl ectrolyte i s one
in aqueous electrolytést! 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 exgdhnelin
ESW of aqueous electrolytéé*Wangos gr oup dlalithwmoped a 21 m
bis(trifluoromethanesulfonyl)imidéLiTFSI) agueous electrolyte, which successfully enlarges
the ESW to 2.8 V and realizes stable cycling of a 2.3 V LDM0sSs ASIB over 100 times at
low current density (0.15 C)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"L.#Dkl
LiNO3'8. Follow-up studiesshowedthat bisalt WIS electrolytes can further expand the ESW to
3.1V, approaching that of the commercial raqueous electrolyte. However, the high cost

associated with excessive salts has impeded thedagde applications of WIS electrolytés.
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Molecularcrowding (MC) electrolyte is another family of aqueous electrolytes, although
they can contain substantial amounts of organic molecules. MC electrolytes usually have less
amounts of salt¥’ The casolvent including water andC agents (macromolecules) is used in
MC electrolytes, where the water solvation environment is regulated by MC agents through the
construction of strong hydrogen bonding netwdrk Confining water in golyethylene glycol
(PEG) agent has been shown to be capable of suppressing the hydrogen evolution reaction and
enlarging the ESW to 3.2 ¥. 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 usetf.

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 caihiedals, and
transitionmetal (TM) dissolutionwhich can serve as a reference to identify the most compatible
cathodeelectrolyte system and inform the advantages and disadvantages of different electrolytes.
Herein, we select LiFeRQLFP), LiMn204 (LM O), and LiNb.sMno.1C00.102 (NMC) as the
model materials to represent the most classical olivine, spinel, and laygstadstructures and
to directly compare their behaviors in aqueous electrolytes. For the aqueous electrolytes, we
prepare 2 M | ithi unsnwatTeFrSol, eJleWw)t,r o21ly tne L(iATsFRAI It
and 2 M LiTFS194%polyethylene glycol (PEG) 4066%H:0 electrolyte (MC) for our cross
comparison experiment§he results show that LFP is the most stable cathode in all electrolytes
with minor Fe dissolution anithe longest cycle life, but the output energy density is the
bottleneck owing to the low average discharge potehMO and NMC deliverelatively

higher energy densits, but both cathodes show faster capacity decay than LFP matéfials.
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dissolution and surface reconstruction thiee dominant degradation mechanisms in LMO
cathodesThewaterinduced structural collapseads to rapidailure of NMC materials.

Reducing the water content in agueous electrolytes can notably improve the performance of
LMO. Neverthelesanore efforts are desired &devate the energy densapndlower the cost in

order toaccelerate its practical application.

32



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 electrolytegFigure 1). LFP shows great storage stability in different electrolytes
without significant morphology chang€igure 1a-1d). Although LMO remains stable in WIS

and MC electrolytesRigure 1g-1h), it suffers severe morphology change in the SIW electrolyte
(Figure 1f), where the particle surface becomes fluffy. On the other hand, BWADitssome

degree of exfoliatiomnthe surface, especially in the WIS electrolyEgg(re 1k), which is likely
associated with metal dissolution and hydration of the particle suifaeeresults suggest that

LMO and NMC are more susceptible to water damage, and morphology change could occur even
in the waterdeficient aqueous electrolytes. Noted that there could be nanoscale changes that go

beyond the detection limit of SEM and canuehce battery performance.

Pristine S|

Figure 1. The surface morphology of particles in (ald) LFP, (e)i (h) LMO and (i)i (I) NMC

cathodes at the pristine state and after soaking in different electrolytes for three days. The
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electrodes were rinsed witimethoxyethan¢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 dffectnaide the
symmetriccell configuration is adoptefbr the electrochemical measurements. The delithiated
cathodesare collectedrom full cells after thecharging proces@igure S1) and are thepaired

with pristine cathodet® assemblsymmetriccells. 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 60% Ltion extraction.The high water content in SIW
electrolytes causes water-odercalationand poor Li* intercalation/deintercalation efficiency,
leadingto rapid failure of all cellsRigure S2. LFP showseasonably goodapacity retention and
coulombic efficiency (~99.6%) iWVIS and MCelectrolytes Figure 2a2b, Figure 3a-3b), of

which MC electrolyte enables a higher specific capacity.
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Figure 2. Electrochemical performance of (&)(b) LFP, (c)i (d) LMO and (e)i (f) NMC
symmetric cells inhe WIS and MC electrolytes. The current densityall cells is 10 mA/g. The
current density and specific capadine calculated based on the mass of active materials in fully
lithiated electrodes

LMO and NMC demonstrata similar degree ofapid capacity degradation ithe WIS and MC
electrolytes(Figure 2¢-2f, Figure 3¢-3f) with a compromised coulombic efficiency (~99.0%).
Considering that NMC exhibits more severe morphological change than LMO in the soaking
experimentsKigure 1), one would think that NMC would be less stable than LMO. However,
Figure 2 andFigure 3 show these two materials have similar fading behavidrerefore, there

are other factors beyond the surface morphological chahgemfluence cycling stability. We

then performed more extensive investigations into the degradation mechanisms.
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() NMC symmetric cells cycled in WIS and MC electrolyteshin the first 15 cyclesThe 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 usingaX fluorescence microscopy (XFM),
which can provide quantitative information and spatial distribution of dissolved spi€usaset

al., 2020; Mu et al., 2020; Rahman et al., 208&8¢r the initial three cycles, the symmetric cells

are disassembled, and the separators are used for measurements and quantitative
dissolutioranalysis of dissolved species.

As shown inFigure 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-adiwe M is

subject to the Jaliifeller distortion and prone to experience disproportion reactions, where the
generated Mfi can be easily dissolved into the electrofZbang et al., 2023)loreover, 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 ¥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 mateFiglsré 4g-4i, Figure

S3), the total quantity of dissolved species is lower than LM@&ble 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 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 contdrgeof
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water molecules is lowered in aqueous electrolytes. We can also observe that the TM prefers to
deposit at the neadge position over the center region, which could be associated with the

heterogeneous current or pressure distribyfBmhmwieters et al., 2018)

LFP NMC

Figure 4. XFM results of transitiometal dissolution of (afic) LFP, d)-(f) LMO and §)-(i) NMC

in SIW, WIS and MC electrolytes aftahree cycles in the symmetric cell configuration. The
current density for all symmetric cells is 10 mA/g. Aftgcling, 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 cathodesaqueous electrolytesfter three

cycles in the symmetric cell configuratid@ells are disassembled after cycling, and separators are

collected for the XFM measurements.
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SIW electrolyte WIS electrolyte  MC electrolyte

(Hg/cm?) (ug/cm?) (Hg/cm?)
LiFePO, (Fe) 0.4 3.1 1.6
LiMn,O,(Mn) 25.3 3.0 4.9
LiNig gMng 1Cog 10,(Ni) 19.1 1.7 1.8
LiNig gMn, {C0q ;0,(Mn) 1.3 0.8 0.8

The differences in the dissolution behavior become more pronounced after extended cycles
(Figure 5) for LMO, including more severe TM dissolution and edggion accumulation. The

total amount of dissolved Mn reaches ~10.8 pg/amthe WIS electrolyte and ~20.1 pg/ém

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 plagsnore important role in battery performance

decay.

100
(6 dgcm?)

100

LFP L MO NMC

Figure 5. XFM results of transitiometal dissolution of (afb) LFP, (c}(d) LMO and (e)(f) NMC
in the WIS and MC electrolytes afteaxtendedcycling in the symmetric cell configuratiofb0
cycles for LFP and 100 cycles for LMO and NMChe 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 kbegn cycling (50 cycles for

LFP, 100 cycles for LMO and NMGh WIS and MC electrolytes

WIS electrolyte  MC electrolyte

(ug/cm?) (Hg/cm?)
LiFePO, (Fe) 3.6 2.7
LiMn,O,(Mn) 10.8 20.1
LiNiy gMng ;C0g 1O4(Ni) 3.6 3.3
LiNiy gMn, ;Cog 4O,(Mn) 1.8 1.3

2.3.4. Electrode Surface Properties

Surface changes such as the formation of caileéetrolyte 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 cyclingr@ measured by Xay 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 ¢ixéstence of LiCOs on the surface based on the C

1s and O 1s spectr&igure 6), which originates from the side reaction between LMO, ambient
COz and moisturéMu et al., 2020)he single peak in the F 1s spectrum is assigned to the CH
CFR 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 reportedbarapce of inorganic

(LiF, Li2COg) and organic species derived from TH&icomposition on the cathode surface after
cycling in these aqueous electroly(&hang et al., 202@ye 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. XPSresults 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 electroddeetedcafter 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 electrolytdsagure 7, Figure $4) confirms that the CEI is not
formed. The gradually increased LiF content in the F 1s spectra from the surfacetofaa® in

all the cycled electrodes couldriginate 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 Mr* content increases in the cycled electrodégure 6), indicating a reduced surface layer,
agreeing with previous reports and stemming from the potential formationsasNFang et al.,

2014; Zhang et al., 202%jince Mnri* suffers from severe Jahfeller distortion and is prone to
dissolve into the electrolyte, the higher ¥wontent 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 resultsTable 1andTable 2).
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Figure 7. XPSdepth profiling ofthe cycledLMO cathode irthe 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 matdéryalsing synchrotron Xay
diffraction (XRD). The electrodes are collected after five complete cy€igsre 8a shows that

the lattice structure of LFP is welreserved 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, thenzegmon
(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 stealtapses after

cycling in the SIW electrolyteHgure 8c). Considering the previous reports have shown that Ni
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rich NMC materials experience negligible bulk structural changesadtding in the water for one
week(Wood et al., 2020)ve 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 obsdfiguar¢ 1k and 1) 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 agqueous 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) Nd#thodes after five cycles
in different electrolytes. The corresponding zeimnnegions of the patterns are shown to the right.

The peaks labeled by asskrsymbol 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 resultsigure 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 slightlyreduced crystallinity and apparent Mn dissolution in these aqueous electrolytes.
Given the higher working voltagend acceptable cycle life, LMO can be applied to tighage

ALIBs to experimentally examine the enlarged ESW of novel aqueous electrolytedayered

oxides exhibit the worst cycle life and morphology integrityhiese electrolytesvhich calls for

proper electrode modification and electrolyte design.

—LFP —LMO —NMC

Energy Density

/\\
Morphology .
Stability Cycle Life
Bulk Stabilit Resistance to

TM Dissolution

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. FullCell Performance

To gain more insights into the impact of different aqueous electrolytes, we test the full cell
performance using,4,9,10perylenetetracarboxylic diimid@TCDI) as the anod@s shown in
Figure S5andS6, compared to the WIS electrolytes, the LFP||PTCDI cells exhibit higher capacity
retention within thenitial 15 cycles whethe MC electrolyteis used which could originate from
more reduced water activity 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 electrolytigure 109). To increase the
capacity, the upper cutoff voltage of LMO||PTQ0OII cell is elevated to 2.5 V. The full cell shows
50.6% capacity retention after 500 cycles with an average CE of 98ig%s€ 10b). However,
owing to the sluggish kinetics in MC electrolyte8)O||PTCDIcells experience a long activation
period to reach the maximum capacigure S5dandFigure 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. Longterm cycling performance of (a) LFP||PTCDI and (b) LMO||PTCDI full cells in

the MC electrolyteThered curve corresponds to coulombic efficiency variation wihiéeblue

curve irdicates capacity variatioifhe 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. Gonclusion

Aqueous batteries attract intensive attention recently owing to thtamomable nature of
the electrolytes. Bwever, 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 tkedarge
application of aqueous batteries. Many efforts have been devoted to designing aqueous
electrolytes to reduce the content of free water nubdscand 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@aepus 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 analgsskpw 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. SiNt@ has higher average redox
potentials than LFP, it is a good platform material to study the novel aqueous electrolytes with
significantly expanded ESWSs. The morphological and structural degradation are the biggest
concerns for the application of layerexide 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 waieh 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 WA8 BIC 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, nonktltese electrolytes provides enough battery performance that
can compete with conventional naqueous electrolytes. More extensive studies are needed to
facilitate the development of agqueous 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

LiFePQ: (LFP), LiMn204 (LMO) and LiNi.eMno.1C.102 (NMC) wereprovided by the U.S.

Depart ment of Energyds (DOE) CAMP Facility (C
Argonne National Laboratorg,4,9,10perylenetetracarboxylic diimid@TCDI) was purchased

from Alfa AesarT hlei t hi um bi s (trifluCkbiomeShaneslut $ on9Y9 .
Polyethylene gl ycol (PEG 400) solution were p
2.5.2. Electrochemical Measurement

LFP, LMO and NMC slurriesvere prepared by mixing active materials, carbon black and
polyvinylidene fluoride (PVDF) with a ratio of 8:1:1 and theasted on the carbaroated

aluminum foil Themass loading was estimated to be ~3.5, 4 and 6 Mgrfespectively. The 2

M lithium bis(trifluoromethanesulfonyl)imid€LiTFSI) and 21 m aqueous electrolytes were
prepared by dissolving stoichiometric amount of LITFSI in DI water. TRELZTFSI-94%PEG

6%H20 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 wa{d,8&0
perylenetetracarboxylic diimid@”TCDI) anode using the MC electrolyte and charged to obtain

the delithiated cathodes. 100%, 70% and 50%hs were extracted from LFP, LMO and NMC
electrodes, respectively, to prepare the delithiated cathodeiatai 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 ofgedithiation process and symmetric cell cycling

was 10 mA/g based on thetive 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 bé 0.9 V (LFP||PTCDI cell in WIS electrolyte)j .0 V (LFP||PTCDI cell
in MC electrolyte), 0.842.3 V (LMO||PTCDI cell in WIS electrolyte), and 25 V (LMO||PTCDI

cell in MC electrolyte).

2.5.3. Materials Characterizations

The scanning electron microscopy (SEM) was characterized on a LEO 155@nfisksion
instrumentwith an accelerating voltage of 6 kV. The labra¢ diffraction (XRD) results were
obtained on a Rigaku Mini f lreaxy Irla dd iaftfiroanc t(oeme=t
scan range of 180°. The synchrotron XRD patterns were collected at the loeag8-1D atthe
Brookhaven Nationalaboratory with the Xay wavelength of 0.9762 A. A LaBample was

used to calibrate the diffraction configuration. THRX patterns were convertet o0 t he Cu KU
based XRD with the wavelength of 1.5406 K-ray fluorescence microscopyXfgM)
measurements were conducted atM-B beamline at the Advanced Photon Source, Argonne
National Laboratory. The samples were rast&nned by a summicrometer focused 1KeV X-

ray beam with a step size 85 um. The fluorescent Xays were detected with a fealement

silicon-drift Vortex detector and the raw data were processed and quantified with NTA®Eells

after different cycle numbers were disassembled and the separators were used for XFM
measurements. -xay photoelectron spectroscopyRS) measurements were performed on the

PHI Vers&robe IIl with a monochromatic Al 4élpha Xray source (1486.6 eV). Ar sputtering

was applied to the samples at a sputtering rate of 0.9 nm/mirenfission angle is 45 degrees

and the pass energy for different elements is 2aa¥.samplesynchrotronrXRD and XFMwere

sealed with Kapton tapes and stored iffided glove box before measuremenibe 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
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Figure S1 Thecharging profiles fopreparation oflelithiated cathoded he charging process is
conducted in the full cell configuration using:TisO12 (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%-ions are extracted from LFP, LMO and NMC electrodes

upon such charging.
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Figure S2 The ymmetric cell performance of different cathodes in theigaltater (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 fahereaycled in

the SIW electrolyte, suggesting the negative impadhefwaterrich environmenbn 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 inthesymmetric cell configuration. The current density fortladlsymmetric 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 highessure cell assenybpbrocess.
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Figure S4 XPS depth profiling of the cycledAP cathode in the MC electrolyte, where the
black curves are the experimental data, and the red solid lines are the fittathdageadually

increased content of LiF could result from the PVDF decomposition under theament.
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Figure S5 The electrochemical performance of (a) LFP||PTCDI full ceth@WIS electrolyte,

(b) LFP||PTCDI full cell itheMC electrolyte, (c) LMO||PTCDI full cell ithe WIS electrolyte,

(d) LMOI||PTCDI full cell inthe MC electrolyte.The voltage ranges of different cells ard ®
V,012.0V,0.42.3V and 02.5V, respectivelyThe 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 longterm cycling performance of LMOJ|PTCDI full cell in téS electrolyte

with a current density of 20 mA/@hered curve corresponds to coulombic efficiency variation
while theblue curve inlicates capacity variatiomhe 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 Figure 10b. Therefore, LMO||PTCDI full cell exhibits better

performance in the MC electrolyte.
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3.1. Abstract

Mn dissolution has beenl@ngstanding, ubiquitous issue that negatively impacts the performance
of Mn-based battery materials. Mn dissolution involves complex chemical and structural
transformations at the electraddectrolyte 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, Wieeisua
and quantify the temporally and spatially resolved Mn diggwoi/redeposition (D/R) dynamics of
electrochemically operating Meoontaining cathodes. The partidevel and electrodéevel
analyses reveal that the D/R dynamics is associated with distinct interfacial degradation
mechanisms at different states of g®arOur results statistically differentiate the contributions of
surface reconstruction and Jafeller 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 viaogerandosynchrotronstudy 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
producedechargeable batterié& Howevermost ofthese materials can undergo degradation due
to the interplay between the Ja&fweller (Ji T) distortion active Mn species and irreversible
structural changes during battery operatithMany of the degradation processes originate at the
electrochemical interface and are interconnected at the nanometri Stdlimderstanding the
relationships between different interfacial processes (i.e., patigarticle, particleto-
electrolyte) has been a longstanding challenge for the battery community. In commereial non
agueous Lion batteries, the high vapor pressaf@onaqueous solvents and the-s@nsitive salt
prohibit the observation of interfacial evolution under operating conditions. As such, most
previous studies utilizeelx situcharacterizations to probe the electrode surface after cyitfy
lacking temporal resolution. Furthermon®, 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 stitfdc@hus, the particle and
electrode heterogeneities were rarely considered, albeit their significance in degradation
mechanism and battery performance. Therefore, a multidimensipeeaindoinvestigation of
Mn-based cathode is urgently needed to statistically elucidate the dynamics of cathode surface and

degradation mechanisms with temporal and spatial resolution.

Spinel LiMneOs (LMO) represents one of the most classical -bérsed cathodes in
rechargeable Lion batteres’ 24, During battery cycling, the electrochemical interface deviates
from the equilibrium, resulting in various interfacial degradations. It is widely argued that driven
by the Mr#* Ji T distortion and 2M# © Mn?* + Mn*" disproportionation, LMO suffers from

pronounced Mn dissolution accelerated by proton at the eleettedeolyte interface, which
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aggravates the electrolyte decomposition and impedance growth on the anodé ‘$efadee
dissolution can also be associated with surface reconstrtfciien formation of MeOa, layered
or rocksalt phases, at high voltages (>4.2 V vs. D12, 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 eledric Tiaklion
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 aisahighly challenging?”3. 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, gneletrolyte) have attracted extensive
research attentiéh?”*2 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 Mrbased cathodes. Trapping the dissolved Mn species through coating to
manipulate the Mn D/R dynamics is a promising direction while lackingpeatbn. Considering
that the sulfonate groups &polymer can coordinate witinansition metal cations and affect the
transport kinetics of different iofs> introducing foreign polymer additives into the Mased

cathodes is a potential approach to effectively inhibiting Mn dissolution.

Since LMO has decent structural integrity in neutral water at the pristine state, tho4$40@

electrode operated in the dilute aqueous electrolyte offers a desirable platformdpetaedo

66



observation of Mn D/R dynamics. Therefore, in this work, we report thdinealvisualization

and quantification of the D/R dynamics with singlrticle resolution and electrodeale
statistical analyses. We reveal the S@pendent Mn dissolution mechsms of LMO cycled in

the aqueous electrolyte. Thelddistortion 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 J
T distortion coexist and impose difeart effects on Mn dissolution. Specifically, the surface
reconstructioinduced Mn dissolution dominates the medium voltage rangé 1(2.OV vs.
Ag/AgCl), and the UT distortioninduced Mn dissolution governs the high voltage rangé (1.2
1.55 V vs. Ag/AgCI). Sulfonated tetrafluoroethylene (i.e., Nafion), present at the surface of active
particles, coordinates strongly with dissolved Mn cations, reduces proton coiguend
improves cell kinetics and cycle life. The present study creates insights infmutating 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 @ M lithium bis(trifluoromethanesulfonyl)imide (LITFSI) agueous 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, alpfeinn situ
and operandostudies.Figure 1a shows the cyclic voltammetry (CV) of the phase pure LMO
(Figure S1), with a pair of oxidation/reduction peaks corresponding to thé&/Mn** redox
couple. The high current density near the uppeoff 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 appleditoe-ray
fluorescence microscopy (XFM) methddto track Mn distribution at the electrode level
throughout electrochemical cyclingXtended Data Figure 1). The pristine drogasted LMO
electrode shows a heterogeneous Mn distributfagufe 1b) with some aggregated regions. Due
to Mn dissolution, continuous CV cycling lowers the intensity of the-bmicentration regions
and reduces the overall heterogeneity of the Mn distribution. We then program the data acquisition
time for each XFM map to hidentical to the time needed for each CV cycle, whitbwad 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 roronotonic fluctuationsHigure 1d), which suggests
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the voltagedependent 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 potentiall(V, Figures S2andS3).

We further conduct pixdby-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 > dissologtvden
neighboring maps, respectiveligure 1€). The subtraction between th® and 3 cycles yields
a broader and more negatively shifted histogram, atoig 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 14nd 1% 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, consistentRigilre 1c. Since LMO
particles are susceptible tlissolutionand redeposition once they are electrochemically cycled,
we congcture the pixels that experience 0% relative concentration change are electrochemically
inactive LMO domainsAs shown inFigure S5 the inactive domains expand significantly after
the 8th cycleNoted 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 radtixe 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 smoanotonicty, motivates us to investigate the

voltagedependent D/R dynamics.
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Figure 1. Dynamic Mn D/R process during the CV cycling in the threeelectrode
configuration. a, CV profiles of the LMO electrode cyc|
where the scan voltage ranges fromb5i nVb,st o 1.
In situ XFM mapping of the LMO electrode during CV cycling, where the colour code denotes the
relative Mn concentration. The pixel size 1is
fourth, seventh and tenth cycle, respectivelyrelative Mn concentration change calculated from

each XFM scan when the time required for each
CV cycl e (8 mlshowing costinuos Mid dissolitiors 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) S
5 m'Y), skowing normonotonic Mn concentration changes.Distribution of relative Mn
concentration variation at the beginning and final stages of CV cyclmthiough pixelby-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. Voltagedependent Mn D/R Dynamics

LMO shows noticeable capacity decay when cycled in the 2 M LIiTFSI aqueous electrolyte
using the constant current chardidgscharging methodHgure 2a). We then investigate the
voltagedependent Mn dissolution with singparticle resolution during the first charging process
(Figure 2b). The Mn concentration gradually decreases ducimgrging, accompanied by the
dramatic particle shrinkage above 1.0 V. The quantitative analyigisré 2¢) and corresponding
first derivatives of the curve={gure S6 reveal that the Mn concentration exhibits more severe
loss when the voltage is higher than 1.0MMe data point at ~1700 s kigure S6deviates from
the neighboring points and could origin from the systematic error (i.e., signal fluctuafioa).
apparent Mn dissolution rate is facilitated betweenn LDV and gets more facilitated when
holding at 1.2 V. More detailed analyses of different particles reveal that the Mn concentration
variation ranges from60% to +4% at the singlgarticle 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 electrtaleel analysis with ensembbereraged information

from many particles can represent the overall Mn BéRaviors during cycling.

At the electrode level, we further divide thesitufirst charging profile into low voltage range
(LV, 0.3i 1 V), medium voltage range (MV, 1.0.2 V), and high voltage range (HV, 11255 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). Hriogure 2ewe 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 rangedoreover, during the holding process at 1.2%& can notice that the Mn
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concentration experiences a severe drop at the initial staged 26), in line with the feature we
observed at the singlearticle level Figure 2¢) 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 processébe accumulated Mn loss is 3.0%, 3.8%, and 3.2% at LV,
MV, and HV, respectively, which shows that the medwwitage charging, albeit providing only

21 mA/g capacity (23% ohe total charge capacity), introduces the most severe Mn dissolution.
The Mn D/R behaviors in the following charging processes exhibit armmwrotonic feature and
becomes more complicate&igure S7), which could be attributed to the further interaction
between electrode particles and gradually accumulated Mn species at the eldettvdy/te
interface. The overall Mn loss shows large discrepancy between thegantgtde and electrode

scale mesurements. Between OCV and 1.2 V, the sipglgicle measrement has a 40.4% loss,

while the electrodscale 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 distiiin at the electrode lev&f’. Moreover, at both MV

and HV ranges, we observe a Gausdilea distribution in the pixeby-pixel analyses of the Mn

D/R dynamics Figure 2f), which suggests that both Miissolution and redeposition take place
when the LMO undergoes chargimdeanwhile, 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 electEbderded Data Figure 3. Overall,

our results show a voltagkependent, continuously evolved Mn D/R behavior upon constant

current charging.
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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, werapiply
hard X-ray absorption spectroscopy (XAS) to investigate the bulk properties of LMO upon cycling.
We select five statesf-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 tHV region Figure 3b-d). Extended Xray absorption fine
structure (EXAFSFigure 3¢ reveals that the M@ and MaMn interatomic distances experience
abnormal elongation when LMO enters the HV rarkggure 3f). The EXAFS fitting results show
that the corresponding M@ coordination number is reduced from six to fikegg(re 3g, Figure
S8 Figure S9andTable S15). These results collectively reveal the structural degradation of
LMO induced by the OER at HV, originating from the lattice oxygenfo#s 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 matetfal 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 surfacesensitive characterizations. The HAAEBBH EM images along [110] zone axis of
pristine materials confirm a wetlefined spinel LMO phase from particler&ace to bulk Figure
S10. After charging to 1 V, a transition phase between spinel LMO aredDMappears on the
surface Figure S11° which is further transformed to pure B phase when the electrode is
charged to 1.2 VKigure 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 particlesHgure S13. The Mndissolution behavior of Ms®©4 (Extended Data Figure

4) and MnQ (Extended Data Figure 9 proves that the Mn loss at 1.2 V mainly originates from
Mn304 dissolution owing to the relatively weak chemical bond betweett Bd oxygen anions.

The Mn Lz 3 electron energy loss spectra (EELS) of 1.55 V charged LMO particles exhibit blue
shift (Figure 3h and3i) 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 ~@Ossteat with

the thickness of the distorted region in the HAABFEM image Figure S13.

We believe such a thick surface reconstruction layer is caused by the thermodynamic
instability of the delithiated LMO and thedectrodeelectrolyte 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 VIigure 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 entérgence
surface reconstruction. The appearance of a mixed states’baMhMr* species at MV proves
the formation of MBO4 on the particle surface, which agrees with previous observations{n non
aqueous electrolyt&sThese findings suggest that a higher degree of structural distortion occurs
when voltage is higher than 1 V. Up discharging to 0 V, the surface becomeexiatized than
that at 1.2 V (MV) and 1.55 V (HV), which suggests that thes®ingets dissolved upon
discharging, consistent with the hard XAS resultigure 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, Chargédischarge profile of in situ hard XAS measurements, where the current density is
0.2 C (YH20c, Mn K-edge hard XAS spectra at different SOCs (b) and the
corresponding zoomeid views of thewhite-line region (c)d, Whiteline energy as a function

of SOCse, Fouriertransformed magnitude of Mn-Bdge EXAFS at different SOCs.

Interatomic distance at different SO@sCoordination numbers for M©® and Mii Mn

obtained from Mn Kedge EXAFS simulations. The error bars are generated on the basis of the
EXAFS simulation errordh, HAADF-STEM image for the scanning pathwayMn Lz 3-edge

EELS spectra along the scanning pathwalin Ls-edge soft XAS spectra of LMO electrodes at
different SOCsFor 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 condtiatesiirface

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
voltagedependent. Since the Mn dissolution has been shown to be strongly correlated with
materials transformatidn®, here we statistically establish the correlation between D/R dynamics

and materials transformation at different voltage ranges.

The Mn concentration in pristine electrode exhibits-narform distribution in the histogram
(Figure Sl15a), suggesting the heterogeneous loading of thereggared LMO electrode. We
divide the initial electrode loading into four categories based on the Mn XFM concentration map,
namely, Low C, MediurLow C, MediumHigh C, and HighC. The area under the cur(&UC)
in the concentration histogram reflects the total Mn concentration and is used to separate different

categories, where each category occupiés @bAUC (Figure S159. 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 domainBigure S158. These two categorizations allow us to
guantitatively correlate D/R dynamics, initial LMO loading, and voltage range. By comparing the
D/R dynamics with the same scenario (i.e., same @ulded data points ifigure S19 at

different voltage ranges, we observe thatiffeand HV ranges display similar characteristics and

are distinct from the MV rangeFigure 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 resulsgure 3), we propose the correlation between
the D/R dynamics and voltagkependent materials transformatiofsg(ire 4). When LMO is
charged from 0.3V to 1.0 V (LV range), a substantial amount of Mn still remains afitaetid/e
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 emeggehsoluble MA" in MnzOs
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 the capacity of LMO is smaller than the theoretical value
(148 mAh/g) and our hard XAS resultskigure 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 Eexeinded
Data Figure 2. The enriched proton species near the electrode surfacavatgs the

disproportion of residual M¥i and makes the T distortioninduced Mn dissolution become the
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primary factor responsible for Mn dissolutidioreover, the strong acidic environment drastically
interferes with the Mn local bonding and induces more lattice oxygen loss compared to the LV
range Figure 3q). Therefore, the dissolution rate at HV range is significantly booBtgdré 2e).

We believe the Mn D/R dynamics and corresponding degradation mechanisms we present here
can also informnsights into the noqueous system, where the proton species are generated by

the ethylene carbonate and LiRRteracting 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 (TH®ME) with a low vapor pressure is selected as the
solvent. As shown ikxtended 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 @composition is a primary reasdmt leads to Mn dissolutidh Considering that the
sealing of our operando cell is less stringent than that of acedlior pouchcell 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 electrolytesSchematic
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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 setto 1.2 V vs. Ag/AgCl. Hence, inhibiting
surface reconstruction is expected to significantly improve #réopnance. 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 degradatid?f-3°4% 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 inFigure 5a the capacity retention of the Nafiadded LMO is improved.
Compared to the pure LMO, the Nafiadded LMO electrode exhibits smaller reaction
overpotentials at the LV range and a higher output capdéityie 5b). The TEM results in
Figure S17reveal that the MiO4 phase appear on the particle surface after Nafion coating owing
to the acidic environment in the Nafion solution. The?Mn Mnz0a4 can be easily dissolved into
the electrolyte at low voltage, therefore giving rise to more Mn loss at the LV range idusing
XFM measurementsF{gure 5c and5d). In contrast, at the MV rangé&.(i 1.2 V), the Nafion
layer can modify the interaction between LMO and aqueous electrolytes and suppress the Mn
dissolution. Importantly, the Nafieadded LMO electrode exhibits glegible net Mn loss in the
4™ charge. As shown iffigure 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 sitgswhich effectively diminishes the proton transpamt prevents

the surface from the attack pfotons. Meanwhile, the trapped Rrcan accumulate near the
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particle surface, reducing the time needed to reach the D/R equilifrieunLe 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 Ms MNSO
aqueous solution for one day.hd 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 spediedgnded Data Figure §. Therefore,
introducing Nafion into the composite electrodes can improve reaction kinetics, regulate Mn
dissolution, and significantly mitigate Mn loss. We also wanhighlight 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 environmentsHigure 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, Chargédischarge profiles of Nafieadded LMO electrodes in the

2 M Li TFSI aqueous electrial gt ¥, vehsue AbéAgcCl
current densi thyb, Gompardson®f the fir§t Gharging cugve of pure LMO and
Nafionr-added LMO, where the Nafiemdded LMO shows smaller overpotentials on charging.

In situ XFM mapping of the Nafieadded LMO at different SOCs, where the colour code
denotes the Mn concentration. TBiheas pi x el si ze
100 & m 1d, MnQo8s ofpore LMO and Nafieadded LMO electrodes on chargiry.

Schematic of the chemical environment surrounding Nedased LMO particles during the

fourth charging process.
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3.4. Conclusion

Understanding and controlling the dynamic Mn D/R behaviors irblssed cathodes can
reveal electrode degradation mechanisms and more importantly inform the development of
methods for stabilizing electrode materials. The continuously evolved speciatione at t
electrochemical interface makes it challenging to accurately identify the interfacial degradation
processes, such as metal dissolution. Usirgitu XFM and a suite of surfacand bulksensitive
technigues, 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 ina® LMO domains collectively leads to performance decay upon
cycling. The JT distortion and surface reconstruction are responsible for the valegmpndent
Mn dissolution behavior. The Mn dissolution exhibits a-tingar 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™m 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 CR dynanics and unravels the role of the sulfonated polymer in controlling D/R
dynamics and improving battery performance. irhseitu experimental methodsevelopechere
can be broadly applied to investigate other electrochemical systems that involviqaalid

interfaces.
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3.5.Experimental Section

3.5.1. Material Preparation

The active material LiIM#O4( L MO) was provided by the U.S. D e
CAMP Facility (Cell Analysis, Modeling and Prototyping) at Argonne National Laboratoly e
Lithium bis(trifluoromethanesul fonyl )i mide (L
cont ains 45 %30madt7e%)) waenrde Mnur chased 2f a ©otm \Sa tgend,
tech. 90%) was pur c havsaesd hferadAeCdAfladtra 3¥E0sm@u r Mn lDe
3.5.2. Electrochemical Measurements

In the threeelectrode system, Ag/AgCl (3MaCl) (M~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, carlmoblack (CB) and polyvinylidene fluoride (PVDF) with a ratio of 8:1:1 and

then dropcasted onto carbon paper. The active mass loading was estimated to be ~3 Tiggecm
composition (% weight) of LMO electrodes used for the partekel analysis is 6:3:{LMO:

PVDF: CB) to stabilize the particle during XFM experiments. The mass loading is ~2 mBtem
theNafonradded LMO el ectrodes, 45 €L Nafion soluti
300 mg of the solid mixture. Then the slurry was dtapted on the carbon paper with a mass

loading of ~3.5 mg/cR The composition (% weight) of dragasted MaOs and MnQ electrodes

was 8:1:1 (Active Material: PVDF: CB), and the mass loading was ~4 rag/the cyclic
voltammetry (CV) measurement was conducted atan rate of 5 mV/s withiir0.1i 1.5 V (vs.

Ag/AgCI). The galvanostatic cycling with potential limitation (GCPL, normal charging
discharging process) measurement was conducted withi2@ ¥ (vs. Ag/AgCl) and the current

density was 100 mA/g. The Chronoamperometry (CA) was conductiffesent voltages-0.1
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V, 0.9V, 1.2 V) for the measuremenssll electrochemical measurements were condubted

using a Potentiostat (SB50, BioLogic, France).

3.5.3. SEM and XRD characterization

The morphology of the materials was characterized on a LEO 1550efrek$ion 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 sampteatfed Nafion
membrane is washed with DI water three times and dried &€ & remove the residual water.

The lab Xray diffraction (XRD) results were obtained on a Rigaku Miniflex Il diffractometer with

a Cu -tKdly Xr adi ati on (egeefl@r0°54 ) in a scan ran
3.5.4. In situ XFM Measurement

Thein situ XFM was performed at the-ID-E beamline of Advanced Photon Source, Argonne
National LaboratoryThein situ cell design can be found in previous reporthe samples were
prepared by the same dropsting 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 arsatometer (~700 nm) focused 10.5 KeVray

beam with a step size of& nfor electrodescale measurements and 300 nm for partelel
measurements along x and y axes, except for the step size of XFM measurement in Figure 5c,
whichis2¢e m a | o nygxexDumng the measuremenie samples were aligned at an angle

of ~60° with respect to the incident beahhe fluorescent Xay signals were detected with a four
element silicordrift Vortex detector and the raw data were processed and quantified with XRF

MAPSsoftware developed by Argonne National Lab
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3.5.5. In situ Hard XAS Measurement

Hard XAS measurements were conducted at beamiihat4he Stanford Synchrotron Radiation
Lightsource, SLAC National Accelerator Laboratorfhe sample preparation and cell
configuration were the same as in the XFM measurements. The-ddig& spectra was collected

in the fluorescence mode, with samples aligned at an angle of ~45° with respect to the incident
beam and fluorescent detector. TM@ metal foil was used to calibrate the edge energy. All
XANES and EXAFS spectra were analyzed with the Athenavaodt The fitting of EXAFS

results was analyzed with Artemis software. The current density was 20 mA/g for the dharging

discharging process durimg situ XAS measurements.

3.5.6. TEM measurement

High Annular Dark Field-Scanning Transmission Electron Microscope (HAABFEM) and
Electron Energy loss Spectroscopy (EELS) measurements were performed with -Hgraro

Talos F200X and Hitachi HD2700C at an accelerating voltage of 200 kV at the Canter f
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 ofr880and a 1000 L mm?
spherical grating monochromator with@m entr ance and eohd‘at®2it s,
eV resolution in a 1 mAbeam spot. Data were acquired under ultrahigh vacuuh?Tor) in a

single load at room temperature using TEY, where the sample drain current was collected. The
samples were mounted on an aluminum sampleen in an Affilled glove box and welsealed

for transfer.
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3.9. Extended Figures

Working electrode,
LMO/ carbon paper

Counter Reference

electrode, electrode,

Pt foil Ag/AgCl
i B A [

] |

Electrolyte |

Internal opening window

Extended Figure 1.The threeelectrode cell used for the in sémd operandX-ray
fluorescence microscopy (XFM) experimehhe Xrays hit the electrode from the side of the

current collector (carbon paper).
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Pristine 0.85V 1.0V 1.2V

Extended Figure 2.The XFM images athesingleparticle level of LMO electrodes at different

states of chargduring the first cycle, showing a heterogeneous Mn D/R behaviors.
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7.6 mm

v

F y

12.5 mm

Extended Figure 3.(a) The photo o&graphite paper used as the counter electrode during
electrochemical cycling, where the arrows indicate the originatgeidd regions; (b) XFM

image of the region labeled by blue frame in (a), showing a much higher Mn concentration in the
cycled regiorand 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 frormpurity.
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Extended Figure 4.The Mn D/R dynamics of Mi®4 held at 1.2 VThe 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 Mngheld at 1.2 VThe CA protocol is applied

for 21 minutes to keep the voltage at 1.2nd monitor the Mn concentration variation. Each

XFM image takes 7 minutes.
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Extended Figure 6.(a) The XFM images of Mn concentrationtive LMO electrode during

electrochemical cycling in 2 M LiTFSI in tetraethylene glycol dimethyl efhEG-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 membrafks.Mn signal in pristine membranes is

caused by the uncertainty from the instrument, the actual Mn atomic reliiséstozero.
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3.10. Supporting Information
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Figure S1The X-ray diffraction pattern and scanning electron microscopy images of pristine

LiMn 204 (LMO) materials.
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Figure S2 The in situ (a) chronoamperometry (CA) profile when holing at Ov8.\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 &.1 Vvs. Ag/AgCland (b) corresponding

Mn concentration variation in the probed area.
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X<0 : Net Mn dissolution
X>0 : Net Mn redeposition

FWHM: Distribution of relative

-20000.660 20000960 Min concentration change
Pixel value

Number of pixels

Histogram of subtracted image

Figure $4 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 indicatgeettiéicspixel

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 zerchange pixels divided by number of total pixels.
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Figure S6 The first derivative of the particlievel Mn loss as a function of timEigure 20),

indicating a higher Mn dissolution rate when voltage is higher than 1 V vs. Ag/AgCI.
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Figure S7 The Mn D/R dynamics during (&ird, (b) fourth and (c)fifth charging procesg.he

Mn concentration exhibits nemonotonic variation in different cycleShe 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) antthen rapidly decreases at timediumvoltage region (1.2 V),
suggesting that the Mn dissolution rate becomes higher than the redepositiothaeatated
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 asgeThe overall Mn content show negligible
change after charging. Overall, the Mn D/R dynamics are sophisticateamanenon

monotonic
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