Current Challenges andRoutes Forward for

Non-aqueousLithium -Air Batteries

Tao Liu**?J. Padmanabhan VivekEvanWenbo Zhad,Jiang Lei* Nuria GarciaAraez? Clare P. Grey?

1. Shanghai Key Laboratory of Chemical Assessment and Sustainability, Department of Chemistry, Tongji
University, Shanghai 200092, P. R. China.

2. Chemistry Department, Lensfield Road, University of Cambridge, Cambridge, UK CB2 1EW

3. Chemistry Departmenitiniversity of Southampton, Highfield Campus, Southampton, UK SO17 1BJ

* corresponding authordiu@tongji.edu.cncpg27@cam.ac.uk

Abstract

Non-aqueous lithiurrair batteres have garnered considerable research interests over thieqedtdue

to its extremely high theoretical energy densities and potentially low cost. Great advances have been
achieved in both the mechanistic understanding of cell reactions and in the development of effective
strategies tdhelp realize a practical energyosage device. By drawing attention to repqutshlished

mainly within the past 8 years, this reviel@monstratean updated mechanistic picture of thiium

peroxide based cell reactiorand highlights key remaining challengedue to theparasitic proceses
occurring at the reaction produglectrolyte, produetathode electrolytecathodeand electrolyteanode
interfaces. Weintroduce the fundamental principlend critically evluate the effectiveness of the
important strategies théttave been proposdd mitigate issues of the battery, which include the use of
solid catalysts, redox mediators, solvating additives for oxygen reaction intermediates and gas separation
membranesetc. Recently established cell chemistries based on the superoxide, hydaoxidexide

phases are also summarized and discussed.
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1. Introduction

Currently more than 80% of the global energy demand is supplied by fossif-{u€his
worldwide use of fossil energy leads to massive release of carbon dioxide and other greenhouse
gases that cause issues of global climate change. The petroleum that is consumed in automobile
applications epresents around one third of the global primary energy sourcegsults in a

third of greenhouse gases released. There is no doubt that electrification of our current
transportation systems from renewable energy sources (such as solar, wind eneligies) w
significantly improve our environment and energy security. This transition from fossil fueled
vehicles to hybrid electric vehicles (HEV) and electric vehicles (EV) has already begun. Driven
by government policiesn many countries as well as technolmdi development irprivate

sectors, rapid growth rates (around 50% per year) in HEV/EV sales are recorded over the past
few years. In 2018, the global EV sales reached 2 million where more than half (62.6%)

cars aresold in Chinaalone

The core isue facing complete electrification of transportation is the development of a good
battery, that is, a lonlived, safe, affordable battery with sufficient power and energy densities to
cover most driving range scenarios for a day. Current EVs are preatttiyibased on lithium

ion batteries (LIB) and active R&D efforts are still being devoted to further optimizing the LIB
chemistry. Around 5 years aganeopinion evolved in the battery community that LIBs may not

be the energy storage technology that ilize mass EV adoption, because scientists estimate
that the scope for energy density improvemanitIBs is at most another 30% h&refore the

LIB T unless it is large and thus extremely costl unlikely to allow adriving rangeof 500
miles/chargeo be achieved, this range being offered by a single refillpgftenl tank® This idea
certainly drives more fundamental research activities to thealked beyond Lion battery
chemistries (such as Si, S and-éased Li redox chemistries). Nevertheless, in 2017 Tesla
Model 3 successfully demonstrated a driving range of more than 300 miles based on current LIB
technologies and a new Tesla model to be released soon is claimed to achieve even 400
miles/charge; the&simprovements in driving ranges areainly obtained by loading more
batteries on boardi{8kg for battery packs ofB85 kWh accounting foB0% of vehicle weight

in Model 3 . Whil e Tesl aods performance hi gh!l i ght s
engineeringcar manufacturingn developing EVs, their strategy, howevieGreaseshe cost and
reduces the effective loading capacity of the car. In the long term, much eleeegy batteries

that can significantly reduce battery goseight and afford long driving rangess the research
direction forward.

One of the higkenergy candidates considered for EV applications is ra@tabatteries:®
Metalair batteries have garnered consatee research interests over the past decad2009,
only 25 papers were published on the subject, this number camgitm risg reachingover 800
in 2018.Most papers descridghium-air, sodiumair, poassiumair, zincair and aluminom-air
batteries, which can involve one, two or four electrons stored pemd@ecule due to the
versatility of the @ redox chemistry. Since Jdrom the air acts athe active material storing
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electric chargein principle,the batteryshould have a@enser energy, lower cogiptentiallyless
toxicity and better recyclability as compared to LIBghat usetransition metal oxidess the
positive electrodeAmong them, the lithiurair battery posseses the highest theoretical energy
density and is most intensely studied; this is the foctsi®feview.

There are two types of lithiwair batteries, one based on agueous electrolytes and the other
using nomaqueous electrolytés? The noraqueous lithiurair batterieswill have varied
theoretical specific energies (defined as Wh/kg of the redox active material), depending on the
type of lithiumoxygen product formed during discharge. For instatioe formaton of Li,O,

(2Li+0O22z L 40y), LioO (4Li+0xz 2 LO®), LIOH (4Li+2H,0+0z 4 L i OH) l ead to th
capacities of 1165, 1787 and 1117 mAh/g, respectively; hence the corresponding specific
energies, assuming a voltage of around 3 V for them, would be 3495 ,38581Wh/kg, clearly

several times higher than those of typical LIBs €800 Wh/kg). On the other hand, the aqueous
lithium-air cell €.g, at alkaline conditions) is described by the following reaction:
4Li+6H,0+0,z 4 L i OJDAthe forward reaction charading discharge and the backward

one for chargé®** During dischargethe generatediOH is dissolved in the electrolyte until

reach ng i ts satur at ixthen precipitates dnd tepasits bni tieHpAsHive

el ectrode. CSatherctlean LiQH@Qad A kthe n@gueous system) is the product, the
specific energy of the aqueous system is much loaveund2170 Wh/kg As a result, much less
research is done on the aqueous system compared to the aprotic one. Most contents of this
review will be dedicated to discussing raqueous lithiurrair batteries.

Although we do not attempt to give a full history of development foiulit-air batteries, it is
important to aknowledge important early warlOriginally proposed in the 1970s as a potential
power source for electric vehicl&&’ nonaqueous lithiurair batteries started to regain
research interests since late 1990s. Jiang and Abraham in 1996 accidently idétifie®,-
based LiO, electrochemistry when they attempted to intercalafeinto graphite via a gel
polymer electrolyte in the presence of some air IéakSLater on, more researchers studied the
discharge reaction of lithiurair batteries using various electrolyt&8® In 2006, Bruce and
coworkers showed that 1@, can be decomposed on rechargiag, important first step in
producinga reversible L0, battery?*’

SinceBruceet alb s  wamd akso driven by the advascof materials science and the increased
need for renewable energiegsearch on lithiurair batteries has increased substantially. It is
also worth noting that many early studswould be interpreted with cautiobecausenany of

the cell electroeemistriesreported were mainly based on parasitic reacti@ng, (where a
carbonate electrolyte is useahd the major product on charge is£L@ major reason for this
mistake is that the noraqueous L0, electrochemistry isprone to undergo unwanted
degradation side reaotis. The situation is furtheromplicated bythe mutiple interfaces and
phases (solid vs. liquid) at which threhemical transformati@occur. As a result, simple
coulometry ad nonrquantitative diffraction/microscopgharacterizatiorareinsufficient to fully
evaluate the badry chemistry. Instead, a wide rar@fan situ quantitative gas, chemical titration,
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spectroscopy techniquese usually required to assess the true reversibditg unravel the
mechanisrma of the LFO, electrochemistry.

It is now wellrecognized by theommunity that the developmeaf a practical noraqueous
lithium-air battery faces many technical challenges. The cell suffers from poor rate capability,
which results in a low practical specific energy. The voltage hysteresis during cycling is large,
giving rise tolow energy efficiencies These high overpotentials in turn cause significant
electrode and electrolyte decomposition and consequently, the cell life is quite limited. The use
of a lithium metal anodewvolvessafety concerns. In addition,h&r components in air (such as
CO,, H,0) can interfere witlthe Li-O, electrochemistry and cause further parasitic reactions. As
such, most latbasedithium-air battery research is simplified and uses purea@er than airin

this context it is more acurate to use the term-0, rather than Liair batteries.

To put the requirements for lithium air batteries into context, the calculations by Gallagher and
coworkers ofthe figures of merit achievable by {dir batteries at aystem levefor electric
vehicle applicationsKig. 1a) are worthconsideing.?® Using the data originally reported in
Gallagherandcawvor ker s & ar t iFigdreelb to shew the emanggersitesl specific
energyand cost per usable energy, as a function of the electnadcapacityfor a Li-air
battery at a system level, where the areal capacity is defined as the capacity normalized by the
geometric electrode area. The figure shows that verydmnghgy densities (>380 Wh/I), specific
energieg>330 Wh/kg) and very low casper usale energy (<105 $/kWh) can be achieved with
Li-air cells with high areal electrode capacities (>10 mAR)crifor comparison, when these
estimats are performed with Lion battery materials such as graphite and NMC4dtl4 system

level, these authors ohined energy densities (ca. 360 Wh/L), specific enefg&@s180 Wh/kg)

and cost per unit density (ca. 200 $/kWkhatare inferior to the values projectedkigure 1b

for Li-air batteriesTwo points should be stressed however: fiGd|lagher and cowrkershave
pointed out that advanced Li metal anode battgra@edwith ahigh performancéayered NMC

metal oxide could provide a more competitive performahaethese novel battery chemistries
need to overcome a number of fundamental challengesatd rcommercialization, as it is the
case for metadir batteries.Second, the energy densities for traditionaidn batteries have
continued to improve and costs have dropped noticeably since this paper was published largely
due to incremental improvemts, changes in cathode chemistries and massive increases in
production. Nonetheless, thealculations by Gallagher and coworkers illustrate target
requirementsn termsof areal electrode capacity, rate capability, electrolyte loading, excess of
anode cagcity and cycle life required for building competitive-dir batteries for electric
vehicles. Recent improvements in-dir batteries are critically analyzed in view of these
challenging target requirementsSaction 4 of this review article.
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Fig. 1 Figures of merit of Liair batteries at a system level. (a): Illustration of required components for an epen Li

O, system. (b): Plot of the energy density, specific energy and cost per usable energy as a function of tb@,areal Li
electrode capacity, abtained from the data reportegt Gallagher and coworkef& Values of areal L, electrode
capacities (called fAloadingso0 i n,Ofpbregeomtricalqnitrared ofther t i c | e)
electrode. The calculations were made considering that the wet, discharged electrode containef£%Li

carbon, 2% binder, 5% open porosity and 25% of liquid electrolyte (volume percentages). The values shown are for

an open L-air system, but similar results are obtained with a close@,Lsystem.Figure 1(a) eprinted with

permission from ref 28. Copyright 2014 The Royal Society of Chemistry.

At the fundamental levefreat efforthasbeen made to unravel the principles underpinning the
irreversibility of lithiumair batteries. Nevertheless, many fundamergakstions remain
unresolved. For instancthe reactiventerfacesof alithium-oxygenbatteryduring discharge and
chargearestll under debatewhetherare theyat the producelectrolyte interface or the product
electrode interface and what are the influential factors determining the operation of different
reactionmechanisrg? The answer to this question is crucial to guide désignof efficient
electrocatalysts for the oxygen reduction and evolution reactions in |HhilubatteriesThe true
species/processes responsifae the side reactions at the cathodkso merit further research
previously, the superoxidand LpO,.x speciesvereconsidered to béhe main cause. However,
recent studies suggest that singlet oxygen might gi@ying a more detrimental role. This
demands the development of suitabileglet oxygemuenchers, electrolytes and mediators that
are stable agas singlet oxygenFurthermore, trace amounts of water, carbon digxahel
nitrogen are probably inevitable in practical lithivair cells, their impact on the anode and
cathode chemistrgnd stability needs more attention.

In this article we review literature published until June 20X¥6¢cusng on the fundamental
aspects of the key scientific and technical challenges in developing a succassful
technologically relevantlithium-air battery. In Section 2, we first discuss theurrent
understading of the discharge and charge reaction mecharishesfundamentals of a basic Li
O, reaction based on 10, formation and decomposition. We wihow thatgreat advances in
improving the cell chemistry have been achieved through fundamental studies. Seotion 3,



we highlight the outstanding key challenges, which relate to parasitic reactions occurring at the
electrode/electrolyte interfaces. Section4, we introduce some novel and useful materials and
strategies to address the key challeray@s discuss improvements in chemistries beyond those
usedi n Gal | agher olsSeatiani5,gve distuss sonoedesdnt reported new types of
Li-O, electrohemistry, based on L) Li,O and LiOH, which really highlight the tremendous
opportunities for research to understand and modulate the versaglec@ochemistry. Finally

in Section 6, we present oown, subjectivgperspectiveandfuture researchirections

2. Fundamentals of Neaqueous LithiunrOxygen Electrochemistry

A basic norraqueous lithium air battery consists of a lithium metal anad@oraqueous
electrolyte {ncluding organicsolvent and lithiunrcontaining salt)lsoaked in a separatand a
porous carbotbased cathodéFig. 2).° The @rbon catode is not the active materiar energy
storage but simply a porous framework to host the active mateti@larbonis a commonly
chosercathode hostlue to its light wei

ght, low cost, good electrical conductivity aradlativdy high chemical stabilityOn discharging,
dioxygen molecules from the air react with lithium ions and electrons at the cathode gtigace
2a). As a result, a solid reaction product, typicdithium peroxide (L$O,), is formed and
depositswithin the porous carbon frameworkipon charging,Li»O, is decomposed and,Qs
released back to the atmosphéd¥ig(2b).”

The characteristic electrochemical profdé a cell using a carbebased cathodes shown in

Figure 2c. Based orthe standard Gibbs free energy changeeaiction (1), the equilibrium

voltageis calculated to be 2.96 V versus'lLi.*® The discharge profile shows a relatiyeflat

plateau followed bymabrupt polarization region, alkon own as t he O6sudden de
end of the discharge process. The charging proegbksbits a much largeopverpotential

(typically ~1 V) than the discharge-0.2 V). a slopingregion in the beginning, then a tiat

charge plateau and finally a high voltage tail nanallybe identified®

2Lig+ Oz 2 kO, E°=2.96 V (1)
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Fig. 2 Schematic illustration of the discharge (a) and charge (b) processes ofaguemus L0, battery and its
typical electrochemical profile (cJ.he potential of the @Li,O, vs. Li* (2.96 V) is marked.

2.1 Discharge Reaction Mechanisms

2.1.1SurfaceMechanism versusolution-MediatedProcess

Because of its close link to tipeacticalenergydensity of LtO, batteries, the discharge reaction
has been extensively studiéithroughstudies using wide range of experimental techniques, it
is suggestedthat the dischargeeaction at the cathode can proceed eithier a surface
mechanism or @olution mediated pathwa$>> These different scenarios asemmarized in
reactions (), wh er e 0 a d subscriptaefer tdspeaiésdhaadsorbon the surface and
thatexist insolution respectively

In thesurface mechanisifrieactions (23)), lithium superoxide (Li¢) formsvia oneelectronO,
reduction, where the electron transfer and association with aation occur at the electrode
surface. The surface bound lxtdy then undergoes another eekectron electrochemical
reduction to form LiOyaq4. In thesolutionmediated mechanis(reactions (46)), the formation
of LiOysoy OCcurvia two steps: first onelectron electrochemical reduction©f to form lithium
superoxideat the surface, which then diffisiato solution(reaction(4)); the LiOyso) Species is
dissolved in the electrolyte (in equilibrium) with its*Lland Q’ ions solvated by the solvent
(reaction(5)). The LiOyso) generated in solution can undergo a disproportionation reaction to
produce LiOysoy and Qg (reaction (6))Due to a low solubility in organic electrolytgi,O;
quickly precipitate®ut of the solutiorfreaction(6)), nucleating and growing asX, crystallite.
A strong evidence for the solutionediated LiO, precipitation is the observatioof LioO,
particlesforming onthe electrically insulating glass fiber separatrs.

Qz(q) +e + LI+(SO_P Y ) |_ j(ao@ (2)
LiOgadg + € + Li " sop Y  kOiadg (3)
or

O_z(q) te + Li+(sol) Y _|—+i02(sol) (4)
LiO2(son Z_ Oz sop * Li™ (son (5)
2I—|02(sol) Y h—OZ(soI) + O2(9) (6)

A key distinction between these two scenarios is whether significaotints ofeduced oxygen
species (superoxide and peroxidegtransportedrom the surfacénto the electrolyte solutioto
promote large O, crystal formation(not necessarily on the current collectorisext, we
introduceexisting evidence that supports the proposed elementary §teastions(2-6)) and
discuss factors dictating the discharge mechanism.

2.12 Evidence for th&uperoxidelntermediate

The existence of a superoxide reaction intermediate either at the surfacshution has ben
verified by electrochemical analysi§, ** Raman spectroscofy, *° chemical analysi&
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ultravioletvisible(UV-vis) spectrosqoy, rotating ring disc electrode BDE), electron
spin resonancéESR) spectroscopl and fluorescence spectroscdpyVhile surfaceenhanced
Raman spectroscopy techniguwas be used to prolseiperoxide species at tekectrodesurface

region®3"% the other techniques are useful to quantify the superoxide species dissolved in the

electrolyte® 447

Hardwick and coworkers studied the oxygen reduction reaction (ORR) in acetonitrile (ACN) and
dimethyl sulfoxide (DMSOJpased electrolytes on glass carbon (GC) electradasg shell
isolated nanoparticle enhanced Raman spsoomy (SHINERSS® The electric field
enhancemen(Fig. 3a) between the Si@coated gold nanoparticles allow¢lde detection of
reaction species on nanetallic electrode surfaces, whilst removing any potential surface
catalytic effect duetogoldSu p er o x i d &o) with Ramiareshifts @tdl125 and 1128tm
were detected in ACN and DMSO electrolytes respectively, which are ascribed 4gud-iO
While SHINERS enables the detection of reaction products close to the electrode @edace
areas inFigure 3a, note that the SHIN particles apa. 55 nm), surfaceenhanced Raman
spectroscopy (SERS) is most sensitive to species directly adsorbed ete¢hrede surface.
SERS was used by Bruce and coworkers to detect the reaction intermediates in the reduction of
O, on roughened gold electrodeSid. 3b).*° In DMSO, the superoxide peak (1117 tnwas
ascribed to superoxide anions; ince the same pk position was obtained in solutions with
TBA" cations substituting the Lications), while in ACN, the superoxide peak was at higher
frequencies (1128 ch), consistent with the stronger@ bond expected in Lifdqs, due to the

| ower o c c u pndborading obital o Li@'compared to ©. These results demonstrate
that the main reaction intermediates change with the solvation strength of the solvents: solvents
that strongly solvate lithium cationge.¢ DMSO), favor the formation of soluble supeide
anions, Qs (or, strictly speaking, superoxide anions coordinated with highly solvated lithium
cations), while poorly solvating solvents favor the formation of pesolyble, surface bonded
lithium superoxide intermediates, LiQyg.

Dissnlved superoxide species in higldglvating electrolytes (e.g., DMSO) can also be analyzed
by other techniques. In a typical RRDE experinféfit,the disc electrode is swept negatively
(e.g, from 3.0 to 2.0 V), whereas the ring electrode is held at a potential high enough to
electrochemically oxidize the soluble oxygen intermediates, typically set to 3.21.0 V). The
generation of soluble superoxidpecies is thus manifested asaidation current at the ring
electrode, whose magnitude is proportional to the correspgncithodic peak at the disc
electrodeln-situ UV-vis absorption spectroscopy provides another means to study the behavior
of soluble superoxide specig¢le superoxide species showmgharacteristic absorption band at
252 nm dug 1 tmnsition®®* Based on the absorption coeiiot* the signal of
superoxide carbe quantified and correlated with the electrochemisthg intensity being
observed in these experimeising close to that expected fooaeelectron oxygen reduction
reaction.
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Fig. 3 In situ SHINERS (a) and SERS (b) characterization of reduced oxygen species in acetonitrile and dimethyl
sulfoxidebased LiCIQ electrolytes. The SHINERS technique (a) uses nanoparticles (~55 nm) composed of an Au
core and Si@shell (<4 nm) to enhance Raman sensitivity specifically to regions between patrticles, as indicated by
the redcolored areas (some enhancement also oc@aivgekn particles and the substrate); multiple Raman spectra
are acquired while the electrode potential is being swept negatively from open circuit voltages; as a resuét, peroxid
and superoxide are observéliThe SERS technique (b) here uses roughened gold electrode to enhance Raman
sensitivity, which is maximal at the electrode surfatertrolyte interface; the Raman spectra are acquired at
different times at the specified potentials (as indicat®djote thatthe appearance of the baadsociated with
LiOgaqg at ~1125 crifin DMSO in (a) is probably a result of low reductive potentials, compared to the case in (b)
where at higher potentials, @ (1117 cn) species formReprinted with permission from r80 and39. Copyright

2014 Nature Publishing Group and 2046S.

2.13LiO, Formation Li,O, Precipitation, Growth andTermination

To investigate whether the formation of lithium superoxide is a surface process (réagtmm
a solutionbased process (reactiof#sb)), cyclic voltammetry measurements were performed by
McCloskey>® Bruce® ¥ and coworkeron the Q/O, redox couple in ACNand DMSO
electrolytegFig. 4a). When TBA (tetrabutyl ammonium) is the cation, it is well established that
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O, undergoes a reversible ortectron redox reaction to formy@s a highly solvated speci&s.
344930 |n the presence o& Li* salt, the reduction of Otakes place at higher potentials,
indicatingthat the redox potential of the,ADiO, couple is higher thathe O,/O, couple.This
reflects the thermodynamics of the proceb® association energy of -0, is larger than
TBA™-Oy, this being controlled byhe coordinationof the correspondingation by solvent
molecules A more negativ®G® of the electrochemical reaction implies a higger

The difference in redox potentials of the/@” and Q/Li O, couples has been used to obtain an
estimate of the solubility producbnstanif Li0y:>*

LizOxs)Z 2 ksoh + O2% (ol U (7)

where g is the activity of species i, and since@j is a solid& p. Strictly speaking,
0 is the dissociation constant of,0, into Li* and Q?, but if ion pairing effects are
considered minol0 is also equal to the solubility product. A valuev ~ & 1@

pyrrolidiniumrbased ionic liquiddL) was estimated® which was later corroborated by
computational studie¥.Following a similar approach, the difference in redox potential of the
0,/0O;" and QJ/LIO; couples can be used to estimate the,ldidsociation equilibrium constant:

LiO2sZ L hoy+ O2soy U 8

The LiO, dissociation constant provides a measure ofcth@rdination strengtiof Li* cations

with O, anions. In ACN the onset potential of ORR is 0.25 V higher in the presence of LiTFSI
than TBATFSI Fig. 4a(i)). This value of potential difference of 0.25 V correspotda LiO;
dissociation constant co —exp(FDE / RT) &.6Thid Gow value suggestthat LiO,
precipitation occurs early in the discharge ofQai cells in ACN, which agrees with the
suggestiorthat the ORR in ACN proceedsa the formation of a Li@surfacebond intermediate.
This leads toa high rate of surface passivation, which results in a much decreased ORR current
(Fig. 4a(i)).*® In the DMSO electraite (Fig. 4a(ii)), on the other hand, the redox peaks show
little intensity change and potential shift with increasingddncentrations. Using a shift in the
ORR onset potentiadf ca. 60 mV upon Li" addition, a dissociation constanty =~ = exp¢

FDE/RT) & 0.1 is obtained. Thisalculationdemonstrates that the energy associated ‘tdohi
pairing with Q" is much smaller in DMSO than in ACN. This is consistent with the stronger
solvation of L by DMSO than by ACN°

Shachorn and coworker® performed electron microscopy measurements to follow the
nucleation and growth process obQp in a dimethoxyethane (DMH)ased electrolyte. They
observed that during dischargeLi,O, first existed as platelet and contigugéo grow
anisotropically into a toroidal morpholodifig. 4b), the toroids later beintypically taken asa
characteristicfeature of a liquidphase mediated procesBo understand how fresh J0, is
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added to the existing toroidal crystilcCloskeyet al,*® Lu et al®* studied LibO, precipitation
mechanismusing differential electrochemical mass spectrometry (DEMS) and time of flight
secondary ion mass spectrometry (®IMS) aided with isotopic labeling. For example, Lu et
al>* discharged a cell sequentially und&O, and then *®0, in a tetraglymeelectrolyte
SubsequenSEM and ToFSIMS measurementsf the discharged electrod®nfirmedthat the
toroidal Li,O, products have a ki°O, coreand Li'®0; shell asindicatedby the depthanalysis

of %0 ToF-SIMS signals Fig. 40, strongly supportinghe formation offresh LipO, on the
existing product particles at the,O,-electrolyte interfaceRig. 46. Nevertheless, it should be
noted that a toroidal kO, morphology does notlways necessitate a solutiemediated
discharge mechanism. At very high overpotentials (>6 V) toroidal morphologies@f has
also been observed in an-adlid-state LiO, battery®® no liquid electrojte was present in these
batteries, suggesting a different mass/charge transport mechanism in this case.
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Fig. 4 Investigating the processes of Li@rmation, LpO, precipitation, growth and terminatioifa): Cyclic
voltammograms of the fID, couplein CH;CN (i) and DMSO(ii) electrolytes as a function of Lconcentration;
the effect ofreplacing the TBATFS(0.5 M) solute by LiTFSI(1 M) in CH;CN results in a positive shift of 0.25 V
in the Q reduction peential, whereas in DMSO replacement of TBA¢Kalt by LiCIQ, (total cation concentration
is always 0.1 M) leads to positive voltage shift by only 60 Th¥.Reprinted with permission from r&0 and &.
Copyright 2014 Nature Publishing Group and 2012 A@$. SEM images show the progressive growth gDLi
particles from small nuclei with deeper dischatgReprinted with permission from r&B. Copyright 2013 ACS.

12



(c): three elected layers froma 3D image of'?0" signalsusing ToR-SIMS depth scan of thdischarged electrodes

and a reproducedstructure ofa toroidal LiO, particle showinga shell region ofLi,'®0, and a core region of
Li,™0,.>* Reprinted with permission from ref4. Copyright 209 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim (d): in situ surface enhanced Raman spectra acquired at open circuit potential (OCP) and at the end of
passivation undefO, (red) followed by measurements performed at various times of further dischargingider

at 2.0 V versus LiLi.*® Reprinted with permission from ré&b6. Copyright 2016 WileyWVCH Verlag GmbH & Co.

KGaA, Wenheim. (e): schematidllustration of LLbO, precipitation and growth process via a solutinadiated
pathway or a surface mechanism.

Subsequently using in situ surface enhanced Raman spectroscopy (SER®jhg and
coworkers® studied the LiO, growth proces®ccurringvia the surfacemechanismwhere high
discharge currents were appliedd LiO, films formed A cell was first fully discharged itfO,

to form a surface film of L°O, on a gold electrode. Then the cell was forced to discharge
further in °0, using a large overpotential at 2 V. As a resthie Li,'*0, Raman signalvas
gradually replaced by £i°0, (Fig. 4d). Since SERS is onlsensitive to interfacial species close
to the gold electrode surface, this replacement suggests fré&,lformation occurs at the
buried interface between £70, and the gold electrod&as shematically depicted iRigure 4e.

In this caseclearly O, and Li" can perhaps in the presence simedefects be transpored
through the previoug deposited LiO; film, and reach the underlying gold surfages.

Thephenomenon of O6ésudden deat hd t Ipatantdmatoitss t he
close connection to the obtainable energy densitys rapid electrochemical polarization can
stem from rising impedance at the anode arideatathode Many groupshave showrthat as Li

O, cells (using ether electrolytes) continue to discharge, more byproducts including LiOH,
Li,COs, Li,O etc., accumulate at the Li anode surfaces due to electrolyte decompdstion.
Formation of this SEI can help reduce further electrolyte decompoditibra poor quality SEI

layer (with low lithium ion conductivity)can also significantly increase tlubarge transfer
impedanceat the anodeAt the cathodeijt is thought that the dcharge terminates when all
active surfaces have bepassivatedy a thick layer ofLi,O, (a wide band gap insulatff ®*

and consequentlythe tunneling current through X3, can no longr support electrochemical
current®®®®Severalgroups have probed the charge transfer througBliising reversible redox
couples and in situ electrochemical impedasmectroscopy observinghattherate constastof
thereversibleredox couplegxponentially decreaseuth thickeningLi,O, films;°% %% The EIS
measurements also revealdtht the impedance associated with electronic transport through
Li,O, deposited at the cathodecreass abruptly and considerablgt the Gsudden deathon
dischargingf® whereas the impedance linked to the anode SEI increases only sligfittgfing

that the rapid termination of discharge is predominantly limited by an electronic charge transport
through LpO; layers covering theathodesurface.

2.14 FactorsGoverning theSolution-mediatedMechanism

From the above discussion, it is clear tipabmoting the solutiomediated mechanism on
di scharging is beneficialatahsd. i targetcosbismlcli@,s tlpon e

13



crystals up to temof micron meters in diameter has been repori@a solutiorphase reaction
pathway Fig. 5a):°’ this results in both higr specific and volumetric energy densities, because
the geometric pore volume can be more efficiently takerthgrebyincreasing the active/nen
active material ratioWhether the surface or solutiomediatedmechanism dominates in a cell
dischargds dependent on a wide range of factors, includingltreor numbefDN) or acceptor
number (AN)of solvents®® 31346889 ga550ciation strength of salt anion with £ "® ™ presence

of large cation additives thatan stabilize @’ ”® H,O/weak acid additives that solubilize
Lio0,%" ’® the use of redox mediatots,’”™® the reduction potentialrate®® ** 82 the
temperature and pressure of the &&if,andbr a combination aothese factors

The most critical factor is linked to the ability of the electrolyte to promote the formation of
soluble LiG in the form of Lisopand Q'sopor LiOyso) (Fig. 58). Bruce® and Aetukuri* and
coworkers found thaboth solvents with high DNd.g, DMSO, which better solvateLi®), and
additives with high AN€.g, H,O, which betterstabilizes O;), can promote Li@dissolutionand
thus the formation of large toroidal ), via a solutionmediatedmechanism Kig. 5b). They
predicted that solventsith both high DN and AN aressential to realize a high capacityQi
batteries’* Unfortunately high DN solvents such as DMS®%%%° dimethylformamide (DMF§?
N-methyl pyrroidone (NMP)** are known to be lesslectrochemicallystable than low DN
solvents such as ACRland ether§! Khetan and coworkers, using thermodynamic anaf¥sis,
further shovedthat the chemicadtability of a solventagainst nucleophilic attack by superoxide
and peroxide species is anticorrelated with the solvent ability to promote a sohgtibaed
mechanism(Fig. 5c¢). Therefore, Hernative strateigs to improwe energy densities without
compromisingcell rechargeability are needed.

Many groupssubsequentlyeported that Li@ dissolution can also be promoted byudicious
choice of lithium salt anioifFig. 5d),3> "®"* e.g, NOs, evenin a low DN solvent, DME: the
association strength of NOwith Li" is stronger than TFSIthereby stabilizing Liin solution.

The cell capacity using a LiN{Celectrolyte is increased by 5 times compared to the case of
LITFSI. In addition to the salt aion, having larger alkali cationse(g, K") as electrolyte
additivescan also increase the discharge capawnjtpromoting a solution pathwg§ * this is
becauseaccording to the Hard and Soft Acid and Base Theory (HSKB)as a softer (more
polarizable) catiorbinds less strongly with a soft,Qanion than the harder Lication, thus
promoting the formation of stabilizzd O, .

Therefore, by optimizing the electrolyte salt, tenstraintof identifying an electrolyte solvent
that canboth solubilize LiQ well andhave goodchemical stabilitycan berelaxed potentially
providing a pathway to find an optimized electrolyte system that can afford both good
rechargehility and high energy densityAnother promising strategy to decouple various
stringent requirements for adeal electrolyteis the useof redox mediatorshat can chemically
reduceO, andeffectively drive the reactiorzoneof Li,O, precipitationaway from sirface*- "

8 this concept is discuss@udetailin Sectiord.2
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Beside the factors discussed above, electrochemical cycling parah&térand cell operation
temperaturés ® and Q pressuré$ can also affet the discharge reaction mechanism and
capacity. Lower current ratesower discharge overpotentials, higher cell temperatures and
pressures all tend to promote largegQq formation and usually higher discharge capacities
(where higher temperatures bgian exception in fact lead to lower capacities). It is worth noting
that increasing the solubility of Lir Li»O, in electrolyte is not always a positive strategy for a
Li-O, battery, because it may also incur serious shuttling of reduced oxygen species towards the
separator and Li metal anotfeAs a result, the LD, deposited far away fromhé cathode

becomes difficult tadboe decompose on recharge and the anode may also be degraded due to
reactions with reduced oxygen species shuttling from the cathode. Optimizing the performance
of Li-O, batteries requires a holistic approach consideringedllicomponents.
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can lead to higher discharge capacity, but they are susceptible to nucleophilibgt@clknd suffer from limited

cycle life?? Reprinted with penission from re®2. Copyright 2015 ACS(d): Contour plot showing the free energy

of Li* solvationfor electrolytes with varying DN of the solvent and salt anion, in kcal/mol; the free energy is
normalized with respect to that of DME and 1 M LITFSI. Tectrolyte is a 50:50 mixture of LITFSI and a salt
consisting of LT and the labelled salt anion in the solvent; red regions correspond to those can trigger- solution
mediated discharge, whereas those in blue regions c¥riReprinted with permission from reR3Copyright 2015
National Academy of Sciences

2.2 ChargdReactionMechanisms
2.2.1Solid ®lution Decomposition andliquid Phase Mdiation

The mechanisms by whiclthe chargeprocesses occur are more varied than those seen on
discharge and there is less consensus in the literdteevery different lectrochemical profile

and themuchhigher overpotentials needddr rechargecompared to dischard€ig. 2c) suggest

that chargeoccursvia a differentreaction mechanism rather thaimply beinga mirror process

of the discharge reaction.

Earlier studies using electrochemistry methods andsitu Raman spectroscopkevealedthat a

high overpotential is requirefbr the oxidation of Li,O, andthat no LiO, intermediate was
observed by Raman in an A@ased electrolyt®n charging™ 3* 3’ Consequentlyjt was

proposed that the oxidation of ;00, is via a direct two electron electrochemicadaction

(reaction 9)).

Li2Oxe) Y £+ 2€ + 2Li" o) 9)

Later studiessuggestd that the charging process can involve a mixed ssbtlition
decomposition antlquid phasemediated process, depending on the solvating propeftitee
electrolyte, as summarized igactions 10-13).3% *> 9398 Reactiong10-11) are solidstate steps
and (12-13) involve the formation of species dissolved in soluti@verall, there are still two
electrons per LD, decomposed on charging.

Liz0x6) Y bxDats) + X€ + XLi" (50 (10)
LizsOa) Y &)+ (2-X)€ + (2-X)Li" (sl (11
Or

2LI02s0) Y BOg(s) + O2(g) (13)

Wagemaker and coworkérsnvestigated the charging process in a TEGDM&Sed (DN16.6
electrolyte usingan operandd XRD method and observedwo distinct stagesin the
electrochemical profile Hig. 6a): an initial sloping region(3.0-34 V) and then gradual
polarization toa flat plateaudt 3.8 V). Interestingly, the (100) and (101) diffraction peak areas
of Li,O, are essentially constant in the sloping regibig.(6b,c) but the Lisiteoccupancy
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continues to decreasé-i§. 6d), which suggeststhat this sloping stage is associated with
decomposition oLi,O, crystal surfaces amorphous LJO,. When smaller particles (high ;O
surface areas) and more amorphou®hiphass areformed using higher discharge rat&sg(
6€)*®, a longer sloping regiois observed on the following rechargef note, this low voltage
slopingregion cannot battributed to dcomposition of LiQ speciesdue to the observed two
electrons per evolved On the correspondingDEMS experiment&’? At the second stage,
continuous weakeningf the diffraction peakintensities anddecreasg in Li occupancy are
observedFig. 6¢,d), which supportsa solidsolution reactiorrouteand this stage issaribed to
the delithiation of bulk crystalline kO, via a Li-deficient intermediate, kiO, (reactions 10-
11)). Wagemakeet al. postulated that the 4O, particles continue to decompose preferentially
at the surface and disappear layer by lagen¢matically illustrated iRig. 6a).”® ShaeHorn and
coworkersd PITT (Potentiostat icobtdinednea DMEt t en't
based DN=20) electrolyte further supports thsdlid-solution view: the observedcurrent in
response to potentiostatic steps in the plateau regfionvs a peak, which is indicative of
nucleation and growth of reactive sitesq, Li vacancies) in a solidolution reaction.
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Fig. 6 Investigation of the electrochemical decompositiotoodidalLi,O, crystalsin a TEGDMEbased electrolyte

by operandoX-ray diffraction and electrochemical methods. (a): Schematic illustration showing that the charging
process undergoes first amorphouglhidecompositionandthen anisotropic delithiation of bulk 1@, crystals (b):
three dimensional charge plots oéthi,O, X RD patt er ns i n36%récerde@ndperamgluriogn of 32
charging. (c): Integrated and normatizereas under the (100) arid{) peaks as a function of charging tintlee

pink line indicates the linear fit of the points within the shaded or unshaded gdag&volution of average lithium
occupancy as a function of charging tifiée): Electrochemical charge profiles ofQ} cells (at a constant

charging rate) following prior discharges with increasing discharge cuffefjtsPITT (which probes the minimum
potential needed to drive an electrochemical reaction) charging ofdasgtearged cell in a TEGDE-based
electrolyte?® (a-d) Reprinted with permission from r88. Copyright 2014 ACS and (e) from re8.3Copyright 2013
The Royal Society o€hemistry.(f) From ref98. Copyright 2013 The Royal Society of Chemistry.
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Lu and coworkef§ recently investigated in detail the correlation between the donicity of
solvents and the charging mechanisdnlike the solid-solution charging mechanism that
dominates in low donicity solventsuch as TEGDME and DMHiscussed irFig. 6), high
donicity solvents such as DMS@ON=30) and Melm (1-methylimidazole DN=47) canlead to
charging reactions mediateda the liquid phasgFig. 7a). By the use ofrotding ring disc
electrode (RRDEWuring chargingfor the first time the oxidation of LiQ intermediateat the

ring electrodewas unambiguously observed in a DMSO electrolgteg no LiO, was seernn
TEGDME (Fig. 7b,c). Similar previousattemptsto observein DMSO was unsuccessfuf* this

was probably due tothe low concentration of solvated LiOgenerated by a planar Gdisc
electrode:Lu et al. useda high surfacarea particulate carbon disc electroBerthermorethe
presence of surface L&peciesduring charging in a higldonicity solvent ¢.g, Me-Im) was
also detected by Xay absorption near edge structure (XANES) spectrosdeigy 7d,e). Both
theRRDE and XANES results thus strongly suppb#g formation oLiO; reaction intermediate

as solid surfacepeciesand dissolvedsolution species, on chargin@onsidering thathe ring
current due to LiQoxidation only starts to emerge beyond 3.7 V, Lu and coworkers prpose
thatin high-donicity solvents the first step on charging is the esa®s in lowdonicity solvents,
namely it occursvia the solidstate reaction (0). The Lideficient Lb«O, can be further
delithiated togenerate_iO, that dissolves and disproportionatesdon Li»O, in high donicity
electrolytes,namely via reactions (2-13). This redistribution of L}O, on charging was also
observed by electron microscopy by Haneauthors.

Although high donicity solvents can promote an additional ligphidse mass transport pathway

on charging, the overpotential in M is only reduced by 0.2 compared to diglymeHig. 7f),

and a large overpotential 0.7 V remains. It thus suggests that reaction (10) is the dominant step
determining the charging overpotential. Strategies to facilitate the first delithiation stefOef Li

need further investigation. In addition, even though the charging voltage is slightly lower, more
CO; evolution due to Mdém decomposition occurs than in TEGDMEgonsistent with many

earlier conclusions that polar solvents are more susceptible to nudieaptaitk®®°* Therefore,

under the mechanism described above, dighicity solvents are probably not good choices to
realize highly rechargeable nonaqueou®kbatteries.
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Fig. 7 Solvent dependent oxidation mechanism ofOsiin Li-O, batteries (a)Thin-film RRDE measurements
probing the existence of any Li@Q, reaction intermediate species duringQ@4 formation and decomposition in 0.2
M LITFSI TEGDME (b) and DMS{c) electrolytes; the solid and broken lines correspondeatinrents recorded
in positive and negativedirection scans, respectively. O-&dge XANES totaklectron yield spectra of various
charging stages for y®,-prefilled electrodes in LITFSI/TEGDME (d) and LiTFSI/Men (e) electrolytes. (f):
Electrochemical profiles and current responses duliT T charging of LiO,-prefilled electrodes in four model
solvents, namely, tetraglyme (TEG), diglyme (DG), DMSO andIiMé&’ Reprinted with permission from rdb.
Copyright 2018 Elsevier.

It is worth noting that some solventsd, hexamethylphosphoramit?®) and additives (Pherdl
and watef* ™) can significantly increase the solubility of,0b in the electrolyte, thereby
enablinga solutionphase mediated mass transport rarecharging Effectively, the charging

reaction becomes a thretep process: dissolution of solid,@b in electrolyte, diffusion of
solvated peroxide species to the surface, and decomposition of solvated peroxide at the electrode

surface. This electrolytmediated mechanism is furth@discussed ilsection 4.3.
2.2.2Reaction hterfaces andChargeTransportPathways

As can be seen from the above discusskigs( 6 and 7), many researchetsavepictured, at

least at low rates and overpotentidlg solidsolution decomposition and the solvenédiated

steps on chargingsstartng from Li,O, surfaces> #° 53 93959 98 that ig initiating at the LiO,-
electrolyte interface. This views broadly consistentwith many electron microscopic
observations® *** isotopeassisted DEMBEMS and time of flight secondary ion mass
spectrometry (TofSIMS) results® >* and olservations in other alkaihetal oxygen batteri¢§*

1% Figure 8a(i-vi) shows theprogressivalisappearancef Li,O, particleswith increasingdeptts

of charge’® These toroidal particles gradually decrease in diameter with larger gaps being
simultaneously developdaetween individual plateletan intimate soliesolid contactbetween

Lio,O, andthe carbon electrode surfaeppears to be always maintaingd some point Kig.
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8a(iv)), individual platéets of Li,O, crystals can be identified and they continue to shrink in
diameter(v), until complete remova(vi). The constant contact between,@i and carbon
electrode suggests tha €volution at the LiO,-carbon interface ianlikely; otherwise physical
detachmentwill probably occur. If Q evolution occurs at the i0,-electrolyte interface,
electronic and ionic charge transptrtough LpO, must occuron charging even if LpO; is a
known wide bandap insulator feasible charge transport through,@i crystals is further
supported by ann situ SEM studyof an all solidstate LtO, battery where liquid phase
mediation can be ruled othIndeed, nany theoretical studies identified that Macancies and
hole polarons are the charge carriers igOL*® °> 19°%%° |n the presence of defects,g,
generation of Li vacanciesin Li»xO, (a Li-deficient intermediate)the ionic and electronic
conductivitiesof Li,O, can be increased by orders of magnitthf@; %% 1% 11! especially at the
surfaceg> 13

The potential charge transport mechanisms during the decomposition eDactystal are
schematically illustrated irFigure 8c. When the reaction occurs at the,Qi-electrolyte
interface Fig. 8c(iii)), charge transport can be either dominated Byvacancy diffusion or
polaron hopping, or a mixture of both. Charge transport is likely to be predominantly confined to
the surface, because of the higher conductivity due to a higher concentration of defects and its
proximity to sites where Dis releasedDuring charging, the constant solid contact between
LioO, and the electrode surface indicates a strong interaction between them, especially in the
presence of high overpotentialBhe formation of this chemical bond at the interface has been
confirmed byseveral studie¥’ *** > On one hand, the coupling strength of the electrode surface
with Li,O, can be used to mediate the interfacial delithiation gb4,ibut on the other hand, it

also requireshe substrate material to be quite resistant {@41oxidation.

Finally, it should be stressed that the reaction interface on charging is highly dependent on the
charge rate and voltages, i.e., high rates/overpotentials tend to caasel@ion at theli,O,-
electrode interfac®, detaching the remaining 4@, from the electrodeRjg. 8b,c(iii)). This
disintegration has been reped in both liquid electrolyté® and altsolid-state LiO, setups Fig.

8b).*" This high dependence tfereaction interface on the charging rate and voltages is in part
connected to the intrinsically low conductivity obOb for both electrons and £j°® 6@ 105109118

As discussed above, charging reactions occurring at #@®-klectrolyte interface necessitate
continuous transport of Liand/or hole polarons through,O, (Fig. 8J. At low rates, LiO,
decomposition at the iD./electrolyte interface may be sustained by and hole polaron
diffusion through LiO; bulk/surfaces. However, ontlee transport rateannot keep up with the
current, the reaction interface can switch to thghlelectrode interface. The latter is often
observed in CV tests, where voltage sweeps induce high charging rates and as a result, the charge
reaction primarily takes placat the Li,O./electrode interface, thus leading to detachment of
Li,O, from the electrod&!*'** Therefore, to determine where the reaction interfaceris,

should consider the solvating properties of the electrolygy.( 7), the charging current,
overpotentials, and more generally factors that can affect the kinetics of charge transport through
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LioO, (e.g., temperature)Of note, other charging mechanisms, suchthes use of redox
mediators and phase transfer catalysts can also alter the reaction interface; this is discussed in
detail in Sections 4.2 and 4.3.
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Fig. 8 Electron microscopic investigatioof Li,O, oxidation on charging. (a): Morphological evolutiof Li,O,
decompositionwith progressively deeper charge in a TEGDW#&Sed electrolyte ). Reprinted with
permission from refl01. Copyright 2013 ACS(b): in situ TEM measurements on the decomposition of toroidal
Li,O, particles deposited on a carbon nanotube (CNT) electrode (highlighted by red brokemvliees)a high bias
voltage of 10 V against a Si anode is applied to drive the redéfiGteprinted with permission from ref 7.1
Copyright 2013 ACS(c): Schematic representation of three mechanistic scenarios ,fo5 deécomposition on
charging in the first two cases+i), the reaction occurs at the,d,-electrolyte interface, where charge transfer in
Li,O, is mediated by dffision of Li" vacancies (i) and hole polaron hopping (ii); in the third case, the reaction
occurs at the LD,-electrode interface.
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2.2.3TheOrigins of High Charging Qrerpotentials

Unlike the discharge process, the charging is typically characterized by a much larger average
overpotential even at low currents: thaltageprofile progressively increasavith deeper states

of chargefrom just over3.0 V to 4.5 V, distinct plateauseing observeth manycases Fig. 6

and Fig. 9a).%® ® %9 Thjs high charging overpotential can cause considerable parasitic
reactions among kO,, the cathodematerial and organic electrolyse posing a significant
challenge for achieving a highly rechargeable and energy efficie@ lhattery?™ 99 122126
Despite ofits importance, the origins of the high overpotential, howeramain somewhat
elusive.

Since LyO, is a wide bandjap insulator®™® ®* many resemhers ascribethis high charging

overpotential to its low electrical and ionic conductivities. A number of theoretical and
experimental studies show that the electrical condugiiwiin the range of Idto 10*? S/cm and

the Li" ionic conductivity is of the order dfo'® S/cmat room temperaturg %% 105109118 Thage
values areconsiderablylower than thoseof active materials for high-rate Lrion battery
Nonethelessnanyresearcherargue thatelithiationof Li,O,, especially at itsurfacesis quite
facile'** 12118 and thatvhen in the presence of defects, the electronic and ionic conductivities of
Li,O, can be increasenly orders of magnitud®> %3 n situimpedance measuremsmuiuring
charge following afull dischargerevealthat the polarization resistanaetuallydecreasedrom
sever al k & suflddrudeatit con di)scthargi eognd 500 q at
charge(Fig. 9),°° suggesting that low conductivities of,0 is not an majoreason for the
observed highcharging voltage at least under low charging current8V and DEMS
measurements shawatthe onset voltagdor anoxidationcurrent in C\6 (Fig. 4a) is quite close
(<0.2 V) to its equilibrium valug® where O, evolution is indeeddetected’ implying a low
reaction kinetic barrieand a small ohmic loss

Another viewpoint relates thecontinuouslyrising overpotentiawith charging capacityo the
gradual detachment of 4@, from the cathod&®” **® where the decompositiorreaction is
considered to occupreferentiallyat the cathodi,O, interface (Fig. 8c(iii)). This mode of
chargingmechanismas discussed previouslig typically observed at higkhargingcurrens or

high overpotentiad.® 1% 117 |f this wereindeedthe case, an increase of the charge resistance by
at leastan order of magnitude would be expectédi experimentally the resistance upon
chargingdoes not increas® so physical detachment cannot explain the high overpotentials seen
at low current conditions.
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Fig. 9 Electrochemical impedance measurements gbd formation and decomposition processes at various stages

of charge A-C. Substantial increase in polarization resistance occurs towards the end of the discharge, whereas at
the beginning of the charging, thpolarization resistance decreases compared to that at the end of the prior
dischargé® *° Reprinted with permission from ré6 and99. Copyright 2015 ACS and 2012 ACS.

McCloskey ShaeHorn and coworkers proposed thatethising overpotential with a deeper
charge isprimarily caused by parasitic reactio?ts’ ** 1% |t has been shown byany groups
thaton charging considerable parasitic reactioosurinvolving Li,O,, the carbon electrode and
the organic electrolytd™ 9 122124 126 Aq 3 resultlayers of LyCO; (and otter insulating by
products)accumulate athe LibO,-cathode and LD,-electrolyte interfacewith deeper stateof
charging andver repeated cycle&Fig. 9).9% 9 122124126 Tha interfacial LL,CO; likely plays a
decisive role in determining the sluggish oxidation kinetitsis established thati,O,
decomposition can readily occur at just over 3 V, whet@gSO; can onlybe decompose at
beyond 4 \£% %129 McCloskeyet al®® ° '# thus proposed thathie gradual rising charging
profile is a reflection of mixed potentistiue tothelow oxidizing potential of LiO, andthe high
decomposition potential of (COs;, its actual value being critically dependent onthe
Li,O,/Li,CO; ratio at the interfacesand thus depth of chard€ig. 9).°® Their hypothesis is
consistent withthe experimental observation that the average charging voltage increhsas
more Li,CO;s is present at the LD.-electrlyte interfaceasthe voltage rises on chargin®.
evolution due to LJO, progressively reduces while G@volutiondue to LyCO; decomposition
continues to increaskeyond4 V.99 123 124 126 129 g\ hsequenmodeling shows thajust two
monolayers of LICO; on top of LiO, can reducethe transport currenby two orders of
magnitude reiterating the critical challenge duetheinterfacial L,CO; formation®®

In summary at lower rates, the observed high overpotentials are likely to be a comésud

from both byproducts accumulation at the reaction interfaces and the insulating nature of all
deposits (LiO,, Li,CO; and so on). At high rates, physical detachment eO4ifrom the
electrode and loss of electrical contact nimecomethe dominant reasorin additionto the
aforementioned factorsloggingof porous carbon electrotf8 by byproductsand degradation of

23



Li metal anod&* due toan unstable soliglectrolyte inteface (SEI) are other plausible reasons
for the increasing polarization

Although further investigationare requiredo fully unravel the origins of high charging voltages,
existing evidencédighlightsthe necessity of enabling fasttharge/mass transport kinetics and
minimizing parasitic byproducformation and accumulation during charggoluble redox
mediatorghat canchemicallydecompose LD, have been considered as a promising strategy to
achieve these goal$’ Facile charge (electron/hole) transfer pathwiayslectrolytesare realized

by shuttling of reduced/oxidized mediator molecules between the electrode surface@und Li
the latter being decomposed by the oxidiztdte of themediator. This approachwill be
discussed in detail in Section 4.2.

2.2.4Parameterharacterizing theReactionReversibility

The reversibility and performance metrickavebeen intensively discussed since the early days
of lithium-air battery researcf 2 132 133 |t as gradually realized that coulometgjoneis
insufficient to evaluate the true reversibility of a@4 battery. Therefore, it is of paramount
importance to usenultiple quantification methasito investigate the dischargdarge cycle$®
McCloske/®> 9 9132 Bryce®* and their coworkerslesigned a series aifi situ and ex situ
characterization methods, namely mass spectrometry (differential electrochemical mass
spectrometry, DEMS" *?2 and online electrochemical mass spectrometry, OEMS® and
chemical titration®® **’ to quantify the © consumption/evolution and 1D,
formation/decomposition at differerstages of cycling. Parasitic reaction produc¢tsuch as
Lio,COs; and Licarboxylatesetc, can also be quantified ByTIR, NMR, mass spectrometignd
UV-vis methodg3> 134138

Sincegaseou®; is converted to a solidn discharging and is expected to be released back to the
atmosphere on charging, the ratio of €volution/consumptioror O, recovery efficiency
(OER/ORR) of a single electrochemical cyakethe most critical parameter to asséssbattery
reversibility?> **? This parametecanbe obtained byDEMS/OEMS measurementsigure 10(a-

c) shows the quantification of £and LpO, at different states of discharge and charge using
DEMS and titrationWhen Q is reduced on discharging, DEMS data show that the oxygen
reduction reaction closely follows the expected 2 electrons pstoi@hiometry, although LD
titration suggests that not all the reducede@ds up as kO,. During LiO, decomposition on
chargng, titration shows thathe Li,O; is quantitatively removeds expected from stoichiomegry
with small deviationsonly toward the end of charge. What is maignificant on charging,
however, is that the actual released Ois much less than the expected valwem the
decomposed LO»; this discrepancyaslater associated witthe fact that part of the £evolved

is released in the form of singleb,Qvhich is consumed in degradation reactibits*® Overall,

O, evolution amounts to only ~75% of@onsumption (OER/ORR=0.75¥ The lost oxygen is
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primarily converted to parasitieactionproducts, such as GOLi,CO;s, LIOH, LIRCO; etc, by
corroding the carboslectrode andiecomposindghe organic electrolytéig. 10a). To achieve a
highly reversible LHO; battery, these parasitic reactions must be considesaplpressed.

(a

~—

Major processes Products formed
m=LiRCO,

Li Oelnther product oxidation H,
co
o,

= LRCO,

wn
i

e

2
| = miHCO,
LiF
I/Iﬁreductiun !

Dlscharg:e 2

‘LizoZ oxidation o

w
1

U (V vs. Li/Li")

N
N

(b

—

nOl.d or nLiZOZ,d (l.lmol)

n
b

=
2

2.02 e'/'O2
2.19 e'/LiZO2

Charge.

0.0 0.5 1.0
Q (mAh)

Fig. 10 A combination of quantitative gas and chemical analysis techniques (such as DEMS, titration, NidifR etc.)
neededo quantify the amount of LD, and parasitic reaction species formed and decomposed, and the associated
O, consumption/evolution at the diffent states of discharge and charge (a). On discharging, the electrochemical O
reduction reaction closely follows the Z& molar ratio(b), although not all the electrochemical reducededs up

as LbO,, resulting a slight deviation of the titrate@,Q, from that of €/0,. On charging (c), LD, removal closely
follows the 2dLi,0, trend line until the end of charge, although the detectedvOlution considerably deviates

from the ideal 2¢0, molar ratio**? Reprint&l with permission from ref32. Copyright 2013 ACS.

3. Key RemainingChallengesParasiticProcesses

In the early years of research, thereremany daunting challenges facing lithitair batteries,

8 such as low rate capability, low practical capacity, large voltage hysteresis, Li metal anode
dendrite formation, and very poor rechargeability due to parasitic reactions.h@\ast 8ears
significantprogress has been made to address some of these challenges. For example, we now
understandthat the practical cell capacitycan be improvedby wisely choosing the
salt/solvent/additives for an electrolyf€? the ratecan be increasdaly the use of mediatof$2*
overpotentials and carbon/electr@y corrosion can be reducedoy using catalysts/redox
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mediators'® 12 141192 A5 3 result, theachargeability of a lithiurair batteryhas sigificantly
improvedover the past few years

Neverthelessmany critical challenges still remaironcerningthe stability of electrodes and
electrolytes due to parasitic processeReactive oxygen species formed during discharge and
charge can seriously degrade the cathode material and the organic electrolyte; the situation is
even worse in the presence of high overpotentkalsther reduction otheseunwanted side
reactions is ragjiredto realize practical applications of the battdnyaddition,mostcurrent lab
scalelithium-air batteries still use pure,@s the atmospher&as separation and purification
technologies have been propc€ed resolvethe air contaminatiorssueto both Q cathode and

Li anode. heseair treatmentind handlingaccessories, howevewjll significantly compromise

the specific energy of lithiurair batteries. Simpler and lighter components, such siegle gas
separation membraneurrently canot removeto a low enough level all thenwanted air
contaminantgi.e., H,O, CQ, and N) that can readhe lithium metal andhe various products

and intermediates found in,O, chemistries This is related tothe similarities of gaskinetic
diametes and molecularchemical propertiegas comparedto O,, making it very difficult to
achieveboth high permeance and selectivit O, in a single stage separatitii**’ Hence a
practicallithium-air batterymay eventually have to toleratendreds ppm of CHH,O, andN,,

if it were tobe used in electric vehiclea,commonly proposed applicatiom this section, we
review the original causes of parasitic reactions occurring to the organic electrolyte, the
carboraceouselectrode and théthium anode and discusshe effects ofotherair components

(N2, CO,, H20) on the electrochemistry bbththe O, cathode and Li anode.

3.1 (Electro)chemicallnstabilityof Electrolytes

An ideal electrolyte folithium-air batteries should satisfy the following requireménts??> 14&

1%41) low volatiity and nonflammability; (2) high ©solubility and diffusivity; (3) formation of

a stable solid electrolyte interface layer with the Li metal anode; (4) outstanding chemical and
electrochemical stability in the presence of reactixggenspecies. Among them, electrolyte
stability in the presence of electrode reactions is the most basic and critical requitbraént

the focus ofdiscussion inthis section particularly on the tability issues involvingthe G
electrochemistry The comatibility of Li metal anode and electrolgewill be discussedn
Section 3.3As wewill see, to satisfyeven justthe stability requirement of electrolgpresents

a substantial scientific challenge, primarily because many of theedgsihysicochemical
properties of an electrolyte areversely correlatedith each other.

3.1.1 Mechanisms @lectrolyteDecomposition bjReactive Oxygenpgcies

A nonaqueous electrolyte for a lithivair batterytypically consists of a lithium salt and an
organic solvent® At the end of 8ction 2, we mentioned that theris significant electrolyte
decompositionat the cathodeduring battery cycling® 9+ 9% 122126 139 153 Thage parasitic
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reactions are caused byhamberof reactive oxygen species, includisgperoxides (@, LiO.,
HO,),* *** peroxides (LiOy, Lizx0)** 94101123 158156 and singlet oxygen'Q,).*® 1

Sincethe 1970s, many insightful studies have bgenformed on the reactivity of these oxygen
species, particularly superoxide, towards organic solV&nt&®* Their reactivity derives from

the fact that they are strong nucleophiles (superoxide and peroxide), strong bases (superoxide
and peroxide), good oredectron transfer agent (superoxid@)dradcals (superoxide)Because

of its high nucleophilicity, O, has the tendency to attack the positively charged components of
any organic species in the absence of protdoi’s? 34 >" When acidic groups are present in a
solvent molecule proton abgracion from the solventby O, due to itsbasicity may play a
significant part in the reaction characteri§fi¢® **° Autoxidation by @ and Q has also been
proposed tde a general mechanism thiggraads electrolytes-°2*°> On the other hand apastic
processes due to the radical nature of superoxidmachless discussed in literatydeut it may
becomemore relevant in the presence of redox mediators, wirezgersible reactionof
superoxide withredox mediatoradicalsmay occur®® Figure 11 summarizes some common
sidereaction mechanisms of the reactive oxygen spewigs organic solvents namely,
nucleophilic attack, acihase reactiomprotonmediated degradation, and autoxidati®nSome

of thesereactions can alsiovolve the peroxidespecieswhich are nucleophiliand bai as well
Another pivotal factothat must be mentioned is the coordinationsofvents withLi®, which
being a strond-ewis acid can further polarize solvents, facilitating degradation procegses
nucleophilic attack and proton abstractf8ri*®*"
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Fig. 11 Schematic illustration of various decomposition mechanisms of organic electrolytes by reactive oxygen
specis Oy, LiO,, Li»O, O, '0,) in a Li-O, battery such as nucleophilic attack, proton mediated decomposition,
autoxidation, acid/base reactionegradatiorinduced by singlet oxygeli’” *"* Reprinted with permission from ref

167 and I71. Copyright 2016 WileyvCH Verlag GmbH & Co.KGaA, Wenheim and 201Mature Publishing
Group
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Giventhe aboveinformation and experiental observatias) considerablesffort has been made

to find an ideal electrolyte solvenwhich is optimized with respecttoteel ect r ol yt ebds p |
against nucleophilic attack, hydrogen/proton abstracteord on promoing electrochemical
stability. Unfortunately, even with larggcale solvent screening methods, this search rior a
optimal organic electrolyte hdargely proven fruitless thus far: 1% 16 172177 For instance,
through screening a large number of solveatiew group¥™*"” have identified descriptors that

can characterize the stability of a solvent in the lithium air battery cofféxt 12): bond
dissociation energyrelating to Habstraction), deprotonation free energygk€lating to acie

base reaction), nucleophilic substitution free energy (relating to nucleophilic attaddO@

level (electrochemical stability against oxidatioAs can be seen iRigure 12, the scopefor a
promising electrolytés quite constrained”*">*"" High chemical staibity to nucleophilic atack

and H abstraction dictate solvent with low electron affinity, whereas high electrochemical
stability requires a solventith high ionization potential. These two requiremeuntgortunately,

are inversely correlated. Toalleviate this issue, one needs to find alternative strategies to
demuple these requiremerftr an optimalelectrolyte For instance, the use of redox mediators

that significantly reduce the overpotentials is an effective strategy to achieve a more stable
electrolyte against reactive oxygen species; this is because the smaller electrochemical window
(due to lower overpoteiatis) permits the use of electrolytes with low electron affinity, thereby
less prone to nucleophilic attack or H abstraction by superoxide species. The strategy of redox
mediators is discussed in detailSection 4.2

Recently, the important role of sjlet oxygen 10O,) in electrolyte decompositionf metat
oxygen batteriehas been unraveléd 144 13178 179 There jsarich literature on the reactivity of
0, with organicmaterials where peroxide, hydroperoxidpeciesand hydroxyl radicalsan be
generatedy 'O, reactivity and @use further transformation of organic molectfé8y using

0, trapping moleculesuch as 2,2,6;6tramethyl4-piperidoné® and 9,16dimethylanthracene
(DMAN)*3 several groups found thiD, was formed on both discharge and chafigeo major
processes have been suggested @y generation™ **3 1) chemical disproportionation of
superoxide species (LpOor HO,) to form peroxide on either discharge or charge; 2)
electrochemical Li@or Li,O, decompositioroccurring at charging voltagéigher than3.26-
3.43 V (estimates for the thermodynami®, generation voltageequilibrium potential of
0.,/LiO,, + energy difference betweé®, and®0,).*® Electrolyte decomposition products due to
'0,, such as LICO; and Li formate are detected in a DM#based electrolyte, similar to those
incurred by reduced oxygen specitédthis may be connected tie fact that reactiveoxygen
speciege.g, peroxides)can be generateda reactions ofO, with organic solvent&® Further
quanttative analysis suggestiat ‘O, accounts for a major fraction of the side reaction product
formed during cycling of aprotic lithiuroxygen batterie¥® These results nicely explain the
large discrepancy observed between quantities of evolyedtOally detectednd that expected
from the decompason Li,O, on charging Fig. 11),*"* which amounts t0~20% of Q loss per
cycle. If reactims of 'O, are indeed the dominant underlying issue hampering reversibility, the
current strategiexentered around superoxide/peroxide reactivitiesmiaimizing parasitic
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reactions must be adjusted. New styae that can either prevefdarmation of singlet Q or
guenchits reactivity with the electrolyte are urgently needinis is discussed in Section 4.3.3
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Fig. 12 Criteria for assessing the electrochemical and chemical stability of an organic eleatralyteO, battery,
including bond dissociation energies, acidity (deprotonation free energies), nucleophilic substitution free energy, and
electrochemical stabilityThese parameters are used to evaluate the susceptibility of molecules to hydrogen
abstraction, deptonation, nucleophilic substitution and redox reacti®sme of these required properties (e.g.,
nucleophilic substitution free energy and electrochemical stabiiity)an ideal organic solvent are inversely
correlated)eading toa significant challeng in identifying an optimal electrolyté’*’” Reprinted with permission

from ref175 and 1I77. Copyright 204 ACS and 20T The Royal Societgpf Chemistry

3.1.2 Progress iisolventDiscovery

A wide range of organic solvents with different functional groups and structures has been
explored experimentally and theoreticallyedsctrolytes for lithiurair batteries Thesemainly
include carbonated®* 8% 182 sylfoxides®®® sulfones:®**° polyethers®4 169 186191 pitriles 2
amides® 100149192194 9 room temperature ionic liquitf® *°°2%2 As discussed earlier, dhiese
electrolytes suffer from parasitic reactsodue to reactive oxygen species, but to a different
extent.Unlike in mostotherelectrolytes where kO, is the main discharge producgrbonate
based electrolygemainly leado byproduct formation (such as.dO; and carboxylatesjue to

the nucleophilic attack of superoxitfé.*®" '8 ater on another polar solvenfMSO, had been
considered as a promising eletyte, encouragecby a few earlier reports> ?** But the
subsequennvestigations suggethatit is also prone to nucleophilic attack and H abstraction by
superoxidé®® 2%° and that the OER/ORR ratio &ctually lower than thoseusing less polar
electrolytes’™ 9% 132 206 207 Etharssuch as glymes aidess polarand generallysuffer less from
side reactionsalthough H abstraction by superoxide and peroxide species still G&¢eF 1861
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More interestingout yet less understoopropertieshave been reported on usingril es, ionic
liquids and amidesas solvents for lithium air batterielh one systematic studgn acetonitrile
electrolyte exhib# the highest reversibility of all other 8 solvents, with OER/CitRB8% (Fig.
13a).°* On dischargingthe €/0, ratio equates to 2.010n chargingQ, evolutionnicely follows
the expected trend line until the end ohaling where CH3;CN decomposition staato occur
above5 V versus Li/Li. This result suggesthatlittle parasitic reaction due to reactive oxygen
species I(i,0,, LizO,, O, etc.) occured during 90% ofthe reharge that is, acetonitrile
exhibits both high electrochemical stability and chemical stability against nucleophilic attack and
H abstraction(clearly an outlier from the theoretical considerationBhe origin of these
observations is thus worthy of further investigati@i.note, #hough CHCN is not stable in
contact with the lithium anode, protection of the lithium anode wislol@ electrolyte coating
could overcome that issue.

Many roomtemperature ionic liquigssuch as imidazolium pyrrolidinium-, and piperidiniurn
based ionic liquidshave been explored as solvents for lithium air batteNes.all the ionic
liquids exhibt suitable chemical stability in lithium oxygen cells, but pyrrolidinibased ILs
have been reported to be stable against superoxide &atk?®®2°#2!1 |t is interestingo note
that under some conditionshe onset charging voltags just over 3 V and the majority of
charging capacity finishes below 3.5 {Fig. 13b).**® %% 212 Online mass spectrometry
measurementsonfirm thatthe charging process is close to/@e**° This ability to decompose
LioO, at well below 3.5 V, much lower than other common organic solvents, is useful and
intriguing. Is this loweredkinetic barrier linked to a better solvation of @y the softionic
liquid cation, so that theluggish1® step delithiation of Li,O, to Li»xO, (or LiO,) becomes
easierOr does the ionic liquithetterdissolveparasitic reaction products (e.g.,C0Os) and the
discharge product (kD,) by solvating C& and Q?, so that the mixed chargjrpotential issue
is alleviated; or i more facile mass transpooutefor peroxide via the liquid phasmabledoy
the ionic liquid which essentially actas aphase transfer catalyst pronmgf an electrolyte
mediated charging procésg/hile the reactivity of IL cations with superoxide can be imprbv
via molecular engineeringhe significance of understandinigetabovequestionsmay havea
broadimpact onhow to improvethe Li-O, electrochemistry. Itould helpfurther understanthe
origin of highcharging voltages andievelopnew mechanismt improve the energy efficiency
In general, a low cycling voltage hysteresis is always desjrabli relaxes the other constraints
on satisfying the challenging chemical stability requirement in a litrdurbattery.

Another group of solventghat have beenintensely studiedaire amides. Bruce and coworkers
investigated common amide solvents, including Hdifethyl formamide (DMF), N,MNlimethyl
acetamide (DMA) and Nnethyk2-pyrrolidone (NMP)®° Due to high polarity and acidity of
amides, considerable parasitic reactions due to nucleophilic attack arghaeideactions were
observed, and the battérygapacity fadd by more than 50% in 10 cycles, even when lithium
iron phosphate was used a® ttounter electrod®. Later on, however, Walker, Addison and
coworkers reported thaty usingDMA and N-methylacetamide (NMA) as the electrolyte solvent,
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the cell showd no discharge capacity decay after 80 cycles, at 1 mAhgemcycle. @
evolution over extended cycles was confirmed and OER/ORR ratio was estimated86%he
(based on pressure measuremetits}® 1°* More recentlyPeng and coworkers reported the use
of hexamethylphosphoramide (HMPA) as the electrolyte sof¥8mn outstandingcycling
stability, that is, no discharge capacity decay (~1 mAR/per cycle) up to 180 cycles, was
demonstrated. Furthermore, more than 95% of oxygen was recovered on charging
(OER/ORR>95%) over the first 10€ycles, suggesting thanly very minimal sidereactions
occur during discharge and charge. The authors ascribed the excellent performance to the
increasedsolubility of Li,O,, LIOH and LpCOs; in HMPA that helps reducethe charging
overpotential angostponethe completeelectrodepassivationcausedby side reactionsThe

work by Peng and coworkers indicates that solvents with high€ kblubility can potentially
provide a facile solutioqphase charging mechanisnd significantly lower the charging voltage
consistent with the role of a phasansfer catalyst proped in literaturé> "® 1 Therefore,
influential factors that promote 10, dissolution inelectrolytes and the mechanism of the
solvated peroxide decomposition on the electrode susi@veorth exploringfurther.
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Fig. 13 A few selected electrolyte systems that exhibit interesting properties-foy hatteries. (a): @vanostatic
dischargecharge (i) for a cell using 1 M LIiBFCH;CN electrolyte (note: LiFePQs the counter electrode); the cell

was discharged under,@nd charged under Ar, the correspondingc@nsumption and evolution were quantified

20 and 60°C; @evolution from LyO, decomposition occurs at as low as 3.0 V in this electrolyte systeu):
Galvanostatic ycling of Li-O, cells using hexaphosphoroamide (HMPA), tetraglyme (TEGDME) and monoglyme
(DME) based electrolytes, where HMPA shows a superior performance with much lower charging overpotential and
better rechargeability than the other two cases; the sfneling DEMS analysis on,@onsumption and evolution

is presented in (d), where at the f06ycle the OER/ORR ratio is still close to 106%b(a) Reprinted with
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permission fronref 91. Copyright 2012 AC&nd ) from ref 150. Copyright2014 Electrochemical Society(c-d)
From ref100. Copyright 2017 WileyWCH Verlag GmbH & Co. KGaA, Weinlim.

3.2 ParasiticReactions at th€arbonCathode
3.2.1Carbon rrosion at theCarbonElectrolyte andLi,O,-Carbon Interface

Carbon is the most extensively explotemst material foki,O,, due to its light weight, low cost,

high electrical conductivityprocesability into various structures and forms, relative stabétiy

The chemial stability of carbon cathode agairtee reactive oxygen species has a profound
impact on the reversibility of the battery. Many fundamental studies have been performed to
elucidate the corrosion mechanism of carbon cathode, especially in the presence of high
overpotentialg> 123 124 126 213215 1t i5 now realized thatharging overpotentiafs; 1% types of
electrolyte® ?° the carbon surface defeand functionalizatiotf® ?'° can all affect carbon

degradation in a ED, battery.

McCloskey and coworketsfirst raised the issue that in the presence of the discharge product,
LioO,, and a highly oxidizing environment, carbonaceous cathudg undergo oxidation
reaction to form LICQO;s, via reactions (4-15).

LixO,+C+% O, Y LCGO; (14)
, whereasG® is equalto -542.4 kJ/mol at 300 K
2Li,0,+ C 30 +Li}CO;  (15)
, whereaz° is equal t0-533.6 kJ/mol at 300 K.

As suggested byhe aG° of these reactions, the formation of,CO; by reacting LiO, with
carbon cathode is thermodynamicdiighly favorable.lt implies thatthere should bsignificant
Li,COs formation at the LpO,-carbon interfacet the end of dischargdlonetheless, only very
little Li,CO;s byproductwas detected on dischargiftf,for example, in ethebased electrolytes.
To further investigate th source of LiCOs;, Xu and coworkers® performedsolid state*C
nuclear magnetic resonance measurementsa “*C-enricred (99%) carbon cathode after
discharge, which was th@ompared to that detected on natural abundance carbon cathbée. If
formedLi,CO; wasindeed due t@ direct reaction with thé’C cathode, thé’C NMR signalof
Li,COs; would be higherby around two orders of magnitudean that of a natural abundance
sample However, this wasiot observed to be the cade. addition the L,CO; specieswas
easily rinsed ofby solvents*® Therefore, on discharging tiddserved.i,CO; is likely to be due
to electrolyte decomposition rathehan direct carbon corrosior: 2% 32 213 Although
thermodynamics permits the,0,-carbon reactiorfreactions (4-15)), the kinetics ofthe LibO,-
carbon reactionss slow.
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At the carborelectrolyte interface, carbon corrosion can also be induced by other reactive
oxygen speciessuch as superoxide {QOLiO,,) and singlet oxygen (discussed in Section 3;1.1)
this process is dependent on the type, crystallinity and surface functionality of the carbon
cathode’>?"® Bruce, Shadorn and coworket§® %> %8 found that carbon cathodes (graphitic
carbon or reduced graphene oxides) with high density of oxygenated ¢@x(PsGO, CG-OH,

COOH etc) exhibit limited stability against the lithiwoxygen electrochemistry: superoxide
species formed during dischargen oxidize carbon at the defect site to forrsCi0;.%* Kang,

ltkis and coworkers® ' further pointed out that the crystallinity of the carbon cathald®has

an impact on its chemical stabititynore ordered carbon structurese preferred for a
stoichiometric L3O, reaction

Chargingis acompletely different cas@icCloskey, Bruce and coworkérs® made cells using
13C-labeled carbon electrodwrut naturdly abundahetherbasedelectrolytesand monitored the
CO, evolution on charging using DEMShey observed tha?CO, evolved atall charging
voltages, busignificant*3*CO, only started to evolve beyond 3.8 (¥ig. 14a); this observation
suggestshat electrolyte decompositioaccursat all chargingvoltages(due toreaction8> °*+ 123
139178 \wjith Li,0,, LizxO,, LIO, and’0,), whereas direct carbon corrosioappess only athigher
charging overpotential<CO, being evolved due to electrochemicab'8CO; decompositior?®

129 Furthermoretheyalsoobserved that?O-labeledLi,*?0, formedin the priordischarge led to
scrambled®C**®0, evolution on chargingFig. 14a),°° which indicates that the oxygen in €O
comes from both LbO, and the electrolyteMcCloskey and coworketsthusproposed thatsthe
charge proceeded, parasitic reactions occurred at bothitfe-electrolyte and LiO,-carbon
interfaces with Li,CO; being accumulatedver repeated cycle¥he proposedocations of the
interfacial Lb,CO; were confirmed later by-ray absorption near edge structure spectroscopy
(total electron yield, TEY mod&? and**C-*C 2D homonucleacorrelationNMR spectroscopy
(Fig. 14b).*** The NMR cross peaksHg. 14b) between®*C resonancesf Li,CO; and the
carbon electrodéndicated by the arrowsguggest that they are in direct contact (within a few
angstroms}** These interfacial passivating LiCO; films cause significant polarizatioon
charging®® %% 123129214 \yhich inducedurther parasitic reactionsience, to avoid serious carbon
corrosion and minimize the formation of interfacia}@O;, it was suggested that the charging
voltage in a carbobased LiO, battery should be kept below 3.5 Fig. 14c).*?°
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Fig. 14 Challenges associated with the carbon electrode-iD,lbatteries. (a): Linear sweep voltammogram and
concomitant C@evolution from a LiO, cell discharged undefo,, using a®C cathode and natural abundance
electrolyte (1 M LiTFSI/DME);**CO, is evolved at potentials3.8V, and is linked to parasitic reactions occurring
at the LyO,/**Carboninterface® (b): *C-*C 2D homonucleaNMR correlation experimentof a **C carbon
enriched cathode on itd"Slischarge to 2 Vthe method probingpatial proximity betweelC sites; a homonuclear
correlation (a cross peak, indicated by the arrows) was detbetagten LiCO; resonance at 168 ppm and the
carbon electrode signal at 130 ppm, indicating that at least some of ,tb@;Llforms directly (within a few
angstroms) on the carbon surfat¥(c): Schematic illustration showing that on discharging to 2 V and on charging
below 3.5 V, CQ evolution primarily originates from electrolyte decomposition, whereas above 3.5 V on charging,
carbon corrosion also leads to £évolution’? (a) Reprinted with permission from ré®. Copyright 2012 ACS

and (b) from ref 24. Copyright 2013 ACS. (c) From re@. Copyright 2013 ACS.

3.2.2 Influence of jl CO, and HO onthe Non-agueousO;, Electrochemistry

Apart from carbon corrosionthe other constituentsof the air can alsancur undesirable
processes at the cathode this setion, we discuss in sequence thig CO, and HO effects on
the nonaqueous Q@electrochemistry ifithium-air batteries.

N, gas composes 78% of the air. Fortunately it does not seem to affect the oxygen reduction
reaction in LiO, batteries. Irsomestudies, LiO batteries have been cycled in ambienf&if*

but few studies haveeportedinvolvement of nitrogen in the oxygefeetrochemistrywithin the

typical electrochemical testingindow (24.5 V), i.e.,, N, seems inactive to any reactions with

the reducedoxygen species and does not undergo angedox reaction itself Indeed, to
electrochemically reduce Nindgenerate L3N, one needs to readh very low potential$? the
equilibrium voltage is calculated to laeound0.46 V versus Li/Li (formation free energy for
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LisN, a5°=129~-135 kJ/mol)?** ?** The absence of any -Ninterference with ©
electrochemistry i€ncouragingbe@use it avoidsncreaseccomplexity of cathode reaction and
thenecessity otomplete separation of,@nd N from the air.

CO,, by contrastcan reacteadilywith reduced oxygen species (superoxide and peroxide) in a

nonaqueous LD, battery**® 26233 First, CQ can react with 14O, to form Li,CO; via reaction
(16) 129 227,230

LioO,+ CO, Y  bOO; + ¥4 O, a63°=-166.6 kJ/mol  (16)

This reaction has a few consequences: 1) parasitic reactions with aprotic polar electrolyte solvent
can be induced by intermediates of this reacteog, peroxydicarbonatéFig. 15a): significant
oxidation of DME and DMSO solvents (to methyl methoxyacetate and DIM®&Es detected

when exposing LD, to CO; in these solvens;**? 2) the conversion of LD, to Li,CO; causes

further polarization orrecharging the battery, the high overpotentials in turn accelerating the
battery degradatiott® ?*" #*° The decomposition of LCO; typically involves irreversible
reactions fig. 15b).

Secondly, @, as a strong nucleophile and a good charge transfer ddeft’ can react with
CO, to form a series operoxycarbonate species, nameGQ;, CO,%, C,0¢” (Fig. 15a).2%% 22"
230231 5ome of hese species have indeed been confirme®iao and coworkef$' usingin situ
Raman spectroscopy in a-free TBACIQ/DMSO electrolyte [cig. 15c(i-iii) ). When increasing
the CQ/O, molar ratio in the cell atmosphere, the dominant electrochemistry switches from
0,/05 to 0-CO,/C,06% (Fig. 15c(i-iii) ).2* At 0,/CO, of 4/1 (Fig. 15c(iii)), C,:0s>, COs*, and
O, appear in sequence on reduction follogvireactions (@), (18) and (4)** Of note, no
carbonate formatio(~1095 cnit) occurs in the Liree electrolytgFig. 15c(ii)). In the presence
of Li*, however, LiCOs; forms as the dominant discharge produrity( 15¢c(iv-vi)). Clearly, he
soft TBA' cationcanmore effectivelystabilize the soft pergglicarbonate anion than the hard
Li*, hence avoithg further conversion of €~ to CQ;*. Overall, the discharge reactidras
been proposed toccur via reaction(19),%*" 2*° whereby1.33 electros are consumed pegas
molealle; this has been confirmed loperandoelectrochemical pressure measureméfits.

0;+CO,+262 CHOE =289V (17)
0;+2CO,+26 2 O, E°=3.27V 8)
0,+2C0O, +4e +4Li" 2  2,€0; E°=3.82V  (9)

On chargingmany groug*?® 22723% 233 24 hayereported that the discharge produ¢sCO; is
removed at voltages typically higher than 4Rig( 15c(iv)); however, this should not be taken
as the evidence for a reversible reaction. In fde, change irpressure deviates significantly
from the predicted..33 &/gasmolecule(Fig. 15b)**° and no @ evolution was observed® 223!
resulting in acontinuouslydroppingcell pressureover many cyclesHig. 15b). The missing
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oxygen may remaiin the cell either asa componentof passivating solidbyproductsat the
cathode or soluble species in the residual electrob/g, cumulative DMSQ formation seen
over cycles inFig. 15c(vi)**}. Freunberger and coworkéf$ recently reported that the
electrochemical decomposition of,00; involves stoichiometric generation afinglet oxygen
(asin the reversal ofeaction(19)), andthat the absence oD, evolution on charging can be
attributed to the parasitic reactions'6% with cell componentsThese authot&’ further showed
thatwith singlet oxygerquencheadditives in the electrolyte, a small fraction of the forri@g

can be released d6,; this observation suggests that electrochemical®i decomposition in
aprotic media involves @ reformation and that with a suitable singlet oxygen quencher, the
reversibility ofreaction(19) could be improved.
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Fig. 15 The impact of CQon the Q electrochemistry in neaqueous media. (a): Possible reaction intermediates
involved in the reaction between g@nd reduced Ospecies (@, 0,%).?** (b): Operando pressure measurements
during cycling of a LiO,/CO, cell (0,:C0O,=7:3) in a LICIQ/DMSO electrolyte; the discharge procepseésure
drop) shows an'kas ratio of 1.3 (close the expected 1.33 value), but the chgrgecess exhibits an/gas ratio of
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2.26 indicating an irreversible electrochemistry in theOLCO, cell?° (c): in situ surface enhance®aman
(roughened gold electrode surfaces)estigation on th€©,/CO, electrochemicateaction mechanisim the absence
(i-iii) and presence (ivi) of Li*; in the absence of Lithe electrochemistry can be modulated fropf0g to O,-
CO,/C,0¢" by increasing the CZ0, molar ratio in the cell atmosphere; in the presence &f the cell
electrochemistry is dominated by,CiO; formation and decomposition, the latter involves DMSO electrolyte
oxidation to DMSQ.**! (a) Reprinted with permission from ref32 Copyright 2017 The Royal Society of
Chemistry and (b) from ref3®. Copyright 2017ACS. (c) From ref 31 Copyright 2018 The Royal Society of
Chemistry.

In summary, contamination of GGn Li-O, batteries can cause significant degradation of the
electrolyte during its reactions with reduced oxygen species to fa@Ok;i Li,CO; cannot be
oxidized reversiblyia reaction (19), and its removal is actuadlysociated withhe degradation

of the electrode/electrolyte, likely due to the generation'®f on charging. Besides, it
significantly raises the charging overpotential, impgsstringent requirements on the cell
components (cathode and electrolyte) to achieve a reversiide themistry. Atthe current
stage, LiICO; formation should therefore be avoided in &ibattery.

Inspired bythe potential stabilization o€,0s> by the softerTBA* ion (vs. Li*), Qiao and
coworker§® explored the effect of a complexed (DMSO); in concentated LITFSI/DMSO
electrolyte to stalize C,0¢”, wherethe coordinatingDMSO moleculeseffectively screen the
charge of L1, thereby decreasing the interactions ofwith C,Os>. As a result, they found that
the dominant charging reaction gradualhangedrom solidstate LyCOs; decomposition at 4.2
V to decomposition ofsoluble LbC,Og speciesat 3.5 V Fig. 16a), via reaction (B). This
reaction is further confirmed by chemical titration 0§@4iOs and DEMS measurements during
cycling (Fig. 16b,c). Little electrolyte decomposition product DMgS®as detected and the cell
rechargeability was improved considerabtyThe generallyfatal issuesassociated witthigh
charging overpotentials and electrolyte decomposition due #CCki formation and
decomposition seem to beircumventedaltogether, even at high concentrations of ,CO
(CO,:0,=1). Although furtherefforts are required to improve the solubility o,CiOg (thus
energy densitiesand minimize its shuttlingo the Li anode, this work exemplifidgsow a
judiciousdesign of electrolytesan modulatethe reaction mechanism @O, contaminated.i-
O; batteries.
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Fig. 16 Modulating the reaction mechanism of S€dntaminated LiO, battery by tuning the solvation condition of
Li* in the DMSO electrolyte. (a)By increasing the LiTFSI/DMSO molar ratio from 1:20 to 1:3, the cell
electrochemistry changdsom Li,CO; formation to LpC,Oq formation, the latter is characterized by a much low
charging voltage than that of J3O;. Chemical titration of LIC,0Og (b) and DEMS measurements (c) confirm the
reversibility of the L3C,0O¢ formation and decomposition reacticfﬁé.Reprinted with permission from ref32.
Copyright 2018 The Roy&ociety of Chemistry.

It is worth mentioning thatthe possibility of a Li-CO, battery based on pure GO
electrochemistry has also been investigated. Contradicting observations were reported by various
groups. McCloskey®, Grimaud™® and coworkers showed that almast current inthe CV and

no capacityin galvanostatic dischargingxperimentswere detectedin the electrochemical
redudion of CO, in DME/DMSO-based lithium or sodium electrolgeising various carbon

based electrodgSuper P, XC72 and gas diffusion layerThese authofé®#*° thus conclude

that CQ is not electrochemically active within the typical testing window of£239V versus

Li*/Li. By contrast Zhou and coworkef$* 2% provided a wealth of evidence supportitig
electroreduction of Cousing aDMSO-based electrolyte oketjen carbon andn porous gold
electrodesBYy using a porous goldlectrode, they showed that in addition teQ®; formation,
amorphous carbon deposits also simultaneously form on discharge, the process being proposed
as reactionZ0). Furthermore, they discowed thatthe metal catalyst can play critical role in
improving the reversibility of the cellreaction®®%*® when carbon or gold electrodes were used,

only Li,CO; was removed on charge, whereas with a ruthenium catalyst concomitant removal of
Li,CO; and C on charging was achievad a lower potential of 3:8.8 V. Quantitative gas
analysis is required to furthernfy the batteryreversibility, becausehe continuingpolarization

(>3.6 V) due tothe solid-state LyCO3; decompositionon charging may incur unwanted side
reactions:’”® Nevertheless,the mechanismwhereby a solid catalystcan simultaneously
decompose two solid productsfismdamentally intriguing and warrafurther studies.
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4Li" +3CO,+4€ 2 2,C@3+C (20
, whereE?° is equal to 2.8 Wersus LI/Li.

H,O Finally, we discuss the impact ofateron the noraqueous @electrochemistryFor the
operation of LiO; cells open to the air, in which,@ taken from air, the tolerance of the battery

to the presence of water is critical, since water removal wougldiree an additionalwatertrap

that would increase the weight and volume of the battery system considerably, thus making it
less competitive compared dther types of batterie§Vater can also be presentaasontaminant

in Li-O;, cells from leaks in imperfect cells or from residual water present in the oxygen supply
tubingelectrolyte/cell component&arly studies by Gasteiger and coworkérs showed that
hundreds to thousands ppm levelsvater, presengitheras electrolyte additive or in leaky cells,
produced a markeidcreasein the capacity of LiO; cells. Surprisingly, water did not change the
nature of the dicharge productyhich remained 140,.3" ™ 7> 237239 |nterestingly, LO; is also

the main discharge product in watersalt Li-O, batteries, which contain no organic solvent and
thus have no issues of solvent decomposition during cy&iffiche reaction of water with LD,

to form LiOH is thermodynamically favorabfé* 242

2Li0,+2H,0 Y 4L i HseeA52@JI/mol 20

Nevertheless,hie factthat for some of the reported wateontaining LtO, cells (at or lower
than thousands of ppmy8), Li»O; is not converted into LIOH in the presence of wataggests
the above reactior2g) is kinetically slow If LIOH precipitates and forms a surface coating on
Li,O,, then for the reaction to proceed and convert th®Jcore of the particles to LiOHt
would require proton transport from water through the LiOH layer to tJ@;ldore coupled to
O, evolution from the LIO, core. At higher water concentrations, however, the LiOH
passivation effect may be attenuated bynach increased LiOH solubility, velne eident
conversion of LiO, to LiOH may beobserved. Xia and coworkéfdinvestigated the effect of
moisture in Q (15% relative humidity) on the battery chemistrging a Ketjen black cathode
and a LITFSI/TEGDME electrolyteAs a esult, LIOH and LiO, coexist as the discharge
product. The carbebased cathode does not decompose LiOH effectively, leading to large
polarization orrecharging®® These studies show thahe sluggish kinetics of kD, conversion

to LIOH canonly alleviate, but des not radically mitigate the LiOkHhduced rechargeability
issue for LtO; cells exposed to moisture in afrom a scientific point of view, any of the
waterinduced effecs such ashigher capacitiesand suppes®d degradation reactionsre
fundamentally intriguing. The detailed mechanism of water effect on {leeCtrochemistry in
organic media will be discussed in Section 4.3.1.

3.3 LithiumMetal Anodelnstability

Lithium metal is a promising anode material due to its exceptionally high specific capacity, 3860
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mAh g* (where this number is calculated based on the mass of lithiemthe battery in the
charged state€) *** Its use is implicit in the high energy derysifuoted for lithiurmair batteries”

% In contrastto the extensive investigatiaf the cathode (electro)chemistry;depth studies of
lithium metal anode in neaqueous lithium air batteryare relatively scarce In many
fundamental studiethat focuson the cathode, LiFeRCLFP) is used as a replacement to Li
metal anode to avoidomplication induced by the anode degradatfott” ?**> Nonetheless, to
realize the high specific erggr of lithium-air batteries, challenges associated with Li metal
anode warrant future endeavors.

3.3.1 Planar, Mossy versus Dendritic Li Depositaord Low Coulombic Efficiency

One of thebiggestchallenges associated with Li metal anode is the advamsghological

change during repeated stripping and plating. In particular, mossy (compact porous
microstructures on the Li metal surface) and, at higher current densities, dendritic growth (spiny
projections grow outward from the Li metal surfaceig( 17a), rather than smooth plating on

the Li metal surfageoccus.?*® Dendrite formation can potentially result in electrical shorting of

the battery, if the dendrites penetrate the separator and reach the oxygen electrode, thus causing
severe sty concerns. In addition, formation of mossy structuesilts inpoor Coulombic
efficiency: this is due to the loss of capacity involved in the formation of a new SEI on the
increasing lithium surface areand alsodue toformation of electrically iskated lithium metal
structures that are, thus, electrochemically inacéfi&"?

The formation of Li dendrites is associatediepletion of L{ ions in the vicinity of the Limetal
surface in Li plating experiments. When thé &alt concentration drops to zero at the Li metal
electrolyteinteface ( whi ch happens at a t )%fe skacioywhli as t h
ions syply promotes the deposition onto surface protrusions (tip growth mode), over the growth
of mossy deposits that grow from their roof&ig( 17a).*" A clear demonstration of the
correlation between Liion depletion at the Li metal surface and Li dendrite growth was
achieved viain-situ Magnetic Resonance Imaging (MRf). Because of the sensitivity dE.i

NMR shift to the local chemical environment and morpholgdyhe changes of both Li salt
concentration profile and the growth of different types of Li microstructure can be tragged (
17b(i)), and indeed a clear transition from mossy to dendritic growth was observed duiimg the
situ MRI experiment$>> >* This growth occurs from the tip of the dendrites towards the
positively charged electrode, as later verified by 8aal using optical measuremenri§.As
shown in Fig. 17di), in a capillary cell, the growth of Li mossy and later dendritic
microstructures wagisualized, and the abrupt voltage incred3g.(17c(ii)) can be correlated to

the onset of dendritic growffi® The MRI study shows that at high charge rates, there i®rgst
correlation between the onset of dendrite growth and the local depletion of the electrtiigte a
surface of Li metal anodé~ig. 17K(ii)). Unfortunately, the formation of dead Li and mossy
structures slows down the transport of lons due to thenicreased tortuosity of the Lion
pathway and, as a result, also accelerates the formation of Li deftfrites
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The low Coulombic efficiency of lithium plating/stripping the other majochallenge invoted

in the development of any baties using a lithium metal anod@&he requirement of >1000
cycles of charge and discharge for electric vehicle applicafionequires aCoulombic
efficiency of 99.98% in order to conserve >80% of the initial lithium material after the 1000
cycles[add 261]Therefore, improving th€oulombic efficiency of lithium metal electrodes is a
key requirement. Significant improvements in electrolyte formutati have achieved high
values ofCoulombic efficiency of lithium electrodes approaching 998¢2>>%°! Studies with
LiPON thinfilm cells in which all of the Li originates from the cathode demonstrateaireds

of cycles, thus implying high LCoulombic efficiency above 99.988% ?° The significant
progress achieved on Li metal anode developmensgeasons for optimism, although much
further work is still required. The requirements for commercial Li metal anodes have been
recently summarizeih excellentreview articles®® ?®* demonstrating that further work is needed

in fundamental studies using thinner Li foils.d., <30 em) and lean electrolytewhich are
required to produce resultspresentative of commerciabnditions
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Fig. 17 Inactive Li formation mechanismerigins and current state of reversible Li metal development. (a) schemes
(i-iii) for various inactive Li plating mechanisms and a general correlation (iv) between morphologies of plated Li
with the Coulombic efficiency and the ratio of SEI kersus unractive metallic LY.2*” Whisker Li morphology (i)

is more likely to lead to electronic disconnects and motdrapped in SElgranular (i) Li morphology tends to
maintain good electronic contact and only small amounts of Li are trapped; an ideal Li deposit (iii) should have a
columnar microstructure with large granular siReprinted with permission from ref 24Copyright 2019Nature
Publishing Group(b) Electrolyte depletion and dendrite growth revealed by MRI and optical measuse(iefhi
chemical shift image of the metal (left) and fheelectrolyte concentration profile (rightjii) Plot of the theoretical
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Sando6s time and the initiation ti me'LiNMR sdeetrsitf Reprinted gr o wt h
with permission from ref 25 Copyright 2015 ACS(c) lllustration of the capillary celii) andin situ snapshots of

the growth of lithium microstructures during the electrodepositibne correspondingoltage profileof the cell in

)i s shown in (ii) where the red dash | ine sepafilates th
schematic illustrations of the growth mechanism of mossy and dendritic microstasctibased on the
electromigratiodimited model**® Reprinted with permission from ref @4Copyright 2016 The Royal Society of
Chemistry.(d) Statusof efforts in the literature on the cycling of Li met&l.Four parameters are included in this

analysis: cumulative areal capacity plated,-@gie areal capacitrepresented by the size of each pgiptating

current density, and the fraction of the initial lithium metal present that is plated pe(ingatated by the color)

Points 1 and 2 are goals63are for LIPON thirfilm cells, 7-9 are PEGbased solid polymer electrolytes,-1Q are

solid inorganic separators, 13 and 14 are custom nanostructures-26dai® liquid electrolytesReprinted with

pemission from ref 28. Copyright 2018\ ature Publishing Group

3.3.2 The Effects of DCO, and HO on Li Metal Instability

Extensive research endeavors to investigjfaeeversibility ofLi metal anode in the context of

Li-ion batteriehavebeendescribed imecent review articles and references thetf@A%° In the
lithium-air battery systems, while lessons can be learnt fromorLirechargeable batteries, Li
anode stabilityneeds to be reassessed under different gaseous environments, solvents, salts and
electrolyte additives. Next, evreviewthe (electro)chemical reactions among Li metal, different

air constituents, typicalolventsused in lithiumair batteries. The resulgnSEI and its effect on

the anode stability will be discussed.

O, is a key component in lithiurair battery systemd.he effecs of O, crossover to the Li metal
anodeon the anode stabilittemaina topic under debat&ome researchéfé reported thaD,
causs continualelectrolyte (e.g., DMSO and TEGDME) decompositawer repeated cycles
the Li anodesurface(Fig. 18ac),”® resulting in formation of less stable SEI layersd a much
worseelectrochemistry. Other groups?®® however, propose that,@an stabilize th&E| Zhou
and coworker¥ demonstrated a beneficialfett of O, usinga TEGDMEbased electrolyte
SEM (Fig. 18e-h) shows thaturingcharge, the O,-rich electrolyteallows uniform Li deposition
generatinga columrar structurewith a higher Coulombic efficiengycompared to a filamentary
structure without @ In-situ Raman experiments$-ig. 18i-I) revealedelatively constansignals

of Li,O, Li,O, and LiOH layerson the Li surfacdghat seems tstabilize Li whereasin the
absence of @ the electrolyte decomposition prodsiti,SO; and CHOLI, together withLi,O
and LiOH, continwally accumulate through the first two discharge/charge cycl&sou and
coworkers’ further pointed out that éhigh O, concentration(e.g, direct Q exposure and
diffusion of G through macroporous Cu mesis) required to form a stable SEI and prevent
further reaction between Li and the electrolythis may help explain theoppositeopinions,
becausén the former studf O, supply can be limited by diffusion through the microporous
cathode Nonetheless, clarifying the influence of, ©rossover on Li metal stability requires
further investigation.
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Fig. 18 Effect of O, crossover on the morphology and composition of the anode surface. SEM images of Li metal
foil immersed in (a) 1.15 M LITFSDMSO and (b) 1.15 M LITFSDMSO-O, solution for 30 days. (c) Proposed
degradation mechanism of Li metal surface in 1.15 M LiTBBISO-O, solution. Step i: adsorption of TFSI
anions and oxygen molecules on the Li metal surface; step ii: formation efdn@® nucleophilic attack on
surrounding DMSO solvent and TF&hions; step iii: precipitation of decomposed compounds of mossyustsic

and continuous [i dissolution via oxidative reaction& (d) lllustration of Li anode reduction in etheased
electrolyte when @crossover occur® SEM images of the plated Li metal foil in TEGDME/LigFO; without (e)

and with Q (f), and the stripped Li nal foil without (g) and with (h) @ In situRaman spectra and voltage profiles

of Li plating/stripping without (i, k) and with (j, I) & (ai ¢) Reprinted with permission from ré26. Copyright
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2014 Elsevier and (d) from ré&B. Copyright 2013 WileywCH Verlag GmbH & Co. KGaA, Waham. (el) From
ref 57. Copyright 2018 Elsevier.

CO;, constitutes 0.04% of dry air, which is much less thaaml Ar, however, C@is known to

be generally more active than, Bnd Ar, and it can undergo chemical reactions with Li (some
involving OQ,), e.g, 2Li + 1/2Q + CO, Y Li,COs. In the 1990s, Osaka and coworkers
demonstrated that Li metal electrodes showed a prolonged cycling life in,ass&@ated
LiClO4/propylene carbonate electrolyte, and the formation g2 in the subsurface layer was
found to suppress dendritic deposititft.?°The aut hors concluded: HfATc
carbon diagide must be present when lithium is initially electrodeposited onto the nickel
s u b s t Anaekaeplerecently demonstrates that pre-coated L3COs/C layer canindeed
protect the lithium metal anode; when this anode is used together with a molybdisnifide
cathode and an ionic liquid/DMSO electrolytes, the resultin@4d.cell could be operated in an
air-like atmospheré® The LLCOy/C protective layer was pigynthesized electrochemically in
pure CQ atmosphere, followinghe net reaction 4Li(s) + 3C&g) Y 2,C®; + C(s) As shown

in Fig. 19a, after ten dischargeharge cycles, a dense network of-sbdpe structures was
formed on the surface. The compositiontlet surfaceis Li,COs/C, confirmedby Raman Fig.

19b), XPS Fig. 19c) and electron energy loss spectroscofhye authors argued based DRT
calculationsthat migration of N and Q through the LICOs/C layer has a high energy barrier
(2.27 3.2 eV) while diffusion of lithium should be facile. Thesudy did not reportin-depth
studies aimed at understanding firetectingrole of Li,COs. It will be interesting to study the
morphology and compositiorf the Li metal buried beneath the,CiOs/C layer, to see whether
there is any evidence of gas and electrolyte penetration and associated SEI formation.

Thecombinedeffect of N,, O,, and CQ on Li metal anodes hdmen investigateh few studies
Mommaet al studiedthe SEI layers formedn Li metal by XPSin LiPFs/ethylene carbonate
(EC)diethyl carbonate (DEC) electrolyte)hen cells were assembled in different atmospheres,
i.e. dry air versus dry argafi* They found that the topmost surfameLi metal deposited inry

air and dry argon were similawhereas the underlying SEI layers (revealed aftérndiling)
containedconcentrated kN, LioCO; and LiOH in the former case. The cell assembled in dry air
exhibited a better cycling performance,. higher Coulombic efficiency than the one in dry Ar,
especially in the presence of ionic liquid. These studies underscore the need for fundamental
understandings of the interaction between ©O,, N, and Li metal anode surface in different
electrolytes/d#s, andtherole of associate&El layersin protecting the metal anode.
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Fig. 19 Li,CO,/C coated Li metal anode and its characterizations. (a) SEM image of tshape LiCO,/C layer

(scale bar, 1 &e&m). ( b) Ra maXPS speatra df theupmteatetl anbde surfgee inthee c t e d
Li 1s and C 1s regions. (d) DFderived interface between (001),CiO; and (100) Li with carbon termination.
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O bond of L}CO; at the interface, and the migration of oxygen to the bulk lithium (black arrows highlight oxygen).

(f) DFT-derived adsorption of £n a Li,CO; channel. The adsorption is endothermic, with an energy of 3%eV.

Reprinted with permission from re@. Copyright 2018 Nature Publishing Group.

H,0 is present in aito varying degreedt readily reacts with Li metal to form LiOH. Zaghib
and coworkers studied the effectrnbisture contamination on Li metal anodes irQaicells?"2
Using the setup shown ifigure 20a, the authors observed different extents of increases in
discharge capacity and weight gains from tfledlthe &' cell, following the order of @flow
through the cells Hig. 20b). The additional capacity was explained by the following

electrochemical reactiorst the cathode
2H,0 + Li,O, + 2Li" + 2¢' Y 4LiOH (22

The excessive weight gain of cell’20 6" was attributed to the following chemical reaction as
moisture penetrates through the battery systems:

2H,0 +2Li Y 1A0OH + H, (23)

The morphology revealed by SEM and composibgnXRD agreewith the formation of LiOH,
supporting the proposed reactior8)2ln a separate study, the formation of LiOH on Li metal
anode was also recorded when cycling @kibattery in ambient aff”> How the presence of
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water affects the composition and morphology tbé SEI in different combinations of
electrolytes/salts will be invaluable information to the lithtambattery community.

(a) (b)
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Fig. 20 Effect of moisture contamination on Li metal anode. (a) Schematic diagragflofaCand cell connections.
The F'to the & cells were connected in series by a single gas line,pfn@ile the cells were independently
controlled by cyclers. (b) A tablshows the discharge capacities and weight gains of the six cells iff (a).
Reprinted with permission from re¥2. Copyright 2014 Elsevier.

4. Potential Solutions

From the discussion in Sections 2 and 3, we can see that the technological challenges of non
aqueoud.i-O, batteries are closely linked televantscientific hurdles, a critical one beirige
parasitic reactions occurrirgf the interfacesnamely,the Li anodeelectrolyte, L3}O,-cathode
(current collector) cathodeelectrolyte and LpO.-electrolyte interfaces.The situation is
aggravated in the presence of laoyerpotentials on chargingecausearbon cathode corrosion,
electrochemical electrolyte decompositid®, generation are all sensitive to the high charging
voltages.The firstmajor issue to tackle thusto decrease the charging overpotential, preferably
well below 3.5 V. As such, a range of strategies have been developed, inthedunge of solid
catalysts;t> 14% 203 204 207, 274276 yojgy mediators?” 2" 2’8 photoassisted charging*?® phase
transfer atalyst$> 2% and so on. Furthermor&), trappng/quencling molecule$®® 133 284 55
electrolyte additives, protective thin fili%**° on the Li anode and ga®paration
membranes®?° have also beensedto reducedamages due to singlet oxygémenable a more
reversible Li plating and strippingndto minimize unwanted air contaminatiorespectively.
Thesestrategiewill be reviewed in the following sections.

4.1 Electrocatalysis iNon-aqueous L0, Batteries

The use ofsolid electrocatalystfor Li-O, batteriesis an intensely studied subjecNumerous
studiesreport that with catalystse.g, metal/metal oxidedpwer charging voltages and much
improved battery rechargeabiligre often observedcompared to the case without catalysts.
Nevertheless, many reports also stresstti@bpparenimproved rechargeability by ctametry

does not reflect the true reversibility bif-O, electrochemistry™ 132 181 205207274 294296 |y gact
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similar or even worse £recoveryefficiency (OER/ORR) occurs witlthesecatalysts>> 184274
294295 compared to a carbon cathodis seeminglyimproved rechargeabilityan beconnected
to at leastthree other factorsin addition to the desirable effect on,Qp decomposition: 1)
insulating byproducts (LCOs;, LIOH, carboxylates) can beemovedby catalysts at a lower
voltage so that they do not accumulate ampidly passivate the cathod@;*** 8! 2) organic
electrolyte decomposition is promotedthe presence of catalyss® that theepeated cyclings

in fact primarily at expense of electrolytd" 24> 274 29° 3) some electrolytes tend tanore
effectivelydissolve theecommon byproducts (kCOs, LiIOH) or formvery soluble decomposition
products thus postpang cell failure®” 88 9% 297 Therefore, efficient catalysts and stable
electrolytes should be considered collectively when seeking to develop a truly reverside Li
battery.

Due to the lack of quantitative analysis, ivexy difficult to judge in the many reported studies
whether the improved battery performamegenuinely a result of electrocatalytic effects on the
O, electrochemistry. Herein, we thdiscus on reviewing studies thhfve quantiied the G
consumption ad evolution during battery cyclingve acknowledge the many revies?*® 2%
existing already on the subjegthich provide anore exhaustive list of electrocatalysts studied
for Li-O; batteries.

4.1.1A Real Need for Bectrocatalysison Charging?

The overpotential on charging is typicatipserved to beeveral time¢> 1 V) larger than that of
dischargg0.2 V). Hence, lhere is a greater need to furtheaprovethe kineticsduring charge.

To investigate whether there is a trrme of electrocatalysisMcCloskey and coworkel®
studied the charging process of@j batteries using XC72 carbon, A(C72 and MnQ@-XC72
basedcathodeqFig. 21a). The authors observed overlapping charging voltage pscigating

from the equilibrium voltage of ~3.0 V, where ®egins to evolvén the correspondin@EMS
tests'®! this observation thus indicates there is hardly any kinetic barrier for the onse©gf Li
decomposition for all three cathode materials. Furthermore, analysis of cathodic and anodic Tafel
plots of Li-O, electrochemistry on #at glasy carbon electrod@-ig. 21b) leads to an exchange
current density of 1 mA/cfconsistent with a faseaction**? McCloskey, Luntz and coworkers
thus argud that there is no need for electrocatalysis in th@©4electrochemistry*> 7% 18! |n
addition, in conventional catalysis, reaction intermediates are sufficiently mobile so that
reactants and products can access and escape from the active site, theratgbeing
regeneratedBy contrastthe catalyst particleare covered by solid kD, products in lithium
oxygen batteriesand thuscatalyst surfacewould be quickly deactivate for further reactiort®
Clearly, the conventional catalysis concesptot applicable.

Nevertheless, many other grotfs’’®2°>3% 30! jndeedobserved thatells usingsolid catalysts
exhibit different onset charge voltagéise overpotentials throughout the whole charge capacity
being decreasedompared tdhat observedusing just a carbebased cathodé-ig. 21c); these
observations thus suppdhe existence of catgic effect on charging(that is, through the use
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of a catalyst, the overpotential of a battery reaction is redu¢bd)next question is how doas
solid catalyst facilitateli,O, decomposition? Several hypotheses have been put forward to
account for the soligolid effectinvolved in LbO,-catalyst interactiondNazar and coworket®
proposéd that ®lid catalysts €.9.,C030,4) promote mass transport of,0, species on electrode
surfaces by reducintpeir binding energes with the surfagewvhichin turnfacilitates both further
oxidation and reduction of J®,. Shashorn and coworkers suggest thadlid-state LpO,
oxidation is mediated by chemical conversion giCLito a lithium metal oxidet the LpO,-

metal catalyst interfacewhere LjO,-catalyst interaction at the interface clearly mattéts
Others have suggestednaelectrolytemediated charging proce®s, " 3% which is later
confirmed to be dependent on tHenicity of electrolyte solverst* To provide more cleacut
evidence thathere is soligstate promotion of LO, decomposition by solid catalysts, Lu and
coworker™” studied the elgtrochemical behavior of all solistate LiO, batteries using Vulcan
Carbon (Fig. 21d) and RuVulcan Carbon electrode¢Fig. 21e). Compared to the case using
carbon electrode he authors observed more, @volution at a lower overpotentialsing Ru
catalysts:*® this result thus verifies that some solid catalysts can indeed reduce the kinetic barrier
for Li,O, oxidation and increase-@ecoveryefficiency. The authors® then propose that solid
catalysts operate by stabilizing reaction intermediates such,.g@,Lvia formation of surface
LioxO, species, which then facilitates delithiation of the bound@} specieqFig. 21f). This
delithiation occursvia Li* vacancy transport through the,O, particle bulk or surfaces and
triggers Q evolution from the particle surfag€ig. 21f). This mechanistic picture proposed by

Lu et al**® for the all solid-state batterys consistent with thgeneralunderstanding on solid
state LyO, decomposition on carbon electrodes (discussed in Section 2.2.) sapported by

the observation that ©evolution typically occurs at the 10,-electrolyte interfaceasdiscussed

in Section 2.2.2). As a result, by modulating the interaction between the catalyst surface and
reaction intermediates, the charging voltages can be reduced, provigindetinefor catalyst
design.
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Fig. 21 The role of solid catalysts in charging a nonaqueot3;lhattery. (a)Electrochemical profiles of LD,

cells employing a DMEbased electrolyte and variooeetal/metal oxide catalyst&: Reprinted with permission
from ref 181. Copyright 2011 ACS(b): Cathodic (discharge) and anodic (charge after a short discharge) Tafel plots
for Li-O, electrochemistry at a flat, nonporous glassy carbon working electrode in-defiad bulk electrolysis
cell (1 M LiTFSI/DME as the electrolytéf° Reprinted with permission from réf70. Copyright 2016 Nature
Publishing Group(c): Electrochemical profiles during discharge/charge edicells using CNT, Ru/CNT and
Pd/CNT as the cathod®.1 MLITFSI/TEGDME as the electroly)e showing an evident reduction in charging
overpotentials when a metal catalyst is pre§€meprinted with permission from re®3. Copyright 2015 ACS(d-
e). Electrochemical charging profile and the corresponding gas evolutiorfdells using a solid electrolyte and
pre-loaded LyO, cathodes without (d) and with (e) a Ru catal¢f}t.Schematic illstration oftheroles of solid
catalystsn reducing the charging overpotential fop®j oxidation*® (d-f) Reprinted with permission from ré5.
Copyright 205 ACS.

4.1.2NobleMetds, Transition Metal Carbides andOxides

Among noble metals, nanoporous gold (NBfzand rutheniunbased* 2°%39%3% catalysts have

been reported to shothe best electrochemical performance. For exanglei;O, cell using
NPG electrode and DMSBased electrolyte shows an onset charging voltage from 3.0 V.and O
recovery efficiency higher than 98% for 100 cyd¥®sThe stability of DMSO for Li,O,
electrochemistryhoweverwas later questiosd®” 8 132205 |t js now known that solvestwith
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higher DN figh polarity) are more prone to nucleophilic attack and electrochemical
decompositiort- 3% 91 175397 compared to low DN solventgow polarity). Higher Q recovery
ratios aretypically obtainedusing the same catalyst with low donicity solvertg)( TEGDME)
than high donicity solventse(g., DMSO)* " Neverthelessa subsequenstudy using Ru
catalysts and DMS®asd electrolyteprovided further evidenc#hat Li-O, batteriesusing a
DMSO electrolyte can achievegh O, recovery ratios®*

The reversibility of cells using ruthenium catalyseems to belependent on the electrolyite

use*t 274 29429 |n etherbased electrolytes, thenium cathodes exhibétn Q recovery ofonly
~64%?2"* %% similar to that using carbon electrode, although the-8atalyzed celis still highly
rechargeabldor many cycles(probably due to some parasitic processes, discussed in the
beginning of Section 4.%)* ?** In a more polar DMS@ased electrolyte, howeveRu was
reported to effectively catalyze,@eduction and evolutioreactions with 92% of Q recovered

on chargind*! Other noble metals such as Pt and Pd have been consistently reported to cause
significant electrolyte decomposition in ethEsecdelectrolytes®* 27429

Transition metal carbides have been considered as a promising class of cathode materials due to
the high electrical conductivity and high oxidation resist&fité®’ Bruce and ceworkers
reported that cells using a TiC cathode and a Li@®ISO electrolyte can be cycled with ~99%
O, recovery for 100 cycle¥? Nazaret al?®’ later pointed out thdti-O, electrochemistry is very
sensitive to th&iC surface conditiofi a surfaceliO; film as thin as 3 nm can completelyus
down interfacial electron transfer, whereas pristine TiC surfaceith a subnanometer
TiO,/TIOC passivation filmcan effective catalyze i®, decomposition.Given the need to
passivate the TiC surface by a thin oxide layer in th@®4.cell environmety Nazar and co
workerg$’® further exploited titanium oxide phases with high electrical conductivity foO4i
battery applications. The authdfsfound thatcells using TiO-based cathodes exhibit an
ultralow onset voltage from 3.0 V and@; ratio of 2.42 on charging.

Although many solid catalysts enable a very low onset charging voltage at 3.0 V (sucfi*as Ru,
NPG 2% Ti,07,2° TiCrO,2"), a common issue is the¢llsall gradually polarize toward 4.0 V or
higher with deeper states of charging, which is usually connected to parasitic products
accumulating at the reaction interfaé&g®'%*12° Apove 3.5 V,additionalcarbon corrosion and
eledrochemicalkthemical electrolyte decompositionccurs to a greater extefjt’® 123 129 214
bewming a graveissue for the battery reversibilityAgain, minimizing parasitic reactions
occurring at the interfaces and constantly keeping the charging voltage belows3egdired to

improve the reversibility of catalyzed-Q, batteries.

A desirable solid catalyst should satisfy at least the following criteria: (1) the catalyst needs to be
stable against the oxidizing environment (reactive oxygen species and high eweapot
especially on charging) in a lithimaxygen battery; (2) the catalyst should not promote
significant electrolyte decomposition within the battery dischatgege window (where 25.5

V is typically the operating window to aim for in order to mize degradation reactions); (3) a
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high binding energy between OER reaction intermediaes (i»xO.) and the catalyst surface
is preferred, as this property is linked to critical steps gbidelithiation on recharging; (4) it is
also desirable that the catalyst can readily decompose LIOH a@@4.ibecause¢he continued
formation of thes typical byproducts (iformed will rapidly clog the porous cathode and cause

early cell failure.

4.2 Relox Mediators: Enabling Facile Solutiéthase Charge Transfer

4.2.1 Fundamental Principles

Redox mediators (RM) are electrochemically active species that are used to facilitate
electrochemical reactions. The operational mechanism of RMs@ batteriess illustrated in
Figure 22a. During discharge, RMs transfer electrons from the electrode to,amof@cule
forming Li,O,, and during charge, RMs transfer electrons fropd4io the electrode, evolving

O.. In the following, the oxidized and reduced forms of the RM willtéened RM°* and

steps:

RMREP respectively. These  reactions  involve  the  following
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Fig. 22 Proposedeaction mechanisms mediated LiO, batteries(a):

associated with ©and Li".

Discharge:
2 -

0 2.

Differences in the mode operation of RMs

and redox shuttleswhere RMs are homogeneous catalysts that enhdheerate of reactions which is largely
confined to regions near the electrode surfaces within miceorts RSs are charge carriers that receive or donate
electrons andhen transport that charge over long distances (typically, hundreds of microns or Thereketch
shows discharge reactions; charge reactions would be the reversgb)n&implified reaction mechanism of
mediated LiO, cell discharge involving formain of superoxide specig&iO,) as reaction intermediate. (c):
Proposed reaction mechanism of mediate®4iicell discharge involving the formation of a complex between the
redox mediator (DBBQ) and superoxide that bypasses the formation of superor&tetam intermediatdn all
these sketches, the reduced forms of the mediators are shown in green, the oxidized in red. The light green color in
(c) represents a reduced DBRB®sociated with a Lication, and the dark green color represent a redD&RIQ

eq. 2: mass transport of R¥ from solution to the electrode surface.

(24)
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2 - QO 2- (29)

eg. &: electron transfert@d - to form2 - at the electrode surface.
2 - 0 2. (26)
eg. B: mass transport & - from the electrode surface to the solution.

2 - 0 ¢0® q2- 00 27)
eq. Z: electron transfer frorg - to O, forming Li»O, suspended in solution.
Charge:

2 - 02- (28)
eq. B: mass transport ¢f - from solution to the electrode surface.
5 . 02.- Q (29
eg.29: electron transfer frorg - toform2 - at the electrode surface.
2 - 02 - (30)

e(.30: mass transport & - from the electrode surface to the solution.
2 - 00 ° q2- 0 ¢bQ (3D
eq.31: electron transfer from kO, t02 - evolving Q.

The reduction and oxidation of RMs (reactid28) and (29)) involve, in some cases, lithium
cations, and the reactions of RMs with &d LpO, (reactiong27) and(31)) are not elementary
reactions.

The reaction steps shown above illustrate that RMs do not ctizeuget ORR or OERreactiors,

but they alter the reaction pathway in such a way that the kinetics of the reaction are improved.
RMs act as el ectr on/ hoOeell fieactions hysauttlg eleetrond f a c i
between @ or Li,O, and the electrodelhus, RMs not only alter the reaction mechanism, but
they alsoenlarge the region where reactions can take place. This is kbg ttevelopment of
high-capacity L+O, batteries for the following two reasonst) RMs tend to circumvent rapid
electrode passivation due to the surface mechanism during disclaadelead tolarger
discharge capacitiega solutionmediated processes; 2) RMan help realize a facile charge
transfer pathwayia the electrolyte, so that the high charging overpotentials incurred by the
insulating nature of LD, can be circumventedAn alternative mechanism pathway involving

the dissolution of solid LD, forming soluble L3O,, which could then diffuse to the electrode
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surface and get oxidized, is unlikely to proceed at significant rates due to the poor solubility of
Li,O, in most electrolyted™ ** The mediated reaction &f,O, oxidationvia RMs thus appears
very promising.

The reactions of RMs with £and LbO, (reactions(27) and(31)) involve a net transfer of two
electrons; thus they require at least two,-eleetron transfereactiongreactiong32) and(33)).
Figure 22b illustrates a suggested simplified reaction mechanism involving the formation of
superoxide specidsO, as reaction intermediatés

0Q 2 - 5P 0Q0 2 - (32)
0Q 2 - DQF 0B 2 - (33)

Due to the reactivity of superoxide species, the development of medih&trsan quickly
reduce superoxide to peroxide on dischangadtion (33)) would be highly advantageoffs.
However, the actual reaction mechanism might be much more corti@axthe simplified
reaction mechanism with reactiof82-33), andit mayinvolve interaction between the different
species or theofmation of different reaction intermediates. Indeed, Bruce and cowdrkers
ascribed the excelht catalytic activity of the DBB@,5-di-tert-butyl-1,4-benzoquinongRM to

the formation of a DBB&uperoxide reaction intermedidteactiong34-37)) that bypassed the
formation of superoxideg. 22c).

0660Q 0P 0"Q0H6 6 0 (34)
0 QO66W © 0 "QO6 6 0 U (35)
¢l Q0660 U 0660 (36)
0 QO660WQR06BDQD 0660 (37)

Unfortunately, the direct detection of the proposed LiDBB@#action intermediate is difficult,

but it was found that the discharge potentials of mediate@,ldells containing DBBQ was
significantly higher than those without DBBQ, which supports the hypothesis that an alternative
reaction pathway, involving intmediate species more stable than 4.i@ promoted by
DBBQ 3% Similar conclusions @re reached in the study adenzyme Q18% vitamin K;*'° and
antraquinoné** RMs. Furthermore, in the case of hraquinone,additional supportfor the
formation of alternative reaction intermediat@s obtained from the characterization of the
complex formed with ahtaquinone and lithium superoxide by bIN§, NMR and computational
studies*® In situ FTIR measurements of LD, cells containing DBBQ also supported the
formation of a reduced DBBQO, complex3*?

It should be noted that electrocheat measurements alone cannot be usetttermine whether

a mechanisnoccursvia reactions(32-33) or reactiong34-37), i.e., whether the reaction occurs

via a reduced RMD, complex. Since, in most cases, mediators exhibit fast electron transfer
kinetics, the electrode potential will depend on the surface concentrations of the oxidized and
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reduced forre of the mediatowia the Nernst equatioft® Thus, the consumption of the reduced

form of the mediator via reactier{32-33) will produce an increase in electrode potential; and

the higher the reaction rate, the higher the associated increase in electrode potential. Thus, an
increase in discharge potential oflsahcorporating discharge RMgon addition of @ could

also be gplainedvia the mechanism involving reactio(b,32-33).

In conclusion, the identification of the reaction mechaniamd detection of reaction
intermediatesis not possiblebased on electrochemical data aloelditional analytical
techniques are requiredhe possibility of altering the reaction mechanism by exploiting the
interaction of RMs with @or O,-reduced species, to form reaction intermediates more stable
and less prone to indutelegradation reactiorthan superoxide is, withoat doubt a promising
approach worth exploring further.

4.2 2 Selection Criteria for Redox Mediators

RMs should fulfil a number of requirements in order to effectively promeote,ldell reactions.

First of all, RMs should exhibd high catalytic activity towards the-0, cells reactionsas well

as high chemical stability against degradation reactions. Experimental data suggest that those
two requirements cabe achieved simultapasly*®” 343 But further work isstill required to
identify the fundamental descriptors leading to high mediation activitychanhical stability of

RMs.

The mass transport ratef RMs (that istheir diffusion coefficiens) can also be an important

factor. Fastdiffusion enables the RM to acceswreregions of the cathodgromoting amore
homogeneous reaction. Ideally, RMs should also exhibit a high solubility. The kinetics of
mediated reactions ,isn principle, proportional to the mediator concentratiadghus high RM
concentrationganincreasehe cell rate performancelherefore, the concentration and diffusion
coefficient of RMs should be as high as possible. Specifically, for discharge, the product of the
diffusion coefficient and concentration of tHisscharge RM should be higher than that eft®

since in this way, the electrochemical reactions at the cathode are those of the RM, and the
reduction of Q to Li,O, via RMsonly happens further away from the electrode surftues
preventing LiO, deposition on the cathodEig. 23a).3*° Similarly, for charge, the product of the
diffusion coefficient and concentration of the charge RM should be high enough in order to be
able tosustainthe charging current; the maximum current assatiatgéh the mediated ©
evolution reactionj*, has been calculated with a simple model and validated with experimental
data, se€igure 23b.3!’ In addition, RMs should also be stable in contact with the lithium anode.

If that is not the case, lithium protective membranes need to be incorporated, and the mediator
should not react in contact with the membrahmst of the fundamental worln redox
mediators for LiO, batteries has been done using solid lithium ion conductorstfeglass

ceramic membrane from Oha@mnbH) to prevent the reaction of the redox mediators with the

Li metal anode,but future work ould address the development of suitable membranes
compatible with both Li and redox mediatolrs the next section, we present a further discussion
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of the two most important selection criteria (redox potential and chemical stability) that should
be congiered for the successful mediation ofQ cell reactions.

Protected dual-mediator cell (@) Concentration (b)

By'pm‘_mds\_ 0, 121 m experimental data
_‘;»\A/y ' Li,0, 3& »!4% *\_“-.\.ﬂ*.‘,;,,_y model fit
P 00 e W S 0.9
W@ S ® \ ORRZone [ § |
Sl & ; N4 ]
i_’ RS (‘ rDM. % ‘é 0.6
“@ ¢ k]
oDM [ E
) l @ =031
. \\ ] E,
i @ Deposition 0.0
v layer B e S m S e S S m e S |
3.5 3.6 3.7 3.8 3.9 4.0
E vs.Li*ILi/V

Carbon cathode

Depth

Fig. 23 Mass transport effects on mediation ofQireactions. (a): Schematics of the working principle of the
protected duammediator Li O, battey, where the cathode surface is protected from passivation and cotsgsion
deposition of discharge products {Qp) or degradation by reaction withil®, reaction intermediates by means of a
dynamic Q shield made of reduced discharge redox mediaf@k and rDMcorrespond to thdischarge mediator

in its oxidized and reduced forms, respectivefy(b): Comparison of alculation and experimental results of the
limiting current densityj® that can be held by a charge redox mediator whose reaction withi&ilimited by

mass transporExperiments werperformedn a cell with a glassy carbon working electrode, a LFP counter
electrode and Li reference electrode, containing 100 mM TEMPO redox mediator in 1M LiTFSI/diglyme, with a
distance between the workiagd counter electrodes f0 0 3'¢Rmaprinted with permission from rei8and 37.
Copyright 2018 The Roy&ociety of Chemistry and 26IThe Royal Society of Chemistry

1. Redox Potentials

In general, the selection of redox mediations usually stariobgideringthe redox potential.

Ideally, both redox potentials will be close t}(@./Li»0,)=2.96 V vs. L{/Li, while still keeping

high mediation activity.Very low redox potentialse(g. <2.4 V vs. Li/Li) are unsuitablg
because then the unmediated discharge reaction would compete with the mediated one, the
former resulting inthe passivation of the elect®dnd thus,low capacities. A high discharge

RM potential is also advantageous because then the formation pinté@mediates, which can

induce degradation reactions, would be minimal. A low charge RM potential is advantageous
because it prevents degradation reactions induced by application of high potentials
(electrochemical electrolyte degradation, carbon camstc), and also, because it improves

the energy efficiency of the battery.

More work is required in order to elucidate the effect of the RM potential on the kinetics of
mediated LiO, cell reactions with standardized testing conditions and involveygtematic
studies comparing different RMs under the same conditienglies of different RMs armaften
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performed under different conditions of electrolyte composition, cathode material, current
density,etc, thus hampering a quantitative comparisoRNF activities.

Tables 13 summarizes key properties reported in studies of discharge, charge, bifunctional and
dual RMs for LtO; batteries. In the following, we will discuss some recent studies in which a
comparison of several RMs has been performed uhdesame conditions.

The discharge mediation activity of a few quinone compounds has been cofiipdfeahd
DBBQ was found to produce the highest increase in current (in cyclic voltammograms) or
capacity (in glvanostatic discharge), followed in mediator activity by vitamin K2. Since other
quinones with similar redox potentials did not produce such dramatic effect on-@weckil
discharge reaction, it can be concluded that the RM potential is nmtlthéetermining factor in

the enhancement of the rate of the OR&nce DBBQ and vitamin K2 are both sterically
hinderedbenza@uinones, it can be tentatively proposed that the enhanced stability of the reduced
qguinone, facilitated by the bulky substituentwe in DBBQ and vitamin K2, might promote a
higher stability of the reduced quineneygen compleX™ 3 thus facilitating the oxygen
reduction via reactions oftype (34-37). Coenzyme Q10 is another stericalyndered quinone

that showed great improvements of discharge capacity-0f tells with Super P electrodes and
tetraglyme electrolyté®” surprisingly, wih gas diffusion electrodes amME electrolytes, the
mediation action of cenzyme Q10 was only mindf° In another studyan antraquinone,
which has a lower redox potential than DBBQ ($aéle 1) was found to lead to higher or lower
capacities in 4O, than DBBQ, depending on the cathode material ded.

Bruce and coworkers have compared the activity of a number of charge Rjstyfying the
kinetics of LbO, oxidation by RMs with scanning electrochemical microscopy experiments.

The oxidized form of RM was generated at a microelectrode that acted as the tip of the scanning
electrochemical microscope. When the tip approached@; pellet, anincrease in the rate of
oxidation of the RM was observed, thecadled positive feedback effeesthe reduced form of

the RM isregenerated upon reaction of the oxidized form of the RM with th@,Lsubstrate

(Fig. 24a). The analysis of the curredétected at the microelectrode as a function of the distance

of approach to the kD, substrate has been used to quantify the apparent rate consthat of
reaction of the RM with LiO,, kapp. The results are shown igure 24b, for different RMs, as a
function of the standard potential of the RM. It is observed that the highest values of rate
constant are obtained with nitroxy radical compounds (AZO, MAZO and TEMPO: pink data
points). These values are comparable to those reported for the mediation™ of Li
insertion/extraction from LiFePG" Moderate values of rate constant are obtained with thiazine
compounds (MPT, PPT and BPPT: gre#ata points), while the other compounds studied,
amines (TMPD, DPAB and TDPA: purple data points) and ettess compounds (DMPZ, TTF

and FC: black data points) show much lower rate corsstEimere is nba clear correlation of the
magnitude of the rate constant with the redox potential of the mediator; this indicates that the rate
determining step of the reaction is not an electron transfer process, and it appears that the
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kinetics of LbO, oxidation aremore affected by the type of chemical functionality of the RM
than by its redox potentidt®

Differences in the rate of kD, oxidation by different RMs have also been evaluated by means
of rotating disc electrode experiments in which the change in the difflisicimg current of
RMs with and without LiO, particles susended in solution was measurdeg( 24c).>*° The
results of the increase in the limiting current upon addition gb4lin solution are shown as a
function of the standard redox potential loé RMs inFigure 24d. To facilitate comparison with
the results by Bruce and cowork&fgFig. 24b), the mediators that are common to both studies
have been circled, and only the first electtransfer process of the mediator has been
considered. It is seen that the differences in mediation activifigure 24d agree well with the
differences in theapparent rate constant of ,0, obtained in scanning electrochemical
microscopy experiments shown figure 24b. This corroborates that the mediation activity is
not a simple function of the mediator redox potential, as discussed by Bruce and cowdrkers.
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Table 1.Discharge mediators

Discharge capacity

Redox Discharge Without Current Electrodes
[c] . g 'thou With mediator : CulC (cathode/anode  Electrolyte  Ref.
. potential voltage mediator density
Mediator © (Cwm) )
\Y \Y 2
mM vs. Li/Li* vs. LilLi* mAcm
Tris(2,4,6 §

N ~3.5 mAh cn? .
trichlorophenyl) _ . N  ~7.5mAhcnf ) 1 M LiOTf 321
methyl radical 1 2.6 2.65-2 5)3500 mAh g (7500 mAh g’ 0.1 2.1 Super PILi | TGDME
(TTM)

Ethyl viologen _ T N 5 N 5 . 0.1 M LITFSI 41
EV) 2 2.4 2.458-2.1 2 pAh e 4.7uAh cm 0.02 2.4 GCILi Py TFSI
2 5di-tert-
butyl-1,4- _ . _ . ~440 mAhmgr 0.1 1 M LiTFSI 81
benzoquinone 10 2.6 2.7-24 11 mAh mer? 40 GDL/LFP | TGDME
(DBBQ)
2,5di-tert
butyl-1.4 10 ~26% 228  ~15mAhcnf ~45mAhcr? 0.1 3 Super PiLEp 02O MLITFSE 67
benzoquinone / DME
(DBBQ)
2,5di-tert
butyl-1,4 10 ~2.68-2.25 ~1mAhcn?  ~4mAhcen? 0.1 4 RGO/LFP 0.25 MLTFSI 67
benzoquinone / DME
(DBBQ)
2,5di-tert 23mAhcn? 4.5 mAh cn? .
butyl-1,4 10 ~2.6 ~2.6% 2" (3300mAh§  (6400mAh§  0.07 19 Ketjen Black/Li L MUTFSI/ 311
benzoquinone ’ ’ 3y 3y ' ' d TEGDME
(DBBQ)
Anthraquinone _ _ T ~7.5mAh mger ~340 mAh mgr GDL/Li wpon 0.1 M LiClO4 308
(AQ) 2 2.35 2.58-2.1 2 2 0.1 45 - / MeCN
2.3 mAh cn? 7.7 mAh cn?
Anthraquinone . ; . . 1MLITFSI/ 311
10 ~2.35 ~2.68-2" 3300 mAh 11000 mAh 0.07 33 Ketjen Black/Li

(AQ) E)# g E)# g ! TEGDME

) 2.3 mAh cn? 3.1 mAh cn? )
Naphttogquinon _ N T . . . . 1MLITFSI/ 311
e (NQ) 10 2.6 2.6-2 (3300 mAh§  (4400mAhg§  0.07 1.3 Ketjen Black/Li 1o -0\

1)#

1)#
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Ubiquinone - 15.7 mAh mer 570 mAh magr” . 1M LTFSI 309
(CoQu) 10 2.63 2.65-2.0 ; ) 0.1 37 Super PILi | TEGDME
Polyoxometalat .

e (POM) 50 2.65 ~2.F-25 ~0.2mAhcnt  ~0.6 mAhcn?  0.03 3 GDL/LFP /lDMMLS'I)FS' 314
TBA,SiIW:2040

Vitamin K2 10 2.54 ~2.67-2.4 ~0.14mAhcrf  ~3.7mAhcn?  0.09 26 GDL/LFP /lDMMLE'TFS' 310

Superscript P indicates that a voltage plateau was observed aroymutehisal and the superscript T indicates the voltage at which the discharge curve terminates
# If the capacity or current density provided in the article weraAh d*, the corresponding capacity normalized to area was estimated from the mass loading
* For surfacemmobilized redox mediator (estimated from CV).

Unless otherwise specified, the normalized areas correspond to geometrical area.

Table 2.Charge mediators

Redox Discharge Charge Current Charging

[c] OER/ORR  Electrodes Electrolyte  Ref.

Mediator potential  capacity capacity density  voltage (05 ratio) (cathode/anode)
mM VvV mAcm? V
~1
Tetrathiafulvalene 10 35 ZSOL mAh 300 ) 0078 34 (reaction of Au(nanoporous) il('\:AI o 127
(TTF) : mAhg! ' mediator  /LFP /DM 540
~2.4-
~2.4" mAh
3.38 mAh cni?  cmi? . 1M 322
TTF 50 ' 0.15 3.247 Super C65/Li LITFSI/
3.69 (1500 (1500 TEGDME
mAh d)* mAhd
1)#
0.2 ) 0.5M
TTF 10 g;g SﬁzmAh mAh 0.1 3.43.7 gle;‘cek'/‘LFP LiCIO, 323
: cm? / DMSO
~0.6
~0.8 mAh
mAh cm?  cm? . l.M 324
TTF 50 3.38 ~0.16 36-45 033 CNTILI LiTFSI/
(1000 (~800 DME

mAhd* mAhd
l)#
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1 mAh
2

1 mAh
om? cm . 0:5M 305
TTF 30 -~3.35 (1000 (1000 0.2 ~3.4 RGO/Li LiTFSI/
mAh g} mAh ¢ TEGDME
I\#
)
TEMPO (2,2,6,6 ~7600 0.77 0.1M
tetramethyd1- 10 3.74 mAh ¢* m7A5r? 31 0.1 43;;5 (assuming  Ketjen Black/Li  LiTFSI/ 278
piperidinyloxy) ' ideal ORR) DME
21 mAh 2.1 mAh
. 2
2 cm . .
cm ~ A o Ketjen IMLITFSI 317
TEMPO 10 3.73 3500 ( 3500 0.1 3242 Black/LEP / DME
mAh ¢
mAh ¢ 4" 1yt
4-methoxy TEMPO (4 2.2 mAh in? [mAN
methoxy2,2,6,6 cm? - Ketjen IMLITFSI 317
tetramethydl- 10 3.76 (~3500 iniﬁogp 01 3.24.2 Black/LFP / DME
piperidinyloxy) mAh dY* 1y
2.8 mAh
2.9 mAh
1-methoxyAZADO (1- , cm? ) .
g . cm ~ A o Ketjen IMLITFSI 317
LnX(;tlr;yl-Z azaadamantars 10 3.6 (~4900 Sn:;O; 0.1 3.24.2 Black/LEP / DME
mAh g 1yt
2.4 mAh
TMAO (1,1,3,3;tetramethy irﬁ_zmAh cm? Ketjen IMLITFSI 317
. : _ il
;jg:%droz azaphenalene 10 3.89 (~4200 iniﬁog;) 0.1 3.24.2 Black/LEP / DME
mAh g*)* 1yt
0.4
0.4 mAh  mAh
10-methylphenothiazine cn’ cm ~3.5- Ketjen IM LIOT 326
O0-methylph hiazi 2 2 3.5 j iOTf/
50 ~3.8 0.12
(MPT) (1000 (1000 3.7 Black/LFP TEGDME
mAh d*  mAhd
1)#
10-methylphenothiazie 533 mAh oy 3.23.6 IMLOTH 327
i1 1679.0 "
(MPT) 100 3.67 I%ad mAh g 0.1 49 Super P/LFP TEGDME
L
2.4 rznl,;']cm'
10-methylphenothiazine _ mAh cm? 1M LiOTf/ 328
(MPT) 100 -~3.8 (1000 m(iﬂ(;? 32 3.6 Super P/LFP TEGDME
mAh ¢ 4" 1yt
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0.39

mAh
Li,Or cm? af 0.92 05M
lodide 50 ~ prefiled (1000 ~0.05 - (estimated  VCILi LTtrsi/ %7
cathode  mAhd : from yield) DME
1)#
1000 M
lodide 50 -~ mAh ¢ ;‘f: g gio?l)g ~3.28 CNTILI Ltrsy 277
TEGDME
0.2 mAh gﬁzmAh v
2
Bromide 10 348 C(r:oot (<500 0.2 ~3.142° 086 Ketjen Black/Li  LiTFSI/  3°
hynge [;I#Ah g DME
0.8 mAh gﬁ_zmAh .
2
Cobalt bis(terpyridine) 50 341 C(Tood (1000 016 3345 023 CNT/LI LiTFsi/ 3%
hyvgte g}ﬁh g DME
~2800 M
Heme (biomolecular) 23 -~34 mAh g* ;2::31 ET::';)‘O " ;3;35 CNT/Li LiClO4 329
load 9 ' / TGDME
~41
~4.1 mAh  mAh 05 M
TDPA (tris[4- cm? cm? ~3.2 ) ) ; 206
(diethylaminojphenyijaming) - (~8200  (-s200 o1 3.75 0.74 Ketjen Black/Li  LITFSV
TEGDME
mAhdY)*  mAhd
1)#

Superscript L indicates that the capacity vas limited to the corresponding value rather than limitotgritial.

Superscript P indicates that a voltage plateau was observed around this potential and the superscript T indicatesathghicltalye discharge curve terminates

# If the capacity or current density provided in the article wereAh d*, the corresponding capacity normalized to area was estimated from the mass loading.

Unless otherwise specified, the normalized areas correspond to geometrical area.
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Table 3.Bifunctional and dual redox mediators.

. Voltage
] [c] R(()eti(r)])t(ial 5::::?98 g:aargi(: ;::r:;?tnt Discharge Electrodes Electrolyte Ref.
Mediator P pacity pacity Yo Charge
mM VvV mA cmi? Y
1.8 mAN E}Z—zmAh 0.1M
. " B g .
'(fgprz;thalocya”'”e 2 2.5,3.65 ?f;zoo 1750 0.1 s f_‘fi{o / /(iiF'ber LITFSI 8
mA gy [;#Ah d /TEGDME
2-phenyt4,4,5,5 1.5 mAn ;:'ZmAh
= 14y, 2 - B
tetramethylimidazolind-oxyl-3- 50 23,38 " 6900 0.1 2'75:/ CNT/LI IMLITFS! 330
oxide (PTIO) (6900 mAh d 3.54.2 /DMSO
mAh g** 1y
aw L
cobaltbased polyoxometalate mAh cm? 5 ~2.713.2 . IMLTFSI 331
(CoPOM) 033 -26 @oso M 005 45 CNTL reGDME
mA gy (4100
mA g'l' 1)#
2,5di-tert- butyl-p-benzoquinone 2P C-Felt/Li
(DTBBQ /tris{4-[2-(2- 1010 283 15mAh  15mAh a7e 3¢ (redox IMLITFSI 332
methoxyethoxy)ethoxylpherjamine 3.63 cm'? cm'? ’ B flow ITEGDME
(TMPPA) battery)
2.58 2 mAh 2 mAh ~2.F1 0.3 M 333
DBBQ / TEMPO 25/25 T i i 1 : GDL/LFP  LiClO,
3.74 cm cm 3.7
/DME
2.75/ C-Felt/Li
. . 2.65, 1.5 mAh 1.5 mAh 3.53.75-  (redox IMLTFSI 334
Ethyl viologen / Lil 10/10 31/3.7 omi? omi? 0.05 i flow ITEGDME
battery)

# If the capacity or current density provided in the article wersAh d*, the corresponding capacity normalized to area was estimated from the mass loading.
Superscript P indicates that a voltage plateau was observed aroymatehisal and the superscript T indicates the voltage at whéHischarge curve terminates.

Unless otherwise specified, the normalized areas correspond to geometrical area.
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Fig. 24 Systematic studies of mediator activities inQ4 reactions(a): Analysis of the reaction rate &f,0,
oxidation by RMs using scanning electrochemical microscopy Plb}: of theapparent rate constarkg, Of
the reaction of RMs with LD, against the redox potential of the RIHAS. Amines, nitroxy andhiazine
compounds are marked in blugink and greeri*® (c): Schematic displayg the increase in theiffusion-
limiting current of RMs in rotating disc experiments (RDE) in the presence,0f kuspended in solution, as a
result of the reaction of the oxidized RMs with@j. (d): Plot oftheincrease irthe diffusionlimiting current,
il VS. the redox potentialof the RMsin RDE experimerst®® (b) Reprinted with permission from refl@
Copyright 2018Macmillan Publishers Limite@nd ¢-d) from ref 320. Copyright 209 The Royal Society of
Chemistry.

While scanning electrochemistry microscopy and rotating disc experiments are very powerful
approaches to compare the rate afLioxidation by different RM>'® **these techniques

only provide information about the rate of regeneration ofatkidized RM upon reaction

with Li»O,. Unfortunately, the detection and quantification of thg éolved in tlese
expermentsis very challenging; Herefore, additional techniques are needed in order to
validae the trends obtainedsince the complexity of LD, reactions and proneness to
degradation have shown in the past that interpretation of electrochemical data without
support ofgas analysisan lead to incorrect conclusioti$.>*® The evolution of @from the
reactionof RM with Li»O, powderhas beermonitored with an oxygen senstf,which
showsthat a slution containing a mixture of ¥ I3 (equilibrium potential: 3.60 V vs. LiLi)
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exhibited the fastest rate of,@volution, followed by a mixture of TEMPG: TEMPO
(equilibrium potential; 3.74 V vs. tiLi) while F¢" + Fc mixtures (equilibrium potentials:
3.283.36 V vs. Li/Li) had very low reaction rate and  I" mixtures did not produced any
detectable @ Interestingly, addition of a proton donor (BuOH) significantly increased the O
evolution rate by thes1mediator (in thed + I mixture). As discussed iBection 4.3 proton
donor additives enable the formation of a more soluble intermediate (LIOOH)0On ¢ell
reactions, which can explain the enhanced kinetics (since higher solubilities afford a higher
concentration, which then promotes a higher reaction rate). While much more work is
necessary to elucidate the mechanism of these reactions and the fundamental descriptors
affecting reactivity, all these studies show that the redox potential of the meadiatuirthe

only factor determining the activity towards &volution from LpO,.

2. Chemical $ability

Degradation of RMs in LD, batteries would be even more detrimental than the degradation
of the electrolyte, since mediators are present in a much lower concentration than the solvent
and their role in 4O, cell reactions is critical. However, one advanta®&Ms is that they
fadlitate electron transfer reactions that can deactivate the reactivity of degradation triggers
(such as superoxide anion and singlet oxygen)

For example, Sawyer and coworkers showed that reduced methyl viologéh ri@dduts with
superoxide (@) via radicatradical coupling producing various degradation prodtféts:
D 080 D 0 ©°20QQQ OGQHPO QRS MO i (39

However, an analogous viologeethyl viologen (EtV"), has been shown to be a suitable
discharge mediator for @, batteries* By undergoing fast electron transfer reactions, in Li
containing electrolytes, ethyl viologen promstthe reduction of oxygen to lithium

superoxide*

OOow U0 0P Oow 0QU (39

and also the reduction of lithium superoxide to lithium peroxide:

OOw 0QOUOP Oow 00 (40)

The absence of degradation of ethyl viologen ihdantaining electrolytes was explained by
the fact that the electron transfer reaction from 'BtV/LiO,, forming LibO, (reaction(40)),
was much faster than degradation reactions suckdimsl-radical coupling (reactiq88)).*

In the search for efficient RMs for 10, batteries, the characteation of the reaction of RMs

with LiO, can be used to evaluate the absence of degradation of the RM, but also, a
guantitative evaluation of the reaction rate can be used to rank the mediator activity of
different RMs. But LiO; is not the only degradation trigger present irCkicells. A recat
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study has shown that some RMs1(0dimethyl phenazinand tetrathiafuvalengthat are
resistantagainst the attack by superoxide, degrade in the presence of singlet d¥Xygen.
Although there are methods to decrease the presence of singlet oxygen using qé®nchers,
and thegeneratiorof superoxide using RM5%!in Li-O; cells, the long term stability of the
battery would requirehe RM to be reasonably stable in contact with these two potential
degradation triggers. Therefore, testing the stability against superoxide and singlet oxygen
would be an important part of the protocol for screening new RMs, and the test should be
performal for all the oxidation states of the mediator relevant for the operation of the battery.
In addition to experimentsab-initio calculations can be very helpful for the rational
screening of sufficiently stable RM&/hich can provide an estimation of the redox potential
and also of the chemical stability of tRés in different oxidation state&®

In the search for more stable RMs, polyoxometalates have beenlyqeposed as a new

type of RMs for LiO, cells3* 33! polyoxometalates are metmkygen clusters with multiple
oxidation states exhibiting high stability in oxidizing environments. Although substantial
improvements in the polyoxometalates mediation activity #O4icells are required hey
promise improved resistance against degradation reactions, compared to organic RMs, which
warrants further investigation.

4.2 3 Progress ilrRMsDevelopment

Many promising RMs have been proposed fotQgibatteries applicationsTables 13). As
discussed aboyadlifferent RMs have been tested under different conditions, and therefore,
ranking in terms of RM activity is curregthot possible anche use of analytical techniques

to quantify theoxygen recoverefficiency (OER/ORR) duringcell reacions is essential in
order to evaluate the true mediation activity.

To put the requirements of RM activity into context, we return to the calculations by
Gallagher and coworkerd=ig. 1) performed at a system level to take into account the
requirements for electric vehicle applicatioftswas demonstrated that high values of areal
electrode capacities (normalized by the geometric electrode area) are required to reach
competitive values fospecific energy, energy density and cost per usable energy that would
make Liair batteries superior to the current stat¢he-art Li-ion batteries. To fulfill the
requirements for electric vehicle applications, cells should also be able to delivearf #86
capacity at C/5 (where C/5 corresponds to a current of 2 mAfoma capacity of 10 mAh

cm?). The authors also mentioned a target of >1000 cycles of cycf& Titeis requires an
oxygen recovery efficiency (OER/ORR) and Coulombic efficiency >99.9% per cycle.

While the cell parameters considered by Gallagher and coworkers were very optimistic at the
time of the publication, recent studies of-@Qi cells incorporahg RMs have achieved
comparable performance. Bruce and coworkers reported that addition of DBBQi@elis
produced areal capacities (normalized to the geometric area of the electrode) bimAh

cm? at an areal current density of 0.2 mA erfFig. 253).8 Grey and coworkers later
reported that the synergistic combination of DBBQ and water produe@d dells capacities

of up to 18 mA h cifat 0.1 mA crif (Fig. 25).%" Interestingly, in that latter sy, reduced

66



graphene oxide electrodes with very low carbon conterta(d¥.2 mg. cm?) were employed:;
normalization of capacities by the mass of carbon would produce an imprébsive
potentially misleading)value of ca. 180000 mAh/g i.e., both high specific and areal
capacitiesvere obtained these capacity values also remind us that caimuld be taken
when evaluating the energy density of a lithiambatteryonly based on specific capacities
normalized by the carbon masSs.Low carbon content in the electrodes is essential to
achieve high figureof merit of energy density, specific energy and cost per usable energy,
since carbon adds to the volume, weight and cost of the battery. The carbon content
considered in the caltations by Gallagher and cowork&svas 9% in mass of the dry,
discharged electrode. The carbon content in the work by Grey and coWbdoerespondd

to only 1% in mass of the dried, discharge etmt#; the remaining 99% wds,0, (as
confirmed by NMR and quantification of thes @onsumed by mass spectrometiffle next
challenge is to significantly improve the reversibility thiese systems, i.e., high oxygen
recovery efficiencies and Coulombic efficiencies.
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Fig. 25 Selected examples of higlapacity, mediated LD, batteries. (a)Discharge curves of LD, cells with a
gas diffusion electrode discharged in 1M LiTFSI in DME with 10mM DBBQ (solid lines) and without DBBQ
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Other RMs have also produced high values of areal discharge capacity at reasonably high
areal current densities (s€ables 13). It is also worth mentioning that immobilization of the
antraquinone (AQ) RM forming a thin conductive polymer film of polydmaquinone
produced the same areal capacities as withremyf diffusing artiraquinone Eig. 25c).3%

This is a highly promising approach sintevercomes the problem of RM shuttling to the
anode, which would degrade the RM, decrease the battery capacity and hamper
rechargeability.

While major improvements have been made in the discharge reactiorOgfckils via the
incorporation of RMs, efficientecharging is still one of the most important bottlenecks #n Li

O, cell development. A key figure of merit is the production, during charge, of the same
amount of Q that has been consumed during discharge. This istifjgdrby the oxygen
recovery efficiencf OER/ORR) which is defined as the ratio of the amounts ge@lved

and consumed in kD, cell cycling (see Section 2.2.4). As shown Table 2 oxygen
recovery efficiencies approaching 100% OER/ORR have not Bmemd yet, but some
promising values have been reported.

High oxygen recovery efficiencies of 98% to 61% OER/ORR have been reported foer LiBr
containing LiO, cells, which vary with the afipd current Fig. 26).3* Although the
experiments were performed by limiting the discharge capacity to 50@géorresponding

to only 0.2 mAh/crf), the results are certainly encouragiag typical G recovery ratios are

lower than 75% in nomediated LiO; cells® % % 132 A very high oxygen recovery
efficiency of 92% OER/ORR has been reported for chargig@.tprefilled electrodes in Lil
contairing solutions®’ A 78% OER/ORR has been reported for adahtaining LiO, cell
containing a flexible Ll-ion conducting membrane to protect the lithium anode, as estimated
from operando pressure measurements. With the aid of redox mediators, the
electrochemical decomposition of,0; is switched to chemicali,O, decompositionLi,O,
reactingwith the oxidized form othe mediators. Lu ana@oworkerd™ have proposed that
accounts forthe increase in oxygen recovery, as it minimizes the formation of reactive
oxygen species durindirect electrochemical cbarging.lt is interesting to further verify
which reactive oxygen species are avoided and by how much, and in particular, whether the
generation of singlet oxygen is circumvesiwith the useof LiBr/Lil . Recent studi€d’
indicate thatorganic redox mediators, such as tetrathiafuvalene and dimethylphenazene, are
prone to degradation when exposed to singlet oxygéretherthese inorganic mediatware

more resistant tsinglet oxygen attack is another inteineg question.

Taken together, thepromotion of Q evolution from LpO, by both Lil and LiBr deserves
further investigationOf note, Lil also has the potential to promai®©H formationvia a
nominal fourelectron ORRN the presence giroton donomolecules €.g, H,O); this will
be discussed in Section 5.2.
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indicates the expected oxygen evolution rate corresponding /0,2&" (ai d) Reprinted with permission from

ref 315. Copyright 2016 ACS and {® from ref 197. Copyright 2014 Electrochemical Society.

Nitroxide compounds (such as TEMPO) are another highly promising family of RMs. An
efficiency of 87% OER/ORR has been reportgd pressure/DEMS measuremerfty
TEMPO-containing LiO; cells, containing a Li anode protected with a solid electrdf{te

An efficiency of 70% OER/ORR has been reportedriphenylamines (such as TDPApm

the total amount of ©evolved during chargingf® these mediatorbavea very low redox
potential (3.1 V vs. LiLi for TDPA), buthigh activity for the oxidation of LD, to 0,.2%®

TTF was the first reported charge mediator foQ.ibatteries;?” and the reaction of oxidized
TTF, TTF, with Li,O, was reportedo produce a ratio of 2.01 electrons per édolved,
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which can potentially translate mremarkableefficiencies of >99% OER/ORR. Addition of
CI" in the electrolyte improves the mediation activity of TTF via the formation of an organic
electronic conductadeposited on the cathode surface (FOF).3%

In conclusion, impressive improvements in performance have been achieved in recent years
via the incorporation of RMs, and a good number of promising RMs has been identified
(Tables 13). Major improvements are still required to reach the targets for
commercialization, and the current main bottlenecks in performance are the poor OER/ORR
recovery efficiency, insufficient stability against degradatioand lack of fundamental
understanding of the key properties leading to Inngldiation activity.

4.3 Functional Additives

This section presents andepth discussion of the mechanism of phagesfe catalyss (by

water and alcohols) and singlet oxygen quenchers. (The use of electrolyte additives as RMs
andto promote the solutichased mechanism of discharge has already Hesissed in
Sections4.2 and2.1, respectively). We believe that in orderreach the requirements for
commercial applications, t®, batteries will need to exploit the synergistic combination of
several functional additives, and that the combination of RMs, ghas&fer catalysts and
singlet oxygen quenchers is particulagyomising. The use of fluorinated electrolyte
additives in LtO, batteries isalsodiscussed, since this approach has received considerable
attention in recent years.

4.3.1 Water

The effect of water on the electrochemistry ofQa cells has been briefly discussed in

Section 3.2.2. Drastic improvements in capacity have been reported upon water atiffition.

75 238 239 341 342 The observed increase in capacity has been ascribed to an increase in
solubility of Li-O, cell reaction intermediates due to two pbbsieffects: i) solvation effects,

and ii) protontransfer reactions. The following discussion demonstrates that, although
solvation effects are definitively present and contribute to the increase in capacity, the
dominant factor is the occurrence of preteansfer reactions that enable a new reaction

pat hway involving a Li OOH intermediat e, whi
involving LiO, or O, intermediate formation.

The mechanistic understanding of the wateluced capacity enhancement is discussed
below in light of older andecentstudiesof the electrochemistry of oxygen in aprotic media.

1. Solvationeffects

Marked variations of the solvation energy of superoxide different media were
demonstrated in early work by Sawyer and coworkéeschange of the standard potential of
the/ // couple, as measured with cyclic voltammetry experimesit®wed that the
solvation of superoxide by water was much stronger than in other soitents.

Sucha strong superoxidgvater interaction can be ascribed to the very high acceptor number
of water, whichreadily acceps electron density from the superoxjdecting as a donor or
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Lewis base. But water also has a very high donor nuibétbraham and coworkets
showed that lithium superoxide is stabilized in hagmor-number solventsand Bruce and
workers® demonstrated that @, cells with highdonornumber solvents discharge via a
mechanism in which the high solubility of the lithium superoxide intermediate product
enables the formation of large,0, deposits away from the electrode surface: the sohutio
based mechanism described ecton 2.1, thus producing a marked capacity enhancement.
Having a very high donor number, the incorporation of water as an additive soivemt
producs a similar effet on the solubility ofLiO,. On the other hand,sing a quantitative
model of LiO, cell reactions, Luntz and aeworkers® explained the observed enhanced
capacities of LiO, cells with added water by the strong interactionvafer with superoxide

due to the high acceptor number of water. Combining experiments and a computational
analysis, Sha#lorn and coworkers studied the effects of donor number and acceptor number
of water to the observed increase in lithium superoxidebdiy.®® All these stdies agree

that water addition is expected to increase the solubility olLi®e intermediate product.
While that effect is expected to produce enhanced capacities, other effects might also be at
play, or even dominate, in practicatQp cells.

2. Proton transfer reactions

Sawyer and coworkers demonstrated that, in aprotic med@ dimethylformamide),
protonation of superoxide by water is thermodynamically unfavorable; this is due to the very
low pK, of water (low Bronsted acidity, pl& 3 3% :

06 O P O6 6O (41)
, whereKeq is equal tal0%, andesG® is equal to +119.RJ/mol

However, it was found that this reaction is followed by the rapid disproportionation of
protonated superoxide formirfg/ (which is the base of #,), and the net reaction is
thermodynamically favorabf&?

00 ¢o PO O 0O (42)
, whereKeqis equal to 19 anda° is equal to-28.5kJ/mol.

Thus, in the presence of water, the oxygen reduction reaction may proceed via an alternative
reaction pathway involving the formation of @/ intermediate, which is expected to have
reasonably high solubility and diffusion coefficient in aprotic solsefhis would explain

the fact that higher capacities are obtained iOLielectrolytescontaining water, since the
solubility of the( / intermediate will be higher than the solubility of the superoxide
intermediate formed in the reaction in the absericgater. Once the saturation concentration

of ( / is reached, it will precipitate in the form or,0,. The following mechanism can be
proposed for 4O, discharge reactions in the presence of water:

6 QPG (433)
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‘06 ¢b P OGO GO (43b)

06 ¢0Q HOP O OF (43¢)

0 ¢cQ c¢cO'® 0O

The mechanism above shows that water acts as a catalyst that promotes an alternative
reaction mechanism with faster kinetigghere the wateis not consumed in the reaction. A
variation of the above reaction mechanism can be proposed considering that anions are paired
with lithium cations:

b Q 0 0D (449)
00 0P OMQOOD® 07O (44b)
0 Q0 0 QP G 00 (44c)

0 ¢cQ c¢cO'® b0

where LIOOH could be a soluble specié®{ and0 "Qon pair) or a solid intermediate
product. Note that the thermodynamics and kinetics of these reactions are expected to change
as the solvent is changed (due to solvation effects) and also as a result of the interaction of the
anions with lithium ions.

In the first studies of the effect of water addition teCki cells, Gasteiger and amorkers
proposed that proton transfer effects could
LioO,, but they also pointed out that full protonation of,Q4 to form HO, was
thermodynamically unfavorabl@:

00 COOP 06 ¢ 'QGYD +1 gQE ¢ & (45)

Thus, the formation of a LIOOH 0iO0 intemediate would bring together e
observations: water acts as a proton donor, but it favors the formation of LIOOH onot
H,0O,, since th€ / is not basic enougto be protonated by water. The formation of LIOOH
in the discharge of waterontining Li-O, cells was first proposed by Wang and coworkers
to explain the different reactivity of 4@, cells upon addition of waterFig. 27a).3*° In
addition, recent work has reported thmresence of a Raman signal ascribable to
hydroperoxide specieg (/ or LIOOH) on wet, discharged cathodes from watantaining
Li-O, cells (Fig. 27b).?* Interestingly, thé / or LIOOH Raman signal was found to appear
at the beginning of discharge, prior to the formation gDkior LiO,, and formation of LiQ
was not observed atdh enough water concentratiofi$iese findingsupportthe hypothesis
that protortransfer reactions leading to the formation LWOOH or 'O0 intermediates
constitute an alternative pathway in@Qj reactions, which overrides the LiGhtermediate
pathway for high enough water concentrations. The suppression of degradation reactions in
watercontaining L+O; cells was, indeed, ascribed to bypassing,lfi@®mation, and Raman
spectra of the dried electroddésd. 27c) shows negligible fonation of side reaction products
at high water contenf{g. 27c).?*° The delaym Li,O, deposition in the presence of water in
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the electrolyte has also been observednirsitu surfaceenhanced Raman spectroscopy
measurements.

(a) , - Discharged product with water LIOOH.H,0 ( b) LiO-OLi ' +HO-O (C)
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Fig. 27 Evidence of formatiorof LIOOH or HG, intermediates in LD, cells. (a): Raman spectra of kD,,
LiOH, LiOOH-H,0 and that of the discharge product collected from the cathode eéDadsll without water or
containing 9.1 vol.% bD in the electrolyté*® (b): Raman spectra and analysis on the discharged cativiities
di ffering water c WnliTESI/TEGDME); thd spectrar wedeoflectedswith(ttHe wet,
dischargd cathodes(c): Spectra ofiry cathodes collected from the discharged electrgsiesilar to (b)) but
after washing and vacuum drying to clean off the residual elect/di&) Reprinted with permission from ref
346. Copyright 2017 Macmillan Publishers Limited andcflirom ref 29. Copyright 2017 WileywCH Verlag
GmbH & Co. KGaA, Waiheim.

In conclusion, the mechanism of timereased discharge capacity obserupdn addition of
water in electrolytesis mainly due to proton transfer reactions that, coupled to electron
transfer reactions, produce the formation of a soluble LIOOH of H@cton intermediate

and, as a result, the growth of,Qp takes in solution, rather than on the electrode surface,
thus resulting in the growth of large,0, deposits. The formation of LIOOH or HO
reaction intermediate is supported by thermodynamic camdides and the direct detection

of the species by Raman spectroscopy. Therefore, water acts as adomdomphaseransfer
catalyst that favors the formation of soluble reaction intermedwgegroton transfer
reactions. Since the net reaction is the reduction,ddQi,O,, water is not consumed in the
reaction, but the effect on the electrochemistry eDkicells can be dramatic. Interestingly,
Nazar and coworkers have also shown that tameeunt of water, incorporated in the cell as
hydration water impurities in the electrolyte salt, can also produce a dramatic effect in the
electrochemistry of N&, cells (increased discharge capacity and decreased charge
overpotential}:**

4.3.2 Alcohols

The discussion abovédction 4.3.1) has shown that, despite the very highgikvater in
organic media (that is, very low Bronsted acidity), water acts as a paotwr catalysts in
Li-O; cell discharge reactions by inducing the protonation of superoxide to form LIOOH or
HO reaction intermediates, which are soluble, and thus favor a sehdsed discharge
reaction that leads to 1@, formation in solution, resulting in high discharmcggpacities.
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The pkK, of water in dimethylformamide j9K, & .&°3The pk, of alcohols is similar or
lower than that of water: For example, in dimethylformamide, th® pK pherfol and of 3,56
di-tertbutylcatechol are pid 20. This is because of the stabilization of the Ph@ion by
resonancéelectron delocalization in the benzene rirfgy linear alcohols like -butanol the
pKais the same as water: p& 333% Therefore these pK values show thailcohols can be
stronger Bronsted acids than water.

In view of these considerations, it is not surprising ttineg addition of an alcohol as
electrolyte additive in L0, batteries can produce an even more dramatic effect than water
addition’® Indeed, phenol was found to produce a very high value of discharge capacity of 9
mAh/cnf, whichwas attributed to a phaseansfer catalysis effect, in line with the discussion
above about protetransfer induced reactions. It was also demonstrated that the increase in
discharge capacity was not due to side reactions, since the restofnometry was found

to be of two electrons consumed peg (@s obtained fromin-situ mass spectrometry
measurements), and., was identified as the main discharge produce with FTIR and XRD
measurement®.

2,6-Di-Tert-Butyl-Hydroxytoluene (BHT) was also found to increase the discharge capacity
of Li-O, cells>*® which could alsobe ascribed to the protatonor phaséransfer catalysis
effect. A mediation of BHT of the oxygen reduction reaction, as suggested in the original
article3*® is unlikely, since BHT is already in the reduced form, thus if it vebictive
enough to mediate the reduction of, e BHT present in solution would directly react with

O, as the Qwas incorporated in the cell, forming,0; even before the discharge of the cell

started.

The protordonor phaséransfer catalysis of alcol®land water is a promising venue to
increase the discharge capacity ofQ cells because their Bronsted acidity is high enough to
promote the formation of LIOOH or HOsoluble reaction intermediates, but it is low enough
to preserve the kD, as the final discharge produddy contrast introduction of stronger
Bronsted acids, such as HG|Qvas found to lead to various protiggered degradation
reactions, and hence, should be avoiGed.

4.3.3 SingleDxygen @enchers

Singlet oxygen has been identified as an important trigger of degradation reactiof3;in Li
cells®™ *3 Singlet oxygen formation during the charge ofQi cells was first identified
using a spin trap (dxo-TEMP, see structure iRigure 28) that reacts with singlet oxygen
forming an stable radical {@xo-TEMPO), which was detected bgperando EPR
spectroscopy>® In a later work by Freunberger and coworkers, the specific emission of
singlet oxygen at 1270 nm (involved in the decayinflet oxygen to triplet oxygen) was
detected inoperandomeasurements of 10, cells, and in additionpperandofluorescence
measurements using a chemical trdipethyl anthracene, DMyhat reacts irreversibly with
singlet oxygen also demonstrated tloenfation of singlet oxygen during charge ofQi

cells!®®
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Interestingly, it has been shown that the damaging effects of singlet oxygen can be removed
via the incorporation of a chemical trap or a physical quencher to deactivate singlet oxygen;
this was shown to decrease the amount of side products formed dsghgrde and increase

the amount of oxygen evolved during chafgféwhile the first physical quencher of singlet
oxygen (DABCO) used in ED, cells limited the operation voltage ¢a. ¢ 3.5 V vs. Li/Li,

due toinstability of the quencher at higher voltages, a very efficient new quencher has been
recently proposed (DABCOnium, which is the cation obtained by alkylation of the amine
group of DABCO, see structure iigure 28) that increases the upper voltage limit&n 4.2

V vs. Li*/Li.?®* While the rechargeability of €nLi-O, cells with the DABCOnium quencher

was poor, due to the intrinsic slow kinetics 0$Qid oxidation, the incorporation of RMs to
facilitate electron transfer reactions can enable further improvemngmesformanceFor that
purpose, the selection stitable RMs is critical, since some organic RMs degrade in the
presence of singlet oxygér. The selection of the redox potential of the mediator is also
critical, since singlet oxygen can be generated by the reaction of superoxide anions with the
oxidized RM This occurs whethe difference in redox potentabf RMREP/RM®* and @

/0, is higher than the energy difference between singlet and triplet oxygdatter being-1

eV. For exampleBard and coworkers demonstrated that this is the case for electrochemically
generated ferrocenium cations and superoxide affons:

0O +FCY 0 +Fc (46)

Other reactions generating singlet oxygen include the oxidation,©f bt potentials higher
than 3.453.55 V vs. LI/Li "%

08 ° 0 ¢Q qQ (47)
the chemical disproportionation of superoxide during discharge or chidrge:

¢cb@Oo 00 0 (48)

¢A © 00 0 (49

where HQ could be formed due to water contamination, and the oxidation ,&fCsi(a
typical degradation product in49; cells)*"

¢cb™@vo O g0 Q 1Q (50)

In summary the following strategies can be proposed to avoid or minimize singlet oxygen
formation: 1) introduction of singlet oxygen quenchers, 2) operation of the battery at
potentials below 3.43.55 V vs. Li/Li, thus preventing singlet oxygen generation via
reaction(47), 3) tuning the electrolyte properties so that the potential o fg@mation,
E°CO,/LIO,) is close to the thermodynamic potential efréduction to LiO,, E°(C0,/Li 0,)

= 2.96 V vs. Li'/Li, thus making generation of singlet oxygen via reacti@g)
thermodynamically unfavorable, 4) controlling the cell impurity levels to prevent formation
of HO,, thus preventing singlet oxygen generatigia reaction (49), 5) minimizing
degradation reactions leading te@CO; formation, thus preventing singlet oxyggeneration

via reaction(50), 6) selection of charge RMs with redox potential clos&YG0,/Li»0.) =
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2.96V vs. Li*/Li, thus enabling the operation of the battery at low charging potential, and
preventing singlet oxygen generation via reactions(d&g and(47).

HaCQCHg Hacilj(
N CHs
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DMAn DABCOnium

Fig. 28 Structures of ©xo-TEMP, TEMPO, DABCO, DMAn and DABCOnium molecules
4.3.4 FluorinatedAdditives

Fluorinated compounds have been used asabriers in artificial blood substitutes, due to
their extremely high @ solubility, acting in a similar way as hemoglobivased
formulations®****?> The high solubility of gases (such as)Qn fluorinated liquids is
attributed to theveak intermolecular interactions in these fluitfsinspired by their role as

very efficient Q carriers in blood substitute formulations and breathing liguds, to their
outstanding @solubility and low toxicity,several fluorinated compounds wergded to Li

O cells as electrolyte additives or cathode coatings in the early stages of development of Li
0, batteries™***® Significant improvements in capacity were reported, which were
tentatively attributed to the increased, ®olubility achieved by the fluorocompound.
Unfortunately, those early studies were done in organic carbonate electrolytes (PC and
others), which arenow known to be unsuitablior Li-O, batteriesdue to poor stability
against superoxidetater work has used more suitable electrolytes, such as tetragfiiire,
DME,**® DMSO®! and significant improvements in capacity were again reported. To
increase the miscibility of fluorinated compounds with the othesateent, the use of a
perfluorinated lithium salt surfactant has beeporéed (lithium perfluorooctane sulfonate:
LIPFOS, see structure Figure 29), which enabled an impressive solubility of %80% of
BrCgF13 in tetraglyme. Fluorindunctionalized ionic liquids are another interesting option
with very high Q solubility.*®’ Since increasing the content of the fluorinated additive in the
electrolyte has been shown to increase thsdubility,>***%3%® the improved @supply to

the electrode surface has often been claimed to be the reason for the improvadyelisch
performance. However, much further work is required to elucidate the origin of the capacity
improvements, which, in some cases, is due to degradation reactions.

Ab-initio calculations predicted that fluorinated ethers are susceptible to degradation by
superoxide attack® Fluorination ofthe a-carbon of the ether (for instance §8-CHFCR;

or CH;-O-CF,CHj3) leads to low activation energy of nucleophilic attack by superoxide. In
contrast,b-fluorinated ethers (e.g. GHD-CH,CHF, or CH;-O-CH,CF;) are expected to be
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much more stable. Theggedictions have been confirmed by experimental WOtR®® as
discussed below.

Yazami and coworkers used electrochemical and analytical techniques to demonstrate the
degradation of aa-fluorinated ether (dnethoxyheptafluoropropane:RFC, see structure in
Figure 29a) in Li-O, cells3*® Cyclic voltammetry experiments at a glassy carbon electrode
(Fig. 290) showed that addition ofBFC increased the current due to reduction ofodD;,’,

but decreased the current due to oxidatioDgfto O, in the reverse scan, evidencing the
consumption of @ via irreversible degradation reactions with thé’AC additive. The
degradation of “-PFC was also supported by the finding that the increase in capacity upon
addition of 2PFC to Li-O; cellsdecreases at higher discharge current. If the only effect of 1
PFCwas to increase the,@upply to the electrode surface, the opposite behavior would be
expected: increasing the discharge current would make the effed 3 higher, due to the
higher dfect of the limited rate of @supply. Furthermore, degradation ¢PEC in Li-O,

cells (most likely, upon reaction with,® was also demonstrated Bii-NMR and XPS
measurements of the discharged electrolytes and cathodes, respectively.
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Fig. 29 (a) Structure of some selected fluorinated compou(isiR-corrected CVs o# glassy carbon i6.15

M TBAPF; in DME saturated with either Ar or Quith variousconcentrations of-PFC additive(noted in the
legend as HFE: hydrofluoroether) scan rate: 100nV/s.** (c) O, concentration for various TE4 additive
concentrations in TEGDME as a function of @essure™ (d) Phaographs of the wetting behavio(top) and
flammability tests (bottom) of glass ébseparators preoaked in different electrolytes. The electrolytes in red
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fonts indicateconventional TEDGME electrolytes and the ones on blue font indicate fluorinated blends. G4:
tetraglyme(TEGDME); HCGA4: highly concentrated tetraglyme electrolyte (3.4 M LiITFSI/TEGDME); TTE:
1,1,2,2tetrafluoroethyl 2,2,33etrafluoropropyl ether (TTE¥®® (b) Reprinted with permission from r&66.
Copyright 2016 Electrochemical Society and (c) from3%F Copyright 2015 The Royal Society of Chemistry.

(d) From ref 1. Copyright 2018 ACS.

In contrast, the same group showed thgflaorinated ether (1,1,1,2,2,3,3,4¥nafluorc6-
propoxyhexaneTE4, seeFigure 29a) was stable against degradation inQ. cells®*° The
improvement of the dischaggcapacity and discharge voltage ofQ4d cells upon TE4
addition was more pronounced at high discharge current, were, tgp@ly is more critical,

in agreement with the hypothesis that the beneficial effect of TE4 is due to the increase in O
solubility. Direct measurement of the increase gfsDlubility in the electrolyte upon TE4
addition were reported, as obtained by monitoring changes in pressure uptéke
experiments (sekigure 29c). The absence of degradation of TE4 during discharge-0% Li

cells was confirmed byH and'°F-NMR of the discharged electrolytes and FTIR and XPS
measurements of the discharged cathodes.

Another interesting advantage of fluorinated additives is their flame retardant befiavior.
Figure 29d (bottom) illustrates the ignition tests of glassefitseparators grsoaked in
different electrolytes, which demonstrate that the separators do not ignite in any of the
electrolytes containingldorinated additivesFigure 29d (top) illustrates the improved
wettability facilitated by the addition of fluorinated additives: a drop plaaedop a pre
soaked glass fibegeparator fully wets the separator with electrolytes containing fluorinated
additives, whereas the drop does me¢t (small contact angle) in the conventional
electrolytes containing LiTFSI in tetraglyme.

In summary, fluorinated additives exhibit some highly beneficial properties that can
potentially lead to major improvements in-Qp batteries, such as their vehigh O
solubility, good wettability and flameetardant propertiesz=rom a broader perspective, the

role of mass transport limitations in-O, batteries needs to be investigated further. Mass
transport limitations in ionkiquid based LiO, batteries were evidenced by the fact that
drastic improvements in capacity could be achieved by either stirrinowing an
electrolyte saturated with-Ghrough the celf®®*”° Due to the high viscosity of ionic liquids,
mass transport limitations were shown to be important even at low current densities of around
0.1 mA cn?. For less visous electrolytes, combination of experiments and simulations
concluded that mass transport limitations could be an issue for current densities in the range
of 1-10 mA cm?®.°? Those current density values are relevant for commercial applications in,
for example, electrizehicles? thus improving mass transport should be addressed in further
studies of LiO;, batteries. Of note, in mediated-O;, cells, the transport of the RM from the
cathode/electrolyte to the@lectrolyte inteface will substitute the transport of,Qthusin

that case the transport rate of the RM will be the most critical. In conclusion, further studies
assessing mass transport limitations (from all species involved in the reactions: lithium ions,
RMs, dissolved @ superoxidegtc) are required for the delopment of batteries able to

fulfil the power requirements for commercial applications.
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4 4 Protection Strategidsr Li Metal in Lithium-Air Batteries

In the previous discussion of Section 4, we fasthlen approaches addressing the challenges
associated witithe G electrochemistry In this section, we present strategies that can
mitigate the problemat the reaction interface of Li metal ansdend the electrolyteWe
summarize the protection strategie® on two categories: Bolid-electrolyte intefface (SEI)
formed on Li metal anode surface by reacting Li metal with additives, electrolytes, salts and
air constituents; 2) inorganic/organic protective layers used as sepavatooatings on Li

metal anode Literature examples are selected with emphasis on the interplay between the
protection method and effect of air constituents.

4.4.1 lid Electrolytelnterface

The SEI is a protective surface layer, with low electronic conductivity but thatesnabl
lithium ion transport. It is formed on reaction of Li metal with organic electrolytes, and
consists of a complex mixturd inorganic and organic components®’*1t can be formed by
reactions among electrolyte, salt, additives and Li metal dwhegnicalpretreatment or
during electrochemical cycling. A stable Stlables grolonged stripping/platingyclesof a

Li metal anodeat highCoulombicefficiencies In principle, anyeffective electrolyte system

that has been reported to sustain a reversible Li stripping/plating process and is compatible
with the oxygen redox chemistry at the cathode is worth considering as a candidate for the
lithium-air battery system. Many functidnadditives have beerproposed tdacilitate the
formation ofa stable SElincluding dissolved @ and CQ species,” 2% 208375377 yrace HO
contaminatior?’® lithium nitrate?®® 3° boric acid®®*° germaniunt® polyphosphoric acid®
1,4-dioxacyclohexané®® Super P® carboff* tetraethyl orthosilicatd® Indium and cesium
iodide38®3#8 Some of thertl" 268377379388 haye beemeported to be beneficial frocesses at

both electrodegheir effects on the Li anode beidgcussed below.

Lithium nitrate is an electrolyte additive widely used in lithium sulfur battéfe¥° It is
thought that LINQ reacts with Li to form a protective layer (likely to bexQidue to the
reduction of LINQ by Li),**® which prevers further reactions of Li with polysulfide
intermediates shuttling from the cathod@,O being an active component in a stable SEI
layer has been confirmed by cif&M and Raman spectroscopy.*** Addison and
coworkersfoundthat thesaltLiNO3 is also effectiven generating a stabilize8El in lithium-

air battery systems, where an amimesed electrolyte wouldtherwisebe incompatible with

a Li anode*® 3"® The author¥® *"° further addedthat G also plays a beneficial role in
stabilizing Li metal anodesvhich is consistent withthe observation bfdstrom?®® Zhou?’
and Wang'” and coworkergSection 3.3.2)Although the causes of 40 formation in SEI
layers may vary case to case, these studies suggest that its presence is beneficial to a stable
SEL.

Water at ppm levels igsuallyaninevitablecontaminatiorin a battery systenit can serve as
a solvating additive to improve the ORR at the cathode, as discussed in Sections 2.1.1 and
4.3.1.At trace quantities, it can also benefit the anatleang and coworket found that
when 25~50 ppmwvateris usedogether with a LiPgsalt in theelectrolyte, a more reversible
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Li deposition/dissolution reactiotean bepromoted Instead of forming a mossy structure, Li
anodes with 50 ppm water exhilg@tcolumnar morphology for the deposited lithiufig.

30a). Detailed analysis revealed that HF is generated via the reaction aof dneH,0, the
generatedF being subsequently reduced during the initial Li deposition and forming-a LiF
rich SEI layer. LiF as a critical component in SEI for reversible Li deposition has been
previouslydemonstrated by many groyp§ **2%%" the fluorinated SEI is proposed to enable
much faster Li diffusion at the Li anodelectrolyte interface, and guide an ordered columnar
Li deposition

The use of redox mediators is an important strategy to improve the cell reverg8slityon

4.2). One common issue facingheir successful implementatiorconcerns their
incompatibility with the Li anode. For example, the oxidized form of an iodide mediator, i.e.,
I3, tends to shuttleverto the Li anode and becomes chemical reduced thereby corroding the
Li anode. Zhou and coworkéf&demonsrated that by using lgkdditives, the lithium anode

can be protected againstattack Fig. 30b); the Irf* becomes electrochemical redugdhe

Li anodeon charging forming a protectiveindium layer on Li, which was also found to
suppresdithium dendrite formationwhile the In layer is likely reduced further to form a lithium
indium alloy, redox shuttling is most likely prevented by the formation a stable SEI.

(i)
water-induced fluorina ‘ ‘SE1
Dendrite-free Li anode |} \

Fig. 30 (a) Optical (i) and SEM images i) revealing water (50 ppm 4@ in LiPR/PC electrolytes) induced
fluorinated SEI formation and uniform Li metal depositiéh(b) Scheme illustrating thdt) |5 shuttle reaction
with Li metal in the case of Lil mediated battery chemistry #rat (ii) protection of Li againsts1shuttle
reaction by an In layer in the case ofsInlediated cell reactiofi® (a) From ref 8. Copyright2015 Elsevier
(b) From ref 38. Copyright 2016 The Royal Society of Chemistry.

When a single electrolyte system is used in the litkdiimbattery, finding an optimal
electrolyte to satisfy the requirements from both anode and cathode is challenging, especially
in thecomplex (electrgchemical environment of lithiurair batteries. However, once a dual
compartment cell structure enployed more strategies in the general Li metal research can
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be transferred to lithiurair batteries, because the anolyte and catholyte are separated by a
solid electrolyte membrarso thatthey can be optimized independently.

4.4.2 InorganicOrganic ProtectiveMembranes

Inorgani¢ organic and hybrid membranes hdeenusedin lithium-air batteries to prevent
the reactions occuringetween the aielectrode consituentasnd theLi anode.While the

membrane can be used as a separator between the cathode andareogeotected anode

design?86 287,289,384 398402 it oan also bapplied at the interface of the cathode and ambient

air, i.e. a protected cathode desfgfi?®® “°*4% |n the protected anode design, a membrane
should have high Ciionic conductivity.Proton transport and reaction with water and, CO
should also be minimiseth the protected cathode design, a membrane should have high O
permeability, high rejection rat of HO, CQG, and high immiscibility with organic
electrolytes to suppress electrolyte evaporation.

The firstexampleof using inorganic solid state electrolyt® protect Li metal anode/as
demonstratethy Visco and coworker 200722° They developedan aqueous/ganic hybrid
Li-O, system wherethe two compartments in the battexgre separated by a NASICON
type (LkM2(PQy)3) solid state electrolytavith high Li* conductivity thus protecting the Li
metal anode from reaction with the aqueous electrolyte contantte oxygen electrode
compartmentThe authors reported stable dischargep to 14 hours. Following the dual
compartments design, amber of studieseported improved stability and energy efficiency
by optimizing the activity of oxygen reduction catal§fEt*°® usingprotective layes for solid

state electrolytegainstwater and Licorrosion*®® #° betterelectrolyte?***** and adjusting
operational temperatisé®’ The concept of duatompartments was later adapted to -non
agueoudithium-oxygen batteriesin this approach two different electrolytes are used at the
oxygen and lithium electrode compartments, thus enabling a higher flexibility that allows
separat®ptimization ofelectrolytes, salts, redox mediatoetc. for the cathode and anod&®

40941l 44 Eor example, the «cell can be separated by an Ohara glass,
Li 1syAlTiz2 3SiP3 3012.2% Figure 3la shows an example of a de@mpartment LO,,
where the cathode compartment contali$FSI /TEGDME with a redox mediator
dimethylphenazine (DMPZ)while in the anode compartmembntains fluoroethylene
carbonate (FEC) and the s&lfTFSI which is known to forma stableSEI on Li metal
anode’™ The SEM image revealed the smooth surface morphology on the cycled Li metal
anode.Due to the isolation from TEGDME/DMPZ that would otherwise react to form an
unstable SEI, the Li metal anode shows much improved cycling stability in the FEC
electrolyte(Fig. 31&(ii)). Many other protection methodsan be potentially applied in the
dualcompartment configuratign including the solventin-salt (A new class of
solvenfinAsalt electrolyte for higlenergy rechargeable metallic lithium batteyfgs self
healingelectrostatic shield® 3D current collectors (Accommodating lithium into 3D current
collectors with a submicron skeleton towards Hifg lithium metal anod@$'’ additives
(DendritefreeLi depositionusing traceamountsof wateras anelectrolyte additive),>’® and
nanoengineeringiethods*® #**,

Recently, here has been growing interesh applying polymer membranes to protect Li

metal anodebecause of théexibility in materials design and the poteritidbw cost®®® 24
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384 402 This field builds on the extensive work on polymaectolytes for lithium-ion
batteries”® A representative example is the applicatioh poreless polyurethane (PU)
membrane Fig. 31h(i)).?®° As shown inFigure 31k(ii), the PU membrane is composed of
two domains: hard and soft domains. Because of the posttesture the Gurley time (the
time required for 100 ciof air to pass through a separator under air pressure of 0.862 kgf
cm®) was out of the detection ranigean airpermeability tes¢Fig. 31h(iii)), suggesting that

the PU membrane is ampermeable. The PU membrane also has excellent electrolyte
wettability and Li ion conductivityKig. 31b(iv)), and therefore affords an improved cycling
lifetime of the Li metal ande. Compared to the Li metal anode protected by porous
polyethylene (PE) separator in which particulate LIOH was detected by XRD and SEM, only
Li metal signals were detected after 100 cycles when the anode is protectied Ry
separator.

While the PU separator successfully prevents the crossover,0f &hd Q, Li dendrite still
grows, possibly due to the low mechanical strengifis isa problem common to many
polymer membranesvhich can be improved by inorganic additives. For example, aluminum
oxide (Al,O3) nanoparticles have been added into a lithiated Nafion membrane to form a
composite protective layéf: As schematically illustrated #Rigure 31c(i,ii) pulverization of

the protective layer during Li plating/stripping experiments occurs without th@;Al
nanoparticles (Nafion layer: NL), whereas the protective layer remains intact wi@n Al
nanoparticles Nafion-based composite layer: NCL) are included. This composite layer has
also been shown to suppress dendrite growth. A symmetric Li cell protected by the composite
layer shows an improved cycling lifetime compared to the unprotected or Matfipn
proteded cells Fig. 31c(iii)). Furthermore, the authors stress that the chemical stability of the
membrane must be tested in the presence of reactive oxygen species indikiigen
batteries: the stability of the Nafidrased composite membranes were contptrehat of a
polyvinylidene fluoride (PVdFpased composite membrane (composite protective layer:
CPL). As measured by online electrochemical mass spectrometry (OCEMS)irreversible

O, reduction and C@evolution were observed in the latter caBig.( 31c(iv,vi)), likely due

to the decomposition of PVdF, whereas ther@luction and evolution are more reversible
when Nafionbased membrane is useig. 31c(v,vi)). This result is in agreement to an
earlier work that reported the instability of PVdF against ther&lical*® In contrast, the

NCL affords a more reversible,@duction and evolution.
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Fig. 31 Inorganic/organienembraneso protect Li anodega) The bicompartmental cell configuration with dual
organic electrolytes for optimized stabilioj Li-O, batteries (i) Schematic illustration of the cell showing the

two compartments, separated by & ion conducting solid electrolytewith the Li anode compartment
containing Li SEI protective additives such as fluoroethylene carbonate ,(FB@)the oxygen electrode
compartment containing redox mediators (RMl)) The voltage profiles of LITEGDME/Land Li/FEC/Li
symmetrical cells during repeated plating/stripping at 1 mA/cfhe cell voltage is below 50 mV in EE
(labelled at FE in the figure legendhile the cell voltage increases to 3V in TEGDNI&belled as TE in the

figure legendy®® Reprinted with permission from r@B8. Copyright 2017 WileyVCH Verlag GmbH & Co.

KGaA, Weinhém. (b) A supported poreless polyurethane (PU) separator used to protect Li metal anode (i)
Schematic illustration of the rejection of @hd HO by the poreless PU separator. In a cell, the PU membrane
was placed between the Li metal anode and the glass fibe salt/electrolyte are LICUTEGDME. (ii)
Molecular structure of the PU separator, containing hard and soft domains. The hard domain consists of 4,4
diphenylmethane diisocyanate (MDI), providing the mechanical rigidity through-thenteractions and the
hydrogen bonding between the end urethane groups. The soft domain consists of poly(ethylene oxide) and
polytetramethylene glycol (PTMEG), providing the softness and wettability. (iii) The air permeability test
results showing the Gy time for glass fiber (GF), polyethylene (PE) and PU. (iv) The electrolyte (TEGDME)
contact angle (top) to PE and PU, 5s after the electrolyte drop; the Li ion conductivities of the PE and PU
separators (bottond}® Reprinted with permission from r@B9. Copyright 2016 WileyVCH Verlag GmbH &

Co. KGaA, Weinheim(c) Schematic illustration of the pulverization of the Naflmased membrane without (i)
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and with (ii) ALOs; nanoparticles. (iii) Voltage profiles of Li symmetric cells without protection, with Nafion
only (NL) and NafiorAl,O; composite layer (NCL) during plating/stripping reactions at 0.5 mAfom1000
hours. Schematic illustration of the, @adical attack to the PVdBased protective layer (CPL) (iv) and the

Nafion-based protective layer (NCL) (v). (vi) The OEMS signal ofé@olved at different specific capacities

from the cells with CPL andNCL protection. The dotted line shows the theoreticalQBerelationship?

Reprinted with permission from rdR1. Copyright 2019 The Royal Society of Chemistry.

In the protected cathode desigm oxygen selective membrane (OSM) was placed at the
interface of cathode and ambient air. The OSM should allow the fast transportdfil®
rejecting or trapping other air constituents, such #3 &d CQ. Since the molecular size of
H.O is smaller than & simply tuning the porosity of the membrane will not achieve a
selective transport of OA nonpolar membrane with a high solubjliand diffusivity ofthe
nonpolar moleculé, should achieve the high selectivity of @verthe polar moleculél,O.

For example, lowdensity polyethylene was applied to dehydrate ambient air and greatly
prolonged the cycling lifetime of the lithivair battery®?* Silicone oil loaded into a porous
metallic Ni substrate also achieved a googHaO separatiof?> Compared to @H,0O
separation, separation of, @om CQ, is more challenging since both molecules ara-no
polar.While considerable research has been performed to separato@@he air (for CQ
sequestration, for exampleitekature reporting @CO, separation in L-air batteries is scarce.

In one example, a composite membrane made of a polydopaodeel metal organic
framework CAU1-NH; dispersed in a polymethylmethacrylate (PMMA) was attached to the
cathode and the battery showed an improved cycling life in ambiefit @ine functional
group -NH; in CAU-1-NH;, -OH in the polydopamine andC=0 in PMMA were
demonstrated to trap G@nd afford a high selectivity of Qover CQ. In another work,
perfluoropolyethebased membrane was demonstrated to dehydrate ambient aipanessu
DMSO evaporation effectively. Interestingly, the allowed permeation of @Bf@ugh the
membrane stabilizes the Li metal anode by forming a protective layer,@OL.iOn the
cathode however,Li,CO; that could be potentially formed from the reactiof discharge
product LpO, and CQ (reaction 14) was not detected. Therefore, the permeation of CO
without H,O appears to improve Li metal anode stability without compromising the cathode
stability bytheirreversible formation of LCOs.

In summary Li-metal protection strategidzave been demonstrated in lithitaim battery
systems including the protected anode design by forming stable (&ilitlg electrolyte
additives or inorganic/organic protective membranes, and the protected cathode design by
appling oxygen selective membrane&dgnificant progress has been made in prolonging
battery cycling lifetime With further demand for more practicahd scaled uplithium-air
batteries, more stringent requirements will be placed on the materials involvig in
proposed strategies. At the anode side, many protectivestatel layersare reactive to Li

metal causing side reactions and reduction in Coulombic efficiencies; buffer layers between
solid state electrolyte and Li metal can greatly circumvent tblel@m, but they also increase
system cost/complexity and reduce energy density. Meanwhile, even with protective solid
state layers, lithium dendrgeatill form in some cases; @more complete picture dle origins

of this dendritic growthneeds to be obtainead come up with effective strategits resolve

this. At the cathode side, the chemical stability of gas selective membranes against reactive
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oxygen species may be an issue, which should not be overlooked. Finally, other air
constituets (CQ, H,O) might have impact on thenaterial properties andinterfacial
processegsuch as the stability of SEI, solid state electrolyte etc.) involved in these proposed
strategies. Further fundamental studies are required in this direction to aichtemalr
materials design.

5. AlternativeBatteryChemistries

While tremendous efforts are being devotedi¢weloping strategies that mitigate the issues
of a LibO,-based noraqueous LiO, battery, many researchers alsglexed alternative
chemistriesFor instance, onelectron superoxide based meatalygen battaes were found

to exhibit much smaller voltage hysteresis than the peroxide cherf&f7*** A nickel
based cathode together with.idNO 3-KNOj3 inorganic elecwlyte at 150°Chas been reported
to promote L3O formation and decomposition nLi-O, battery**® The synergistic effects of
water additives and catalysts cha used tanodulate the battery chemistry asnominal
four-electron oxygen electrochemistiga LIOH formation and decompositidfi> 29" 432
Thesenovel strategies shed new light on how to tackle Itmgrstanding issues of high
overpotentials, organic electrolyte decomposition, battery chemistry sensitiveOtaarhdi
CO, contamination and so on, further deepening and widening the mechanistic understanding
of metaloxygen electrochemistes In this setion, we discuss he fundamental
characteristicand implications of these battegiectrachemistries.

5.1MO; or M0 as thePotentialDischargeProduct®

It has been long established that the cation size (or softness) can significantly impact on the
O, redox processes in naagueous mediagdccording tothe Hard Soft Base and Acid Theory
larger cations, such as N&*, TBA", tend to afford the orelectron Q/O, redox reaction,
whereas smaller Liinduces LiO, formation®® 34 1% the oxygenCVs measuredwith the
formerlargercationsshownarrower redox péaseparationsyhile with Li* CVs showwider
separationsand irreversibility*> 3% 104 195 429 Thege phenomena are rooted in the
thermodynamic properties of peroxide, peroxide and oxidgscies for these alkali metals,

assummarized imable 4.4%°

The oneelectron KQ formation reaction has a standamotentialof 2.48 Vvs. K'/K, higher
than that of tweelectron KO, formation (2.20 Ws. K'/K). Therefore, in a KO, battery,
electrochemicakO, formation is both thermodynamically and kinetically faa@?*® In Na-
O, batteries, the standanubtential of the NaQ, formation reactionis slightly lower than
Na,O, formation by 60 mVNaO, thus being thermodynamically preferf&dNonetheless,
in practiceNaQG; is still observedd form preferentiallyduring experiments; this preference
can be attributed to a higher kinetic bar@ssociated witlthe twaelectron charge transfer
for NaO, formation®?® In the casef Li-O, batteries, LiQ is thermodynamically unstable at
standard conditionsnd thus does not form as a stable discharge profumte it is
transiently generated upon eleetsgluction LiO, chemically disproportionate to formJQy,
which is then electochemically decomposé at anodic potentiafs *> 3" The high
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irreversibility typically observed in CVsof a L+O, battery is in parta reflection ofthe
asymmetricoperatingmechanisms for LO, formation (a electrochemicathen clemical
steps) and decomposition (electrochemical processesdntrast to the symmetric processes
for KO,, NaG, formation and decompositiorfboth are onelectron electrochemical
processes)The formation of LiO, is both thermodynamically and kinetically favored over
Li,O formation, because the former has a higher equilibrium voltagéha@O bonddoes

not needto be cleaved. However, at above 150°C, formation ofOLbecomes the
thermodynamically more favorable reaction oveiCziand with the right catalyst, 0 can

be formed electrochemically during cell discharge; this is discussed further in Section 5.1.2.

Table 4. Thermodynamics of possible discharge reaction products-@, KNaO, and LiO, batteries and
corresponding specific capacity as well as energy density.

Product Reaction AS A AG z | E°(V) EEEZ;?; ngft};
(J/(mol'K)) | (kJ/mol) | (kJ/mol) (mAb/g) | (Whike)
KO, K+0,— KO, 116.7 -284.9 -239.4 1 248 377.0 934.9
K0, | 2K+0,—K0, 102.1 4941 | 4251 | 2 | 220 | 4864 | 10702
K,O 2K+1,0,—K,0 94.1 -363.2 -322.2 2 1.67 569.1 950.3
NaO, Na + 0, — NaO, -140.6 -260.7 -218.8 1 2.27 488.2 1108.2
Na,0, 2 Na + O, — Na,0, -212.9 -513.2 -449.7 2 233 689.0 1605.4
Na,0 |2Na+1,0,—Na,0 -130.1 -415.1 -376.3 2 1.95 867.4 1691.4
Li,0, 2Li+ 0, —Li,0, -206.9 -632.5 -570.8 2 2.96 1168.3 3458.3
Li,0 2Li+1Y,0,—Li,0 -123.2 -597.9 -561.2 2 2.91 1793.9 5220.2

Note: DS, D,H andD,G are the standard entropy, enthalpy and Gibbs energy of the reaction, z is the number of
electrons involvedE’ is the standard voltage of the associated r@4dlattery. (Data used for calculating Na

0, and L0, batteries are from the article by eli d.**% Reprinted with permission from ref&21 and £8.
Copyright 2013, 2017 ACS.

In light of the aforementioned properties of alkali metal oxides, Na®d KQ as the
discharge products in N@, and K-O, batteries respectivelyhave been demonstratadder
galvanostatic cycling conditiorié® “2° By contrastLiO- asa stable finatlischarge produdh
nonaqueous L0, batterieswas not observed untiRmi ne and c oWdheker s 6
suggested that metalcatalysts orareduced graphene iabe electrode castabilize LiG due

to the lattice match between Li@nd IgLi, allowing them torealize a LiQ-based LiO;
battery*** Although doubts were raisdry McCloskey and coworket¥ “* on the existence

of LiO,, as the final discharge product, another gfdtpter on alsaeported LiQ formation

on a Pd/rGO catalyssupporting the concept of Lithased LiO, batteries|t is clear from
Table 4 thatthe theoretical energy densities of Ne#hd KGQ are 34 times lower than that

of Li»,O,, which is the maimeason why lesgesearch input has been devoted to developing
Na-O, or K-O; batteries(The uss of Na and K metals are also associated with higher safety
concerns) Nevertheless, theractical capacitiesobtainedfor NaO, or K-O, batteries are
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significantly higher tharypical Li-O, batteriesunder similar operational conditionsnd the
fundamental insights gained for Nand K-O, cells can motivatenew strategies to further
improve Li-O, cells. Next, we compare the superoxidased electrochemistry reported for
Li-, Na and K-O; batteries and focus our discussion on the reversibility and stability of the
battery chemistry.

5.1.1 Reversibility an&ability of SuperoxideBasedElectrochemistry

The reversibility and stability of Lig) NaG and KQ batteries are showin sequencen the
top, middle and bottom panels Bfgure 32.%23 423 426 431 437 15 contrast to thebehavior
observed inLi,O,-based LiO, batteries, in Li@-based LiO, batteries,the formation and
decomposition of Li@ exhibit a smaller voltage hysteresis (~0.5 \Fig. 32a(i)).*** The
majority of charge capacityfinishes below 3.5 V. DEMS measurementsf the f'
electrochemical cycléead toan €/O, molar ratio of 1.00, implyinghatthe OER/ORR ratio
is very close to lalthough thecycle life of thebatteryis poor(40 cycle3.*** Moving from
LiO, to NaQ and KQ, a progressively smaller voltage hysteresishservedn superoxide
based metaD, batterieg'?? 423426431437 ¢ 4 typically <200 mV for NaQ (Fig. 32b(i)) and
<100 mV for KQ (Fig. 32c(i)), and the oxygen recovesfficiency (OER/ORR)based on
operandopressure and DEMS measurements are reported to be >95% fpaNaO9% for
KO.. Different from the LiQ electrochemistry, both Na@nd KGQ exhibit charging profiles
that rapidly polarize to the cutoffalue when the chargeapacityapproacheghat of the
dischargemarking the end of chard€ig. 32b,c(i)). TheseNaO,- or KO,-basedbatteries can
typically cycle more than 100 timesontinuously*** 42" 423 438 that is. when there is no
resting between discharge and charge proceSsmapared tahe peroxide chemistryhé
higher reversibility of superoxidieased battery can be attributed to the following reasons: 1)
a smaller kinetic barrieassociated witlthe oneelectron redox chemisgi} 422 424 426 2)
higher solubility (KQ>NaG,>LiO,) or better solvation of superoxides than peroxides in non
aqueous electrolytes that provides facile solutitetiated redox processtisth 104423431 3)
fewer parasitic reactions involved in the formationl @ecomposition of superoxidésboth

a consequencand a cause for the low voltage hyster&sps, 178 424429430 438

Apart from the electrochemical reversibilityhe chemical stabilityof the discharge product
in the cell environmental is another critical requirementevaluate the feasibility of a
practical superoxidebased batterybecause it determines both the cycle life and shelf life.
This demand raises issues with Li@d NaQ, because of theirelative thermodynamic
instability versus their peroxide counterpafi@ble 4). After only 12 hours resting period
after discharge, significant amosrdf LiO, and NaQ products have been transformed to
Li,O, (Fig. 32a(iii)) or NaO, (Fig. 32b(ii));****** this transformation may initiate or involve
parasiticreactionswith electrolyte(Fig. 32b(iii) ).}%**"84** As a result, the reversibility of the
battery in the following cycles becomesworse*?* 3! By contrast, K@ is both
thermodynamically and kinetically favored produdtu and coworkef§’ found that &er 30
days of restinghe cellfollowing dischar@, thesubsequentecharge still holds Coulombic
efficiency of 94% and quantitative titration experiments show that only 1.4% #&yraded
after 10 days §Figr Rciitiii) ).nTipese observahioas certaihlyl suggest that
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from a chemicaktability point of view, KQ is a better choice for realizing a superoxide
battery with both a long cycle life and shelf life.
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Fig. 32 Reversibility and stability of LiQ NaG, and KQ-based nonaqueous alkali me@ batteries. (a):
Electrochemical profiles and capacity retention (inset) eO4.icells cycling based on LiOformation and
decomposition (i)where the OER/ORR is estimated to be 1 based on OEMS measureragotm illustrating

that Ir catalysts enable the formationld®, by lattice match at the contact interface (ii); gradual conversion of
LiO, discharge product to }®, over time*** Reprinted with permission from rdB1. Copyright 2016 Nature
Publishing Group.(b): Electrochemical profiles and the associated pressure changes during discharge and
charge of a nonaqueous i battery, where the gas consumption and evolution suggest fda@ation and
decomposition with a OER/ORR ratio being 0.95*ff)Raman measurements show the gradual transition of
NaO, to NaO, hydrate when in contact with an ether electrolyte (ii); schenlaigtration of parasitic reactions
involved in NaQ chemistry, where H abstractiar the ether solverdue to superoxide is a key stéif) .** (i)
Reprinted with permission from réR3. Copyright 2013 Macmillan Publishers Limited andii{)ifrom ref 425.
Copyright 2016 Macmillan Publishers Limitet): Electrochemical profiles during discharge and charge of a
nonaqueous ¥O, battery, where the OER/ORR ratio is ~0.99 with a Coulombic efficiency of 98% (i); cells
showing that even after resting the plischarged K@ electrode in the electrolyte for 30 days, the Coulombic
efficiency is still over 94% (ii), demonstrating a high chemical stability (note: the K anode was replaced by a
new one in this experimenghemical titration also shows 97.5% of K@mains intact after resting for 10 days

(iii). **” Reprinted with permission from ref37. Copyright 2018 Wile$¢VCH Verdag GmbH & Co. KGaA,
Weinheim.

Indeed,Lu and coworker8° recentlydemonstrate@ novel organioxygen battery operating
with highly reversible and sustainable Ké@rmation. The quasreversible K metal anode
(due to an unstable SENasreplacedby a more reversible aromatic hydrocarbon solution
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(e.g., 2methyl bphenyl in DME)acting as an anolyte, whiekias combined with a cathode
undergoing reduction of £Oto KO, (Fig. 33a,b). Such novel cell desighased on K@
electrochemistryn a KPR/DMSO electrolytecould be cycled for3000 times, at 4 mA/ct
and 0.25 mAh/crper cycle(Fig. 33c). The oxygen recovemsfficiency (OER/ORR) at 500
cycle was measured to be 99.1%he side products being quantified as low as 0.15% per
cycle (Fig. 33d-f). As a result, the cell shows an impressverageCoulombic efficiencyof
99.8%over the course of 3000 cycles

These findings of Wu, Lu and cowork&fs**” % are ertainly surprising, because they

challengethe consensughat superoxide anion ia strong base and nucleophile causing
significant electrolyte degradation over tiff@asrepeatediybservedn non-aqueous N#D,
and LiO, batteries.It has been reported that superoxide anions irROp&atteries can
abstract protons from DMSO or glyme solvetifsthe HQ, so generatedcausingfurther
degradatiorvia disproportionatioror reacing with trace water impuritiegeleasng reactive
0, duringboth discharge and chartfé.It is still an open questioas towhether'O, is also
formed during the operation ofK-O, batteries. Nonetheless, he impressive battery
performance reported by Wu, Lu and coworksesms tsuggesthat the *O, formationin
K-O, batteriess largelyavoided if any occurs at allThe origin of this longerm stability of
KO, in an organic solvent compared to its counterpart inabd NaO, batterieswarrants
further investigatiorand may lead to pathways to more stableOkiand NaO, batteries
Despite of the many intriguingnansweredjuestionsjt is encouraging to seedhan alkali
metalO, battery can be reversibly cycled thousands of times without significant capacity

decay (albeit at a |l ow reversible capacity)
superoxide.
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Fig. 33 Characteristics of a lonrlife organicoxygen battery(a). CVs of biphenyl (Bp), naphthalene (Nap),
triphenylene (Tph) and Phenanthrene (Pha) in a 0.5 MgRIRFE electrolytes and saturated, @ a 0.5 M
KPF/DMSO electrolyte. (b): Configuration of thei-compartmental BpkO, cell, separated by a polymer
sealed Kb =Al,0O3 disc. (c): Rate capability tests of the By cell in a 100% DOD mode in the range-B.D
V versus BpK/Bp (0.2.0 mA/cnf) and 1.63.5 V versus BpK/Bp (4.0 mA/cm2). (dBalvanostati charge
profile (blue) and gas evolution (purple) profiles of the BpKcell at 2.0 mA/criduring the 500 charge. (e):
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Galvanostatic voltage profiles of the BB cell at 2.0 mA/cr except 53, 102" and 158 charge, during
which the current densitwas reduced to 0.2 mA/cfn (f): The corresponding Coulombic efficigias of the
BpK-0O, cell in (e); the inset shows the pie chart distributions of reversible (K@uld be recharged at 2.0
mA/cn?, yel l ow ar,@a] ac ol muotlkaecoadDe ke€harged only under a lower current
density of 0.2 mA/ci rose red area) and noechargeable product (blue areihe percentages are averaged
over the ¥-51% 52102 and 10%-153 cycles, respectivel§{®® Reprinted with permission from ref30.
Copyright 2019 Macmillan Publishers Limited.

5.1.2 AMolten-Salt Li-O, Battery Basean LiO Formationand Decomposition

Li,O is anothetantalizing energy storage material, because two electrons can be stored in a
Lio,O molecule, giving rise to the highest energy density, 5.2 kWfi/&gle 4). Furthermore

LioO is more stable than kO, and LiOG,, and thus can probably improve the chemical
instability issues thahave plagued thenonaqueous L0, battery. Although at room
temperature electrochemical formation ofQi is thermodynamically favored over.Q, the
situation is reversed beyond 150°Eid. 34a).*> Nazar and coworkers recently reported that
by using a Ni-based cathode, an inorganic LIBIKINO3; molten salt electrolyte and Li

metal anode at an operaitemperature of 150°Gi(g. 34b), a Li-O, battery based on {®©
formation and decompositiocould berealized™*® This battery shows a major discharge
plateau at 2.7 V and a charging plateau slightly below 3.0 V, which gradually polarizes
towards to 3.5 V at the end of char@eg. 34c). Li,O titrationexperiments onidcharge and
DEMS measuremeston charge suggest thai,O formation is a fouelectron oxygen
reduction reaction and the oxygen recoveffyciency (OER/ORR) is close to (Fig. 34d).

As a result, the celtould cycle for 150 timeswithout significant performance decay (at 0.2
mA/cn?, 0.5 mAh/cmi per cycle). The authors demonstrated that the nickel cathode is
essential to overcomintipe kinetic barriers involved in cleaving the @tramolecular bond

on discharge, as well as-© reformation during charg€® when a carbon electrode is used
under the same conditions 0 is the discharge product. The mechanism gDLfiormation

is proposed as: twelectron LpO, formation over the Ni catalyst surface, followed by
disproportionation of LO, to form LL,O and @, and finally solutioamediated LiO
nucleation and growtt~g. 34e).
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Fig. 34 A high-temperature molten salt40, battery based on reversible,Qi formation and decompositiota):
Gibbs reaction energy for formation of,0 and LyO, as a function of temperature. (b): Configuration of the
inorganic electrolyte (molten salt) 4@, cell and schematic illustration of A0 formation during discharge at
150°C. (c): Electrochemical profiles of th& 150" cycles with a curtailed capaciag 0.5 mA/cr per cycle. (d):
Electrochemical charging profiles and the correspondip@wlution for LbO, (black) and LiO-based (red)
chemistries. (e): Schematic illustration of the discharge mechanisiNifoatalyzedLi,O formation in the
molten saltLi-O, batteryat 150°C*** Reprinted with permission from reB4. Copyright 2018 AAAS.

The LpO battery system reported by Nazar and coworkers is intriguindnanét least the
following implications'®> **° First, it shows that L-O, batteries are not intrinsically limited
and that with principlguided design and wise choice of materials, a highly reversible battery
reaction approaching theoreticaulombic efficiency is indeed feasibl&econdly, the four
electron ORR and OER in éhLi,O battery system exhibit a remarkatdynall voltage
hysteresis, ~0.3 Vmuch lower than the regenerative proton exchange membrane fuel cell
system, ~0.7 V. Further investigation is required to provide atomistic insights into the
discharge and charge reactiomshe systenand to account fatheorigin of the observed low
overpotentialsWhen an inorganic electrolyte is used, little electrolyte decomposition occurs,
even in the presence of large charging overpoteritiashich reiterateshe critical stability
issue with organic electrolytesThis work by Nazar et al highlights the tremendous
opportunities for fundamental researchutaderstand the oxygen redox reactions that may
lead to novel battery technologies that can potentially rival the curreionLbattery and
other energy storage systems.

5.2 CyclingBasedon LiOH FormationandDecompositiof?

Another critical challengeating all LbO,, LiO, and LpO-based batteries is their sensitivity
to H,O and CQ contamination from ajrand eventually LiOH and LiICO; are generally
formed to varying degreeslable 5 summarizes e thermodynamic driving forces of
relevant reactionslt is clear that the thermodynamic tendency to form LIOH oCOs
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