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Oxygen chemistry, a pathway to next generation batteries

What a gift we have been given to be born in an atmosphere with oxygen.
Marina Keegan
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Chapter 1. Oxygen chemistry, a pathway to next generation batteries 15

Introduction

Energy storage ever rising importance in modern society imposes massive and quick tech-
nology changes. Lithium-ion battery technology is currently the solution of choice for many
applications; N¢w technologies based on sustainable lightweight active and inactive ele-
ments with increased electrons exchanged per redox centre are nevertheless inevi ale for
future en -roy intensive purpose vehicle electrical drive"4/. A proposed bat 1 type to reach
these objectives are ‘beyond-intercalation chemistries, notably metal-air, abandoning the
intercalation paradigm"3-%1. Among them, organic Li-air technology has received a particular
enthusiasm, sometimes for misaddressed reason, by-dint of 1,0, high theoretical capacity
(1168 ma-h-g~1!%) and will be the focus of this introductory chapter.

Li-air batteries are based on a lithium metal anode and a porous i..atrix filled with
electrolyte as cathode where oxygen will react to form lithium peroxide during discharge
followed by the inverse process i1 charge as illustrated in i 1.1. The exact reaction mecha-
nisms are hc ¢ ver complexes and still sub < to debate. The consensus tends to a two step
reaction during both discharge and charge; Ihe reaction is divided between the formation
of superoxide through a one electron exchange and a subsequent one electron process
or superoxide disproportionation”-!l. The mentioned steps are influencde by numerous
parameters as the electrolyte, the species in-presenge-»r ine applied potential >4, The reac-
tion product itself is a wide band gap insulator and consequently the exact reaction interface
is still unknown. We will present the current understanding of the different implications of
this convoluted reaction mechanism whick s ‘he stepping stones for this thesis results.

8

@ Metallic CE

@

@ Porous carbon

@ Metallic Oxide

Figure 1.1: Scheme of the metal-air principle on discharge.

The li-air battery cathode is a porous matrix that needs to sustain the Li,O, formation
and provide electrical contact rather than directly store the charge. The material of choice is
carbon due to its lightweight, adaptable and inexpensive nature. We will discuss the stability
of carbon electrodes in metal-air chemistry which can be problematic and the proposed
replacement materials. Concerning the lithium metal anode, its poor coulombic efficienc
is fairly known, especially #p, metal-air conditions and we will explore the solution offers by
contemporary researches. The Li-air electrolyte is also suhject to constraining limitation due
to the aggressive reduced oxygen species inpresence 11 1 its roles in reaction mechanism.
We will hence resune here the advantages and disadvantages of organic solvent, ionic
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liquids and solid electrolytes in Li-air batteries. The main diff - nce between metal-air and
intercalation batteries is the formation and disappearance of new products while cycling.
We will introduce the consequence on the capacity calculation that it imposes to realistically
compare different technologies.

Severe parasitic reactions 1s the major hurdle to efficient Li-air battery/!>!!. These re-
actions are known to degrade both the electrolyte and electrodes which in turn provoke,
high charge voltage, poor reversibly and cell lifetime. Due to the novelty of this chemistry,
specific performance metrics have been developed that ¢ ¢ lose characterization of the
gaseous species in presence. From the ¢ . nalytical methoas, side reactivity 1= cften solely,
attributed to reduced oxygen species owing to their reactivity with common iithium-ion
electrolytes. We will, yet, show that the development of adapted cell component does not
permit to attributed the crippling parasitic chemistry to lithium superoxide and peroxide, a
fact that will be expanded through the rest of this thesis.
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1.1 Metal-air batteries: interest, principles and advantages

1.1.1 Beyond intercalation batteries

The technological breakthrough of lithium-ion batteries in the early ¢©:entury has led to a
paradigm shift in our habits with the spur of portable electronics, electric vehicle-drives or
integration to electrical grid['®1”), With multiplied needs and applications of energy storage,
the use of lithium technology has seen a tremendous increase in the past decades. Hence, en-
ergy storage came to the forefront of societal changes and research subjeet116!, Lithium-ion
battery technology approaches its theoretical limits and ir ()¢ se new technologies, especially
due to the expected expansion of the electrical vehicle madixet!!4.

Lithium-ion battery capacities are notably plagued by the i ¢ rtant amount of inactive
materials. This technology rest on transition metal oxide s catriode and carbon a5 anode
which acts as host materials/?. Lighter redox active elements, increased number of elec-
tron exchanged and lightweight cells are necessary to achieve the high capacity needed for
future technologies. Li-rich transition-metal oxide cathodes, featuring higher voltage and
capacity,are one possible pathway towards new generation batteries but still depends on
insertion chemistrie;"" Together with the sustainability demands rise |1 notivates "beyond-
intercalation chemistry" technologies!:3-5. Charge storage in these pi0inising chemistries
involves distir ctive process compared to the well-known intercalation reaction.

Strategies to avoid this over ve ght concerns both the anode and the cathode. Alloying
materials as Si or alkaline metal dir i use are for example proposed to reduce inactive
. Concc“ling the cathode, 1c1pal hinder to hlgh capac1ty

materials at the anode!16:1819]

batteries, the m
charge are then stored with the formation a new products by reacting alkaline ions either
with O, or Sliel120-24]

1.1.2 Metal-air batteries

Among the proposed technolco v the metal-air technology receive a high interest due to its
high theorc ic capacity ¢ esbite its lower voltage (theoretically 1168 mAh-g~! for Li-O,®!). As
every battery, Metal-air cells are comprised of two electrodes separated by an electrolyte.
Yet, as part of "beyond intercalation” technology, it replac < the graphite anode by alkaline
metal and transition metal compounds by an oxygen cathode. The cathode is composed of a
porous electron conductive matrix, usually carbon, filled with liquid non-aqueous alkaline
cation electrolyte. The porosity of the cathode allows oxygen to diffuse to its surface where
oxygen redox chemistry will act as “~:rge storage. On discharge, oxygen is reduced to form
superoxide or peroxide which js oxiaized back to alkaline cation and O, en-charge.

Despite its lower coulombic efficiency and higher overpotential compare to state of the
art Na or K cells/?225] 1i-O, chemistry is interesting due to its higher energy density; it is
the more lightweight metal and re < | by two electron with oxygen!?®l. The chemistry of the
0,/MO, (M = Liy, Na, K) redox couple in aprotic media is a rather recent research subject
and the still incomplete mechanistic understanding; a barrier for practical realization. By
virtue of the similarity between the different metal-air technologies, emphasis will be put on
Li-O, batteries;feecusing-en high specific capacity. Li-O, cells furthermore present the more
complicated reactivity and the mechanisms encountered in lithium chemistry encompass,

the other alkali cases 5in ze Li-O, batteries are usually based on peroxide whereas Na and
K potassium cells favoured the formation of alkali superoxide!?527-2%! Due to-their more

complex-chemistry, Li-O, cells presentas-well the highest parasitic degradation through
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1.2 The lithium-air technology state of the art

1.2.1 Reaction mechanism
1.2.1.1 Discharge

The discharge reaction in Li-O, batteries is the O, reduction in presence of lithium ions to
form Li,O, according to an overall 2 e” reaction (Eq. 1.1). Li,O, formation in aprotic media is
complicated and the exact mechanism still not entirely understood. It is commonly accepted
that the reaction is divided in two steps. Discharge commences with a1 e™ O, reduction
to superoxide (O;) which may combine with Li* to form LiO, (Eq. 1.2)73132] This step is
followed by either a second 1 e™ reduction (Eq. 1.3) or disproportionation of the superoxide to
forms its peroxide (Eq. 1.4)7-101. The secon(! s/ep pathways are governed by the equilibrium
between solvated and adsorbed superoxide (Eq. 1.5)!?/. Adsorbed peroxide can undergoes
a second reduction at the electrode surface or disproportionate. Solvated, [Li* O,] couple
is disconnected from the electrode and can only undergoes disproportionation fellowed
by subsequent precipitation. Both lead to an overall two electrons reduction of oxygen, as

systernatized in Fig. 1.2.

O, +2e +2Li" — Li,0, (11)
O, +e +Li* — LiO, (1.2)
LiO, + e + Li* — Li,0, (1.3)
2Li0, — Li,0, + O, (1.4)
LiO, == Li"() + Oz (so) + iON pairs + higher aggregates (1.5)

Figure 1.2: Scheme of the discharge reaction and the equations corresponding to each step.


Stefan
Durchstreichen

Stefan
Notiz
the pathway in the second step is currently understood to be governed by ...

hopefully our NMat will be accepted by then. This would ahve to be rewritten

Stefan
Durchstreichen

Stefan
Eingefügter Text
su

Stefan
Eingefügter Text
 associated

Stefan
Durchstreichen

Stefan
Durchstreichen

Stefan
Durchstreichen
with concurrent 

Stefan
Durchstreichen

Stefan
Durchstreichen
schematically shown in

Stefan
Notiz
maybe the whole a bit smaller

Stefan
Notiz
Here you may mention that current understanding states that the equilibrium 1.5 at the left or right is currently understood to lead to predominantly surface or solutiong growth with associated lower/higher capacity.
Again, to be revised according to our paper


20 1.2. The lithium-air technology state of the art

e cation solvatation dependents on the coordination strength with the solvent char-
acterised by its Lewis basicity, measured with the Guttman donor number (DN)!8.1233.34],
Superoxide solvation correlates reciprocally with the Lewis acidity characterized by the
acceptor number (AN), even though its influence is lower®3. Common organic solvent,cov-
ers an extensive range of DN, Among them are the nitriles and sulfones (DN=14-16), glymes
(DN=20-24), amides (DN  26), and sulfoxide (DN ~ 30)234/ A high DN solvent leads then to
a higher solvation of the lithium superoxide and-dispropertionationpropertion. Current
solvent-abilitieste disolve LiO, is given in fig. 1.3. An alternative explanation concerning
the reaction pathway control by the electrolyte is the solvent effective polarity!35. Additives
addition tuning the solvent polarity changed the second reduction activation barrier, effect
not explainable by the previous theory:.

Donor Number

10 20 30 40 50 60
Acceptor Number

Figure 1.3: Free energy of LiO dissolution ef different solvents in function of the solvent
Acceptor Number and Donor Number, adapted from 3. The energy value are relative to
Dimetoxyethane.

Solvating properties of the electrolyte are further influenced by additives. Strongly Li*
coordinating salt anions like NO5', associated with poor dissociation, increase solubilized
superoxide but at the eest of the electrolyte conductivity'337-3% Other examples are Lewis
or Brgnsted acids used to improve the surperoxide solvatation as as water, alcohols, onium
cations, or other alkali ions despite jncreased side reactivities!6:40.4141-431 Fayouring solution
growth through additives has grown more importertant since high Lewis basicity solvent,
are also more susceptible to nucleophilic attack by O, 44,

Given the O,/Li,O, and O,/O;, standard potentia' . =~speetively 2.96 and 2.68 V-, the
higher stability of peroxide versus superoxide in prese = of Li* drives disproportionation 45!,
The second reduction has alse at all discharge potentials a strong driving force; the O, /Li,O,
standard potential of being 3.3 Vy;/;;+'%. Due-to-kineties, the disproportionation reactions
appears to be the most favoured reaction at low overpotentials 2144647l Higher overpotential
increases the second reduction rate at the disproportionation expense and favour surface
growth.

The 1,0, pathway growth helds a major importance en the discharge capacity. Elec-
trolytes such as CH3;CN and dimethoxyethane (DME) solvate LiO, poorly and leads to a
conformal coating of the electrode by peroxide, as illustrated in fig. 1.4(a). The potential
curves are characterized by a very quick decay associated with the passivation of the elec-
trode. The reaction seats at the Li,O,/electrolyte interface, the reaction being more facile on
the peroxide than at the electrode interface[1048-50 Beyond a layer thickness of only 5 to 10
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nm discharge, charge transport resistance increases due to the peroxide, poor conductivity;
Discharge ceases when electrons are not transported through the layer, corresponding to
low capacity!46495.521 ' A higher current density is associated, moreover, with a higher nu-
cleation rate, leading to-a-more conformal deposition and a quicker death of the electrode 46!,

Asolution mechanism delays the apparition of a Li,O, layer and allows for higher capacity.
Fig. 1.4(c) shows higher capacity with higher donor number electrolyte. Due to the lower
driving f »rce, particles grow as large micrometre-sized toroidal particles composed of
lamellaes~%%l, as illustrated in fig. 1.4(b). Superoxide like structure has been found on the
surface of such structure!®¥. The local overpotential increase with the recovering of the
matrix by the toroidal structur > changing to a surface control growth. This leads to the
formation of smaller and flatter particles as the discharge progress/*. Surface blocking
finally leads to the end of discharge. Impedance spectroscopy showed a similar blocking for
either pathway due to increased charge transfer resistance 52/,

@ (b) (]

33
30
27

24 |

Voltage vs. Li/Li* (V)

2.1

I I

6 9
Capacity (mAh-cm™)

Figure 1.4: Rea “tinn pathway influence on discharge. (a) SEM pieture of Li, O, layer obtained
by-surface-mechanism, adapted form[®®!, (b) SEM pieture of Li,O, toroid, frem solution
mechanism, adapted from 3¢/, (c) Dependence of galvanostatic discharge with solvent donor
number (0.1 M LiClO4), adapted from[!?/. The dashed line represent the 7 nm Li,O, thickness,
limit ef the achievable eapaeity by pure surface mechanism.

1.2.1.2 Charge

The Li,O, oxidation mechanism is less defined than the discharge mechanism. Several
points are still determined. First, the oxidation proceeds incipiently at low overpotential
with oxygen evolution at potential as low as 3 Vi;1;+; the thermodynamic potential being 2.96
V- 1055561 Second, voltage rise correlates with side products formation from the ckuize
onset, accelerated with growing potential, which are harder to oxidized than Li,O, 108!,
Third, overpotential arises to a lesser extent by increasingly difficult electron transfer as Li,O,

recede/>?.

With these considerations in mind, three different mechanistic models were discussed,
each backed up by experiments and calculation. First, a direct two-electron oxidation, due
to the absence of LiO, in acetonitrile, as shown by in situ surface-enhanced Raman spec-
troscopy!”!. Second, a topotactic delithiation forming a metastable Li,_,O, comprising Li,O,
and LiO, domains, based on DFT calculations and X-ray diffraction experiments 4560l Third,
a formation of a LiO, surface layer at low overpotential and a direct two-electrons oxida-
tion at high overpotential, based on electrochemical experiments!®!!. LiO, formation and
consequent disperoportionation was supported by TEM analysis[%?. DFT calulation, shown
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possible lithium extraction at low overpotential with the progressive dilatation of the Li,O,,
while O, evolution is responsible for the high overpotential, being the more defaveurbale

step. [45,63,64]

A unified model governed by the solvent DN, in a similar fashion than discharge, was
recently proposed ™. Using thin-film RRDE, dissolved LiO, isreduced at the ring with high
DN solvent (DMSO) while gbsent in a lower DN solvent (TEGDME), as shown in fig. 1.5.

Similarly, XANES experiments showed the formation of LiO, at the surface upon charging
only in high DN solvent.

(@) (b)
g6 T T 12 L
§ 3| TEGDME 110 g
< - 2 <C 2
£ {g 3 £ 3
> Or £ 2 £
: fe £ 3 :
o 6 la 3 kel 3
-9t -, S - T
3 9 "'-(}‘\,:__,___A>)__‘_>_ 8
@ 12 L . L — —=sae {0 a
o 1.5 2 25 3 35 4 45 o
Voltage vs. Li/Li* (V) Voltage vs. Li/Li* (V)

Figure 1.5: Thin-Film RRDE C /¢! c voltametry in presence of oxygen in different electrolyte
(0.2 M LiTFSI) at 50 mV.s-1 and a rotating speed of 900 rpm, adapted from[!l, The Au ring
potential was 4.0 V vs Li/Li+, sufficient for superoxide oxidation. (a) in TEGDME, (b) in DMSO.

As for discharge, the solvent influence, the Li,O, decomposition pathway, either via
solvatated superoxides or topotactic surface delithiation. A higher kinetie applied by the
overpotential favours the surface route as for discharge. The overall 2e- oxidation is-cerm—
posed-of two steps charge mechanism (Eq. 1.6); it commences with a first delithiation forming
superoxide like species. The second step, as for discharge, is either a second oxidation (Eq. 1.7)
or disproportionation (Eq. 1.8). In high DN solvents, Li, ,O, is partly dissolve, to LiO; (o)) that
can disproportionate. I explains the absence of solubilized LiO, detection in acetonitrile”!.
The reaction scheme eanbefound in fig. 1.6.

LizOz g LiZfXOZ + XLi+ + xe~ (16)
LiZ—XOZ - OZ + (Z—X) LlJr + (Z—X) e- (17)

2Li0; g0y — LizO; + Oy (1.8)
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Figure 1.6: Scheme of the charge reaction (simplified to x = 1) and the equations corre-
sponding to each steps.

It remains elusive if the adsorbed LiO, after initial delithiation will undergo disproportion-
ation or only direct reduetion: Evid 11 e seems to indicate disproportionation of absorbed
LiO, during charge!2%%! In any case, the disproportionation in charge is beyond doubt in
high DN solvent. ¢ emically synthesized Li,O, is converted into lamellar morphology due to
disproportionation after being partly oxidized, as illustrated by fig. 1.7; 't 1< accompanied by
the formation of nanocrystalline Li,O, detected by XANES.

R o R
-80%°
Me-lm.af,’q)

- --"}

500 ni™
} —

Figure 1.7: SEM at 80 % of the charge in different electrolytes (1 M LiTSFI), adapted form !,
(@) in TEGDME, (b) in DMSO and (c) in Me-IM. The inserf mentioning discharge are here for
comparison with solution mechanism during discharge. If not mentioned, the scale bars
represent 200 nm

1.2.1.3 Discharge product

Li-O2 cells, being a "beyond intercalation” technology, heavily rely on the discharge products
properties and notably mass/charge transport in Li,O,. Crystallinity, defects and applied volt-
age govern charge transport properties of the peroxide. The deposition drivingferce imposed
two distinct morphologies as described in part ??. The formation of a well-contacted amor-
phous Li,0, layer, through the surface pathway, results in lower oxidation potential [!!:60-66.67]
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The reaction is facilitated by defect-rich peroxide; L ¢fi:cts result in two orders of magni-
tude lower transport resistance compared to crystallites formed by disproportionation as

illustated by fig. 1.81666869 1,0, dispropertionation morphologies, despite driving higher

discharge capacities, leads to higher overpotential in charge and hence more side products.
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Figure 1.8: Charging voltage Tafel slope dependence on Li,0, crystallographic structure,
adapted from®®!, Pink hexagonal correspond to commercial crystalline Li,O,, red circle to
annealed Li,O, and dark red square to amorphous Li;Oy

Li,O, electronic conductivity present a particular dependence on the applied voltage.
Lower potential isimplied to result in reduced tunnelling barriers and easier charge transport
in Li-deficient phases, notably by lithium vacancy formation as seen in fig. ??; The reduced
charge conductivity during charge corroberate with the low discharge capacity gndlow
overpotential-atthe-charge start point: Different morphologies presenee would lead to

several charge plateay fer Li,O, oxidation; due to different transfer resistance,

<I_
Discharge

Log(s) (Log(Secm™)
|

2 2.5 3 3.5 4 4.5 5
Voltage vs. Li/Li* (V)
Figure 1.9: Lithium peroxide electronic conductivity versus the cell potential, adapted

from!%9]. The light pink region represents a IR drop lower than 0.1V for a 6 nm thick Li202
film. 02/Li202 thermodynamic potential correspond to the dashed line.

The charge transport importance lies in the reaction interface. The reaction could pro-
ceed either at the cathode/Li,O, or the Li,O,/electrolyte interface. The electrolyte/Liz
interface is generally accepted as reaction site during discharge/48-5979! in spite of contra-
dictory 1¢5 alts”!. The reaction interface is more disputed during the charge and leads to
different interpretations of the overpotential rise. Considering a Li,O,/electrolyte interface,
Li,O, poor conductivity will be limiting at all step, of the charge!7%7273 Eora cathode/Li,0,
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interface, the depletion will proceeds preferentially at the electrode surface, reducing contact
interface between the discharge products and the electrode, contributing to reduced elec-
tron path and increasing overpotential8-507174] In the first stage of charge, mass transport
of O, and Li* through the layer will be limiting. As experiments supporte both assumptions,
more thorough experimentatiens are needed to unravel completely the reaction interface as
its position appears related to the reaction pathway during discharge as well as the char »¢ 1p-
plied rate7°l. The charge potential rise cannot, however, be fully accounted py an increased
impedance of the cell. The rise was mostly assigned to the formation of side products as

lithium carbonates101575.76]

\ /’ Solvent
degradation ®

|

i

Li,O,/electrode interface

Discharge Solvent

Li,O,/electrolyte interface
Discharge
Marked 0,

Figure 1.10: Scheme of the reaction interface and the subsequent implication, The
Li,O,/electrode interface case is adapted from impedance spectrosopy results“8!. The
Li,O,/electrolyte interface case is,adapted from mass spectrometry results70),

1.2.2 Electrodes

1.2.2.1 Cathode

Li-O, cells repese on the formation/decomposition of lithium peroxide. This reaction needs
to proceed on a conductive matrix that can accommodate Li,O,. Peroxide will grow inside
and fill the matrix pores; Electrode material with sufficient porosity is necessary to allow
impertant Li,O, formation, hence high capacity. Owing to its low cost, good conductivity
and adaptable surface geometry, carbon is the materials of choice for Li-O, batteryelectrodes,

Carbon stability in Li-O, chemistry is however not perfect and was found to promote the
amount of side reactions/°87577.78 By IC labelled carbon electrode,and mass spectroscopy
insita-analysis, CO, evolution from deterior: i« | electrode was detected which is a common
decomposition products. Contact with Li,O, and discharge release, no notable CO, amount
form the electrode 8. Side products formation must hence arise entirely from electrolyte
degradation during discharge. Electrode degradation commence, with charge and accelerate,
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with the overpotential rise, forming Li,CO4, as shown in fig. 1.111887577] An aggravating factor
coneerning is the presence of defect and hydrophilic moieties at the carbon surface, promot-
ing the electrode and electrolyte decomposition, as dpecited in fig. 1.111%8[78]_ Another carbon
cathode issue arise from polymer binders. Commonly used lithium ion battery binders, as
PVDF, are unfortunately not stable in Li-O, cells”?-82l. Nowadays, Nafion or PTFE are the
binders of choice but their stability remains to be tested thoroughly towards aggressive
chemicals formed in Li-O, cells!81-83],

(a) (b)
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Figure 1.11: Carbon electrode stability. (a) In situ CO, mass spectroscopy during Li-O, cell
charge, adapted from!®8!. In red, '*CO, characterizing side reaction form the electrode, and
in black ?CO, side reaction ferm the electrolyte. The results where obtain by DEMS with
a DMSO electrolyte after a prror discharge up to 2 VL1/L1 (b €D, evelution-from L—ig-@gg
ste, adapted from 58
The pmk circles represent %gydrophoblc carbon the red hexagons commercial carbon, the
dark red square hydrophilic carbon.

As a result of carbon instability, more stable materials have been tested as electrode
materials. To stay competitive, these materials should not catalyse electrolyte decomposition
as well as keep a high porosity, a low density and price. Among the materials tested, Ti
ceramics and nanoporous Au showed, for example, an improve cyclability and reduced
side reactivity!2018384 [f gold is naturally protected in Li-O, cells conditions, Ti materials
as TiC or metallic Magnéli phase Ti4O; needs a passivation layer!83-85! This layer is formed
likely by oxygen-deficient titanium oxide (TiO,_y), enhancing the corrosion resistance and
the conductivity of Ti materials. A similar ad-hoc passivation layer of ZnO or Au deposited
carbon increased its corrosion resistance. This method face nevertheless passivation layer
breaking after some cycling due to the deposition of Li202 below the passivation layer![8687!
The materials higher density compared to carbon imapesed a higher surface-area to convey
an interesting capacity, Unfortunately, these alternative cathodes cannot compete yet with
carbon porosity.
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Figure 1.12: Materials dependency, of CO, evolution from Li,CO; decomposition formed
by electrolyte decomposition in DMSO electrolyte, adapted from!8!. The red hexagons
represents carbon cathode, the dark red square, TiC cathode.

Considering the porosity, the influence of the electrode pore size have been investi-
gated (8889 Several geometries and their impacts are tested as mesostructure,carbon, carbon
aerogels, graphene-based electrodes!8?![°0-921 Mod 1ing use allows verifying the porosity
in ¢ rtance!3. The pathway, to these pores, especiaily with nanomaterials, should not be
negiected. At high current density, mass transport is limiting!®?. Li,0, and side products
formation could provoke clogging of the small matrix pore. Higher pore size appears to
enhance the lifetime of similarly constituted electrodes, as demonstrated in fig. 1.13[8889 In a
similar fashion, bigger molecules as additives also require access to the pore and a nano-grid
electrode was proposed to facilitate their diffusion!#4,
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Figure 1.13: Poros '’ size influence on Li-O, cells, adapted from[8%!. In green cycling of large

pore size carbon and in black, small pore size. The discharge capacity,are limited to 1.0
mA-h-cm™ and current fixed to 0.1 mA-cm™2.

1.2.2.2 Anode

Cathode limits mostly the capacities with current Lithium-ion technology. High cape<it
anode rises, however, as problematic to follow the increased cathode capacity, Anode
technology with similar capacity to O, cathodes requires "beyond intercalation” approach,
Lithium metal has a very good specific energy, a low density and the lowest electrochemical
potential. Lithium metal anode is however still not ready, despite in-depth mechanistic

study[95] [96].

The anode lose quickly coulombic efficiency with the formation of a so-called surface
electrolyte interphase (SEI). The SEI is formed by decomposition side products as Li car-
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bonates, LIOH or LiF®’-%. These reaction can be due to decomposition of counter ions
(PFg, TFSI"), impurities present in the electrolyte (H,O, H') or the decomposition of the
electrolyte jitself (O,, carbonate, CO,). The lithium passivation layer presents a different
resistance and tensile strength depending on its composition, generally composed of an
inorganic compounds core and an outer layer of organic chemicals, as schemed in fig. 1.1418!,

Li,C LiOH
Li,O
LiF

Li;N Li,CO;

o
o
ROLi T _SH
L Crackin
o 9
—

Figure 1.14: SEI composition and formation of preferentiel dep - tion pathway, adapted
from [98,

In addition, lithium preferably grows as dendrites that lead to short circuits after some
cycles, hazardous due to flammable organic electrolytes. Due to ner-homogeneity, break-
ing of the SEI forms preferential deposition pathways, enhancing the tendency to produce
dendrites!'°°!. This newly formed dendrites growth is favoured by non-uniform field distri-
bution, accelerating deposition at the tip of the dendrites!'!. The pristine lithium surface
of the dendrites is also subject to SEI reformation, increasing the side reactions. Lithium
dendrites can disconnect from the anode due to side reactivity, synonym of dead weight and
capacity loss!'?l. Considering solid-state electrolyte, mossy or diacritics deposition reduce
electrode/electrolyte contact, increasing cell resistance and leading to quick death!103!,

Figure 1.15: SEM image of mossy (top) and dendritic (bottom) deposition. Top picture rep-
resent the 14™ at 0.45 mA-cm™2 and bottom picture after first charge at 2.2 mA-cm™

Since SEI formation appears inevitable, the formation of a compact and uniform layer,
with good mechanical and electrical properties is required to successfully use Li metal an-
odes. The presence of O, impose specific stability requirements!®!. Even though lithium
metal would require a separation from moisture and oxygenated species produce, at the
cathodes!'%4, a strong SEI remains a must-have to ensure long term cycling. The electrolyte
constitution holds a strong influence on the SEI composition. As the solvent itself is not
completely stable, it will change the composition of the SEI. Carbonates usually lead to good
stability but are not useable in Li-O, batteries!'%!. The salts are nei=<r stable, especially
in contact with water impurities in the solvent, and can form LiF i1:case of PFg or TFSI”
cations!9%195! LiF is actually a compact layer with good uniformity and strength improving
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stability but brings a lower conductivity. Nitrate/azide based lithium salt are also employed
to produce a stable SEI and have been tested in Li-O, cells conditions, as show in in fig.
1.16(a)1106-1991 NO4~ enhances furthermore solution pathway at the cathode and gets reduced
at the Li to generate NO,~ that facilitate Li, O, oxidation by pxidation mediator effect[37![39,
Azides are known to quench reactive species formed in Li-O, batteries as discussed in
quencher!"'!. Yet, nitrate salt suffers from lower conductivities compared to TFSI” iens and
should be used as additives. Other additives commonly used for lithium metal, as CO, or
organic additives for example, are not applicable te Li-O, cells fer cathode stability issue,

(a) (b) (©)

16 f

-
n

Y
Y]
T

Pressure (bar)

10 0O 10 20 30 40 50 60 70
Time (h)

Figure 1.16: Formation of a stable SELI. (a) Pressure evolution at OCV in a closed symmetric
Li/Li cell, adapted from[19¢l. Pressure evolution denetes a side reaction, of the electrolyte
with lithium metal. In black. evolution of cells with a N,N-" nethylacetamide electrolyte
and LiTFSI salt under argon; 111 1 2d, the same electrolyte under oxygen atmosphere. In green,
evolution of cells with a N,N-Dimethylacetamide electrolyte and LiTFSI/LiNOj salt under
argon; In blue, the same electrolyte under oxygen atmosphere. (b) SEM image of Li anode
after 10y, deposition at 0.1 mA-cm™ with a 1 M LiPFg in propylene carbonate electrolyte,
adapted from M. (c) SEM image of Li anode after 10y, deposition at 0.1 mA-cm™2 witha 1M

LiPFg and 0.05 M CsPFg in propylene carbonate electrolyte, adapted from ',

A proposed solution is to preform a SEI by plunging the lithium in a fluorinated solvent 112,

After this treatment, lithium metal was able to cycle in acetonitrile, a common solvent, Li-O,
chemistry. Another fashion to produce a SEI is by protecting the anode with a solid state
electrolyte as discussed in intro electrolyte. More exotic ways to reduce dendrites are in-
vestigated as control the lithium deposition rates or formation of self-healing electrostatic
shield by incorporating Cs* or Na* ions, demonstrated in fig. 1.16(b)-(c) 1131,

1.2.3 Electrolyte

Difficult criterions are to be met for Li-O, cells electrolyte, namely suffic =it electrochem-
ical windows, formation of a stable passivation layer with the anode, a 1ugh conductivity
and be chemically stable. Electrolyte in Li-O, cells holds , moreover, a major influence on
the discharge and charge mechanism. Li-O, chemistries induce very aggressive species in
solution. For this reason, solvents such as ethers (particularly glymes)"4115 sulfones 6],
amides!106108.17.118] sy]foxides!??! replace carbonates usually used in lithium batteries 19!,
Nitriles present likewise a good stability towards reduced oxygen species, its interested is

nevertheless reduced due to lithium metal instability and low donor number[12°],
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High capacity enticed by the solution pathway, as described in 1.2.1.1, favoured high DN
solvents use, Solution pathway is nonetheless a double-edge sword, solvating more aggres-
sive species for the electrolyte and increasing superoxide attack, as illustrated in fig. 117144 A
trade-off needs to be found between the longevity and capacity, high DN solvent being more
susceptible to nucleophilic attack. To improve stability towards reduced O, species, solvents
are designed to avoid nucleophilic attack by avoiding any protons in a-position to het-
eroatoms. Among them, fully methylated glyme!'?!), hexamethylphosphoramide (HMPA)!122,
or the fully methylated methoxy ketone 2,4-dimethoxy-2,4-dimethylpentan-3-one 2% sug-
gest increased stability. Yet, such electrolytes are for the moment impeded by extreme
toxicity (HMPA) or instability with a Lithium metal. The choice of the salt equally influence_
the reaction mechanism and should not only be chosen for their conductivity and stability
towards lithium metal/oxygen species, as discussed in ??. The same reasoning goes with
additives such as phenol, protic species or mediators.

pK; in DMSO

20 — -1
07 -06 -05 -04 -03 -02 -01 0 eV

AG*, free energy of LiO, dissolution (eV)

Figure 1.17: Contour map of 111 cleophilic attack thermodynamic driving force for different
solvents, adapted from 4!, The driving force is given in function of the Gibbs free energy for
dissolution with MeCN as reference and the solvent pK, in DMSO. Low dissolution energy
denotes a tendency for the solution mechanism and low pk, easier hydrogen abstraction

Ionic liquids, in addition to advantages as high electrochemical and chemical stability,
present low volatility especially interesting for real application with an airflow!®!. Use of ionic
liquids is furthermore motivated by Jow charge hysteresis. The oxygen reduction mecha-
nism in ionic liquids appears to differ from conventional electrolytes, notably influenced by
the weaker Lewis acidity of the ionic liquid cations, favouring superoxide solvation [124125
Unfortunately, O, solubility and diffusivity are low due to their viscosity?¢!. The ionic liquids,
chemical stability is also problematic for Li-O, application, since common imidazolium-
based ionic liquids are not stable towards superoxide!'?”). Pyrrolidinium or piperidinium
based ionic liquids present a better compatibility with superoxide and lithium metal but still,
insufficient reversibility and fendency to parasitic chemistry[120.128-130]_ Among other issues,
higher price, possible stability issue towards lithium metal and lower Li-ions solubility also
speak in disfavour of ionic liquids 13!,

Solid-state electrolytes are promising due to the external protection they offer to lithium
metal from O, or H,O. Dendrites growth can also be inhered by applying external pressure
on the anode. Solid-state electrolytes comprise ceramig (perovskite, garnet, NASICON) and
polymer, Solid-state electrolytes have the detrimental characteristics of lower conductivi-
ties 1321331 Li-air cells would specifically require the arrival of gaseous O, at the surface, O,
transport in solid being low, and volume acclimation with peroxide formation. The solid-
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Chapter 1. Oxygen chemistry, a pathway to next generation batteries 31

state electronic also prevents the solution pathway, leading to low capacities. The stability of
polymer against reduced oxygen species is moreover problematic 132111341 Ceramig suffers
from mechanical degradation due to their brittleness combined with volume changes of
both electrodes!33!,

Apromising use of solid-state electrolytes is separator between the oxygenated species/moisture

and the lithium metal, necessary to prevent the anode corrosion. Solid-state electrolytes
can separate anodic and cathodic compartment avoiding cross-talk between the two elec-
trodes!104135] A separator allows moreover two different electrolytes, a fluorinated carbonate
for SEI production at the anode and an ether at the cathode for its stability. Such methods
can also permit the use of additives in the cathode compartment that would not be stable
in contact with lithium metal, as schematized in fig. 1181, Solid-state electrolyte is then
of major importance for long term cycling but not as direct electrolyte. Work on Li-O,
solid electrolytes are still at the beginning but researches are motivated by the possibility of
flexible batteries and potential moisture and air protection of the anode [137:1381,
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Figure 1.18: Scheme of solid state electrolyte used as separator taken from['3¢!, The Tempo
additives are confined to the cathode and does not crosstalk to the lithium anode.

1.2.4 Complete stack

Li-O, batteries main advantage is often described as the Li,O, theoretical capacity (1168
mAh-g~¢). Given the nature of beyond intercalation batteries, achievable capacity is often
misgiven as the capacity per gram of porous substrate; Flattering numbers can be obtained,
between 1000 and 4000 mAh-g carhon !, compared to ~ 100-500 mAh-g~! for traditional
technologies# 8111391 [imited capacity discharge, usually around 1000 mAh-g.apon ", limits
as well side reictions amounts, improves cyclability and still cc 1y are favourably with inter-
calation materials. The electrode mass is an accurate descriptor or the achievable capacity in
intercalation materials; the host material mass and volume are well defined and relatively
stable between discharge and charge state!!. In Li-O, cells, no actual storage materials are
present in the initial charge state and active material mass and volume definition,become
fuzzier. Li,O, chemistry is not only based on electron conductor but also O, and Li* transport
in the electrodes pore by the electrolyte, rather than seld ~m alkaline ions intercalation.

A more comparable descriptor of Li-O, electrode to intercalation materials is the concept
of "super-host structure” representing the electrolyte filled porous electrode. Discharge
products formation drives-eut the electrolyte from the pores but will still be present in the
system and part of an extended host electrode definition. In Li-O, cells, the initial host mate-
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32 1.2. The lithium-air technology state of the art

rial is not confined to the electrode but includes the electrolyte filling the pores. The concept
of super-host electrode is elaborate in fig. 1.19. Electrodes porosity holds primary importance
for the capacity. Besides being needed to accommodate a high amount of active storage
materials, high porosity implies a larger electrolyte/electrode proportion. This additional
electrolyte, in turn, diminishes the true specific capacity compared to lower porosi'y. A
capacity given per mass of electrodes alone can hence result in highly different "true” capacity
depending on initial porosity; Only the "true” capacity based on the total super-host weight
can be use to show a significant capacity improvement compare, to intercalation materials,
especially with limited capacity cycles.
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Figure 1.19: Super-host structure, adapted from!®!. (a) Scheme of the super-host structure
expansion at different Li,O, filling degrees. (b) Relative volumes of each super-host compo-
nent at different state of discharge. The insertion material LiFePO,4 at 74% volume occupation

is given for comparison.

To add more details, I need to know how the calculations were exactly done, could
you give me your calculation sheet?
Only several easily obtained parameters are required to calculate true capacities. They are
the electrode thickness, the mass fractions of all components (electrode, binder, and elec-
trolyte), and their areal loading. Knowing the respective densities, the volume fractions
can be obtained. With these measures, it is straightforward to convert the capacity with
respect to substrate into true capacity per mass and volume of the total electrode including
electrolyte. From cr/sthllography, the maximum theoretical packing for Li,O, is a face cen-
tred cubic structure corresponding to 74 % volume occupation. Using an electrode with 4%
binder volume, a starting porosity of 92 % and a electrolyte with a 1.1 find why this value
in the calculation sheet density yield a "true" capacity of ~# 700 mAh-g;,i.; ! and a volume
occupation of 80 %, the results obtained is described in fig. 1.20.

Electrolyte/electrode ratio become gven more predominant in the case of electrode ma-
terial as porous Au or TiC, discussed in part 1.2.2.1. The specific capacity is naturally reduced
considering their higher density. An increased porosity reduces the high-density material
proportion hence nearing its theoretical capacity to a lighter one, like carbon. The use of
alternatives cathode materials is therefore greatly dependent on their porosity as illustrated
in fig. 1.20.
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Figure 1.20: Super- [iC st true capacity. The calculation protocol is described in the main text.
(a) Recalculated capacity at different matrix porosity (75%, 85% and 92 %). The insertion
material LiFePO, at 74% volume occupation is given for comparison, adapted from!®!. (b)
Recalculated "true” capacity in function of the electrode porosity and density given for
either 80% (full line) or 100% (dotted line) Li,O, volume occupation, adapted form 9!, The
description is unclear, it is written in the book that you need an initial porosity of 92% to
achieve 80% filling

Even though accounting for "super-host structure” results in lower achievable capacity,
Li-O, cathode gtill present a significant amelioration compared to lithium-ions cells. The
only requirements-are high Li,O, packing density and a small inactive/active material ratio.
Li-O, cathode is however not the only one to be subject to volume change during cycling.
Lithium metal electrode itself will change volume/mass upon lithium plating/stripping or
the surface electrolyte interphase formation[®814!l. This is often overlooked since the lithium
metal is a very efficient reservoir of lithium ions and imposes overdesigning lithium anode.

True cathode specific capacity is sufficient for Li-O, technology to hold promises at
research scales; Practical application needs to take into account specific cell design¥!. Stack
capacity depends notably on binders that should be kept at a minimum, current collectors,
the cell housing and stack 2. The stack and cell housing are particularly important for Li-O,
batteries where airflow to the cathode has to be jnsured. Development of such technologies
is still in its infancy. If current predictions are pessimistic, it is too early to judge on the final
achievable capacity of a Li-O, stack!®!.
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1.3 Main Reason and suspected origin of metal-air technologies set-
backs

1.3.1 The side reactivity importance and metrics

The biggest challenge faced by non-aqueous metal-air batteries is high side reactions, pre-
venting long term cycling amd maturing of the technology. Typical side products are lithium
carbonates as Li,CQs, Li formate and Li acetate75114143] The parasitic products subsequently
lead to quick cells death due to pore and surface clogging as well as higher charge poten-
tial 058! The higher potential results itself in an acceleration of side reactions!®8!. Only a deep
understanding of the reaction mechanisms and the development of accurate measurement
methods will allow truly technology advancement and prevent, cell degradation.

The first and foremost characteristic of reversible cells is an ef ici2nt redox chemistry of
O,. For Li-O, chemistry, the amount of oxygen and peroxide consume/released compared to
the capacity must comply with the Faraday law, given in eq. 1.9, and a deviation characterizes
side reactions presenee; Stoichiometry implies strict e7/0O,, e7/Li,O, and O,/Li,O, ratig
described in eq. 1.10 and eq. 1.11. O, and L are the only products in a perfectly reversible
cell. No side reactivity results in a perfect coulombic yield, hence, all Li,O, produce during
discharge should readily be oxidized to O, during charge.

I-t

S (1.9)

n

with n, the number of mole consumed/produced;i;ine current (A); t, the time (s); F, the
Faraday constant (96485.33289 C - mol™); z, the valency number

0, +2e +2Li" < Li,0, (1.10)
e_/02=2; e_/Li202=2; OZ/L1202= 1 (111)
P-V=n-R-T (1.12)

with P, the pressure (Pa); V, the volume (m3); n, the number of mole, consumed/produced; R,
the ideal gas constant (8.314 m3-Pa-K~!-mol™); T, the temperature (K)

These conditions are not mutually inclusive and all of them should be met to achieved
complete reversibility. During discharge, oxygen consumption is often close to the theo-
retical ratio of 2 e7/O,. Such oxygen consumption does not necessary result in a 2 e”/Li,0,
formation as side reactions might consume O,. The observed side reactions are more se-
vere during charges, represented by the orange gap between the O, production and Li,O,
consumption in fig. 1.21. The clear lack of oxygen results in a deviation from the ideal trend
of 2 e7/0,. This representation defines the major issue of metal-air batteries, a-far from ideal
reactions due to parasitic reaction especially severe during charge.
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Figure 1.21: Side reactivity ¢iiaracterized by Li,O, and O, evolution, adapted from "4, O,
evolution represented in Ligiit blue, Li;O, in grey, side reaction in orange related to Li,O,
formation/dissolution and side reaction due to parasitic oxidation of other species in orange.
(a) Discharge (b) Charge side reactivity characterized by Li,O, and O, evolution]

Analysis of the O, and Li, O, production in evermore crucial when limited discharge/charge
capacity is used. Apart from biasing the faradic yield by reducing the rumber of possible
side reactions, the charge curves can falsely appear as reversible. The figure 1.22 illustrates
this point. Full discharge/charge curves are characterized by a plateau at a characteristic
voltage corresponding to the reagent consumption with a rate imposed by the current. This
plateay, followed by a sharp change at the end of the reaction due to insufficient reagent
concentration at the electrode surface. It signifies the transition towards a new electro-
chemical reaction gs the electrolyte decomposition. In a limited capacity discharge case, a
recharge at the same capacity should reach full consumption of the storage material and
present the potential <iil:, except in the case of a complete absence of side reaction. The
absence of potential shift indicates then the presence of side reactions. In a similar fashion,
a side reaction at a potential close to the main reaction could appears as the main reaction
overpotential as for LiCO5 oxidation during Li-O, batterie charge!'>58!. In the extreme case
of the black curve in fig. 1.22, the capacity is at least partly due to side reactivity, as indicated
by the absence of peaks in the derivative scale. The faradic yield alone is not a good marker
of reversibility.


Stefan
Notiz
as characterized by the amount of li2o2/O2 consumed/formed and capacity passed.

Stefan
Eingefügter Text
is

Stefan
Hervorheben

Stefan
Hervorheben

Stefan
Durchstreichen
amount

Stefan
Durchstreichen

Stefan
Eingefügter Text
is

Stefan
Eingefügter Text
such 

Stefan
Durchstreichen

Stefan
Eingefügter Text
re

Stefan
Notiz
rather rise than shift

Stefan
Hervorheben

Stefan
Eingefügter Text
such


36 1.3. Main Reason and suspected origin of metal-air technologies setbacks

4.5

___________ o ool eevevervosoveer — — — — — —

stability without Li,O, ¢

4

35

Voltage (V)

s _

2
0 0.5 ] o
Norm. capacity Q (-) |[dQ/dU| (V)

Figure 1.22: Typical cycling curve of Li-O, cells, adapted from book chapter. The dark
curves represent charge with high amount of side reactions. The full curves shows cycling
with voltage cut-off where the dashed curves shows capacitiy limited discharge.

The needs for more qualitative measurement gave rise to analytic protocols f>r he
consumption/release of O, <111 the discharge/side products characterization that will be
reviewed more in detailled i part 2.2.4.

It is important to consider metal-air batteries to be in its infancy. Most studies concerns
indeed metal-O, chemistry and not metal-air. With the use of air, species as CO, or H,0,
highly reactive with both the anode and the cathode would increase the nun ber of side
reactions 36145l and part. ?2. Due to the lack of technological insight on the metal-air, the
rest of the thesis will only focus on metal-O, side reactivity as the first step to practical

lications.
1.3.2 Reduced oxygen species as the side rcactivity source

Finding culprits for the crippling parasitic reactions of metal-O2 cells have always been
of major importance to unleash its potential. Reduced oxygen species, formed during
the reaction, are easily de: 21 able due to their nucleophilicity, basicity and radical nature;
Such { pecies as O, OZZ", HOO-, HOO", and HO- are prone to react with numerous organic
molecules and are a possible source of parasitic chemistry!6147l Known reaction routes
are for examples nucleophilic substitutions, H+, H-atom abstraction or pxidatio . High
polarity solvents are de i able to increase salt solubility; In view of their aprotic nature,
solvents usually comprisc clectronegative moieties increasing susceptibility to nucleophilic
substitution !, Cemmon aprotic batteries electrolyte as carbonates are not stable with
reduced oxygen spe -« 51191481 Alternatives solvents; as glyme; show increased stability!!14143],
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Table 1.1: Generic electrolyte side reactions with reduced oxygen species and molecular
oxygen, adapted from[°l, The activation energy for the reaction are calculated by DFT.
For O, H" abastraction, example of pKa < 30: Fluorinated esters, -(CH,-CF,),,- , aliphatic
dinitriles, alkyl imides. Example of pKa > 30: acetonitrile, DMSO, N-alkyl amides and lactams,
aliphatic ethers.

Reactant  Type of reaction Reaction E3t (kJ-mol~Y)

132 7T _ 15 1149] (DME)
121-193 with LiO, 150 (DME derivative)

nucleophilic , - _ ) v 150)
substitution ROR'+ O, RO™ + ROO- 65117l - 681150 (PC)
o 96 with LiO, (PC)
’ 105171 (MeCN)
H—atom RH+ 0O, —> RO-+HOO" 1291811 _ 14701821 _ 15211491 _ 180 [153] (DME)
abstraction
He - - As first approx. pKa>30 is stable [15411155]
abstraction RH+ O, R+ HOO: see legend for examples
nucleophilic 671107 (PC)
oph ROR’ +Li,0, — [RO7Li*] + [ROOLi*] 135 - 19211561 (DME)
substitution ool PME
Li,O, 112 (DME derivative)
H-atom
1 —_— . i -H- [156]
abstraction RH + Li;0, R-+ [Liz0,-H] 132 (DME)
H+
i > “Lit “Lit [156]
abstraction RH + Li;0; [R7Li*] + [HOOLi'] 16
H-atom
—> R . [151]
Oz abstraction RH + O, R-+HOO 163

recheck table for safety

An activation energy higher than 100 k]-mol™! apnears too endothermic to greatly con-
tribute to the parasitic reaction!"'”!. On the contrar o the carbonates, the aliphatic ether,
solvent as the con 111>n metal-air selvent-glyme, prese || -eactivity with the superoxide
at energy activation apove the 100 k-mol™! threshold; Tius suggests a low occurrance of
superoxide-solvents reactions. Li" ior s = ddition furthermore stabilises against H-ak =#-action
by O, and O, by-dint of solvent coordination '7:151152],

Setting aside superoxide, HOO-, HOO", and HO- are still good candidate as the source of
unwanted reactivity!8915! These species arise from proton source such as water or weak
acids, with which O, readily react according to eq. 1.13.

O, + HA — HOO-+A"
HOO- + 0, — HOO™ + O,

2HOO- —= H,0, + O,

HOO™ + H,0, — O, + HO-+H,0 (1.13)
A +0, — O +A

A-+0, — AOO-

AOO-+0; —= AOO™ + O,

A proton source appears to be intertwined with nucleophilic attacks of the solvent; The
parasitic chemistry in Li-O, actually increase, with the addition of water[®®!. The oxygen-
pronated reduced species are strong r<actant as the HOO™ base!®°l. The stronger base
facilitates H-abstraction and the initiator leads to a radical chain reaction and solvent au-
toxidation. -9, cells can be cycled in DMSO reversibly for over thousands of cycles!??!, as
illustrated ii.4.g. 1.23. To do so, the anode must be separated from the cathode with ceramic
membrane to remove any proton contamination. KO, being a source of superoxide, the
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electrolyte shows relative stability towards O, ; gas chromatography and cyclic voltametry
corroborate adapted solvent stabilities after contact with dissolve KO, by 18-crown-6 ether
during one week!""”. Water contamination can nevertheless not be assigned as solely re-
sponsible for side reactions. Side reactions are more p1 U cient during charge than discharge,
conflicting w ith the reduced presence of superoxide, as explained in part. 1.3.1. The major
difference between K-O, and Na/Li-O, chemistry is the stability of alkaline superoxide as it
will be discussed in part. singlet disp. The LiO, or NaO, dis /< portionation influence is of
prime importance when-censidering the presence of singlet oxygen, an excited molecular
oxygen species.

35 T T T T
® 1 ® 50
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Figure 1.23: Discharge/charge curves of a KO, cell for 2000 cycle at a current density of
2.0 mA-cm 2 and limited to 0.25 ma-h-cm™2, adapted from 22!,

Conclusion

Li-air technology is still in its infancy d<spite the promises of improve capacity. The new
"beyond intercalation chemistries” paradigm impese new mechanistic descriptor to en-
sure maturation of Li-air cells. The eurrent understanding of Li-air chemistry was expeosed
through this chapter and while s/ 11lacking deep understanding of the process in place, recent
insight provided a better awareness of the Li,O, formation/disappearance and associated
parasitic chemistry.

bet—h—eﬂ—el-x-seha-ﬁge—a-ﬂel—eha{age Thls process leads to hlgher 1mportance of the electrolyte

composition which influences directly the discharge products geometry as well as the ca-
pacity achieved. Through superoxide solvation, the solution mechanism allows for higher
discharge capacities. Li, O, itself is a insulator which conductivity is now known to depend
on its formation mechanism and potential applied. The high overpotential encounter during
charge is mostly arising from the accumulation of side products from electrodes and elec-
trolyte decomposition. The widely used carbon cathodes are increasingly degraded with the
potential applied and results in carbonates formation. New materials are being developed to
increase the cathode stability at the cost of weight increase. The anode is similarly problem-
atic with instability towards organic and oxygenated species despite improve compatibility
by dint of specially designed SEI. Typical lithium-ion batteries electrolyte are unstable in
metal-air chemistry which gave rise to new organic solvent use as glyme presenting higher
robustness. Ionic liquids and solid-states electrolyte are concurrently developed but reveals
themselves as currently unadapted to the metal-air chemistry.

Although there has been tremendous improvement of the Li-air cell cyclability, parasitic
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reactions stay their main hurdle. The achieved capacities per mass of cathode are often com-
pared favourably to intercalation materials. This neglect the "beyond intercalation" nature
of the technology and the complete stack characteristic should be taken in consideration
before any assessment. They might moreover be the results of limited capacity, potentially
covering the parasitic chemistry contribution to the capacity. To determine the real reac-
tion yield and reversibility, specific analytical methods have been developed as pressure
monitoring. Without such measurements, it is difficult to statute on improved performance
claim due to the very nature of Li-air cells. The side reactions were mainly attributed by the
presence of reduced oxygen species present during cell cycling. Superoxide species, yet,
can not explain the increase side reaction production formation during charge. By DFT, it
was moreover shown that the reduced oxygen species reactivity with adapted electrolyte is
unlikely, comforted by the high stability achieved for K-O, cells. Recently, the very aggressive
singlet oxygen was ascribed as a main source of side reactivity in Li-air chemistry.
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Oxigen (sic), as you well know, is my hero as well as my foe.
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Introduction

Metal-air batteries suffer from severe parasitic reactions preventing their long term cycling.
Among other consequences, side reactions provoke electrolyte and electrode decomposition
resulting in low efficiency, high overpotential and poor rechargeability due to side products
accumulation. As described in the previous chapter, superoxide pre~==ce does not suffice
to explain such degradation inregards to the improved K-O, cyclabi *; compared to Li-O,
and Na-O, chemistries. Other culprits must em==z2 to underpin an improved metal-air cells
cyclability. Considering the metal-air mechar=c=e; the most i1 icate species are excited
oxygen. Due to t'iCi~ detection difficulties, their presence in metal-air devices was often
overlooked despicC their high reactivity. From peroxide chemical oxidation, singlet oxygen,
the first ¢y gen excited state, can be produced!®-®l. Our group main reasoning, presented,
this chap.ci, is the production of this aggressive species in metal-air devices and deciphering
its possible productions pathways.

Singlet oxygen, as an excited species, possesses a peculiar chemistry compared to its
ground state counterpart. Singlet oxygen, reactivity lies in its electronic structures. On the
contrary of the triplet state, singlet oxygen has two uncoupled electrons in its valence shell
giving it a dienophile character. This particularity is made use of in organic chemistry. In
metal-air batteries context, singlet oxygen was shown to react with and degrade cells com-
ponent as the electrolyte or carbonaceous electrode. Parasitic reactions could be thus partly
attributed to 'O, if present in the cells.

To characterize and quantify the suspected 'O, presence in metal-air batteries, our group
developed a number of adapted analytical methods. These analyses allow quantification in-
situ or ex-situ of singlet oxygen and side reaction presences by a combination of techniques,
i.e, high preeision liquid chromatography (HPLC), UV-vis spectrometry, mass spectroseepy
(MS) or pressure monitoring. The development of these methods repese on the production
of photochemically produced 'O, at on controlled rate by-dint of a photo-sensitizer.

Disproportionation

(M = Li, Na)

Akali oxide oxidation @Q
@ Carbonate oxidation

(M = Li, Na, K)
00 @NTL@@

Figure 2.1: Illustration of the propesed singlet oxygen production pathways in metal-air
batteries.

The singlet oxygen presence will be demonstrated in metal-air as well as Li-based non-
organic batteries and its production mechanism described, either via a direct electrochemical
or chemical process, The formation of singlet oxygen is directly intertwined with the energy


Stefan
Durchstreichen

Stefan
Notiz
superoxide's reactivity

Stefan
Durchstreichen
which becomes particularly clear when considering the ...

Stefan
Notiz
identified

Stefan
Durchstreichen

Stefan
Durchstreichen
mechanism

Stefan
Notiz
a likely reactive species would be excited oxygen

Stefan
Notiz
due to the difficulty to detect it, its presence ....

Stefan
Notiz
the first electronically excited state of ground state triplet oxygen.

here it may be the place to use the term symbols

Stefan
Eingefügter Text
 in

Stefan
Notiz
A central contribution of our group to this end has been to identify 1O2 as the main culprit for degradation in metal-O2 cells. To do so a set of detection methods was developed, formation mechanisms elucidated, and countermeasures introduced

Stefan
Eingefügter Text
's

Stefan
Notiz
In contrast to triplet ...

Stefan
Eingefügter Text
'

Stefan
Durchstreichen

Stefan
Eingefügter Text
s such

Stefan
Durchstreichen

Stefan
Durchstreichen

Stefan
Eingefügter Text
performance

Stefan
Durchstreichen

Stefan
Eingefügter Text
metr

Stefan
Durchstreichen

Stefan
Eingefügter Text
relied

Stefan
Durchstreichen

Stefan
Eingefügter Text
using

Stefan
Durchstreichen

Stefan
Eingefügter Text
identified

Stefan
Durchstreichen

Stefan
Eingefügter Text
es


Chapter 2. Singlet oxygen in aqueous batteries, an affliction 55

storage reactions in metal-air batteries. Its formation at high overpotential can precess by
oxidation of either alkali oxide, at potential sufficient to overcome the 'O, formation energy
barrier, or lithium carbonate, a common by-products of organic based lithium batteries.
We show as-well-the '0, formation via alkali superoxide disproportionation, thermodynami-
cally favoured for LiO, and NaO,, process partially responsible for NaO, decomposition at
rest. The singlet oxygen impertance to understand the side reactions preeess in metal-air
batteries will be presented in this chapter and the rest of this thesis will try to unfold these
mechanisms more in-depth.
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2.1 Excited molecular oxygen as a source of side reactivity

2.1.1 Theoretical considerations

Oxygen redox chemistry is sg crucial that the word oxidation was forged from this molecule.
Oxygen is ever so ominous due to cellular respiration. This reaction, which shaped cur-
rent animal evolution!), rely; on oxygen reduction in a similar fashion to metal-O, cells!®!.
These reactions are based on the oxygen chemistry in its ground state. The ground state of
molecular dioxygen is a triplet state due to its open electron shell, enthe-contrary-of most
molecules who have a closed shell (cf. the octet and eighteen-electron rules)!®!, reducing
electronic screening of the nucleus according to Hund's rule of maximum multiplicity 0!,
The ground triplet state is roted, as 32; in molecular term symbol (3 is the total spin quantum
number, ¥ the projection of the orbital angular momentum along the internuclear axis and
~ the reflection symmetry along an arbitrary plane containing the internuclear axis). The 3%
state is characterized by two uneeupled, electron en the valence shell; These are situated en,
the 2o antibonding orbitals in the case of dioxygen (7}, and ﬂ;py)“o] 121 35 illustrated in
fig. 2.2. The ground state dioxygen is not the only molecular oxygen jnvolve in biological
process/>4. Dioxygen can exist in excited states; Fhe Jowest energyore are singlet states

with the ‘hange of one electronspirrat 94 and 157 kJ-mol™ for 'A, and 'f, respectively
Yrom the ground state'!5-7] As single state, 'A, and ' present two c//iipled electron on
the valence shell, as indicated in fig. 2.2. The A, has both electrons situated on the same
T, orbital where the 12; has electrons on the two different 3, orbitals!®!.

A
) —
- ~
- ~2 0
o ‘_ |
A
Al | £7
= v I
> | — 1
()]
= A 4|
GC) Al Al I v | v
L 2 2
Al 4 |
| v B2
3¢ - 1A 1< +
24 g 2,

Figure 2.2: Electronics structures of dioxygen at ground state and its two lower excited
state X, 'A; and 'T}).

'A, and T} states decay towards the ground state at largely different kinetics["4. =y
quickly decay to the 'Ag(/°X) state(s) (4] with a lifetime of 7 sec in absence of external

perturbation, 2.4 us in dry air and inferierte 1 ns in commeon setvert 1%l The 'A, transition
to the ground state i however spin forbidden!!!. The 1A, state can be called a metastable
species, with a lifetime of 45-72 min in absence of external perturbation, 86 ms in dry air and
between approximatelly 107 up to 102 seconds in solution depanding on the solvent!141618]
The lifetime of the ' Ay depend strongly on the nature of the solvent and notably the water

content and protern moeties!!.
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2.1.2 Singlet oxygen reactivity

Due to the lifetime difference of 'A, and ', only the 'A, state will be considered as-stable

enoughto-bereactive and simplified as singlet oxygen or 'O, through the rest of this thesis.
Singlet oxygen is highly reactive and its singlet nature allows direct two-electron reaction
with singlet organic molecules that would be spin-forbidden for the ground state!"!. The
chemistry of singlet oxygen is widely different, being dienophile, than its ground state who
behave more as a diradical¥. Several singlet 2y gen reactions are well known and use,in
organic synthesis as for "ene” reaction, Diels-.iuer reaction or addition to activated dou-
ble bonds!1220-221 10, reactions usually involve direct reaction with double bonds. Singlet
oxygen is also known to oxidize heteratoms as organosulfur for example!?3!. More recently,

singlet oxygen was shown to selectively perform hydroperoxidation of ethereal hydrocar-
bons 24,

exygenl?®l A typical lithium-air electrolyte, 0.1 M LiClO, in DME, in presence of singlet
oxygen for 30 min did not release any CO, from, rrass-spectroscopyneasurement: The
addition of H3PO,4 to decompose possibly formed LiCO3, according to Annexe Annexes of this
chapter for Bettina Method, yielded however a significant CO, release as shown in fig. 2.3a.
Singlet oxygen is thus able to decompose the electrolyte and produce lithium carbonates.
In addition, "H-NMR of the electrolyte dissolved in D,O after 'O, expesition; presented
in fig. 2.3b, exhibif the production of erganie lithium earbenates as lithium formate and
acetate. Metal-air electrolyte reaction with singlet oxygen produce the mest common side
products found in theses chemistry, as discussed in part. ??. Singlet oxygen reactions involve
commonly formation of peroxide as discussed in the previous paragraph; It was hypothesised
that singlet oxygen generates ROOH, ROO- and R: species that initiate degradation at higher
scale as suggested in previous studies!?6?7). On the contraryof triplet oxygen, singlet oxygen
is capable to react by Diels-Alder [4+2] cycloaddition with the electrode carbon surface ang,
leads to the formation of quinone moeties at the surface[?8!. The addition, of quinone, at
the surface could eatalysed, to further side reaction?8! and change the hydrophilicity of the
carbon surface, reducing further the electrode stability as discussed in ??. Singlet oxygen can
also react with common organic additives in metal-air batteries containing double bonds as
redox mediators!??.

(a) (b)

= HDO glyme
S
g CH3COOD
o HCOOD
X
3
=
O
@)
-5 L L L . L L L )
0 1000 2000 3000 10 8 6 4 2 0
Time (s) Chemical shift (ppm)

Figure 2.3: Electrolyte reactivity towards '0,, adapted from!?. (a) CO, evolution form
LiCO5; decomposition formed by O2 saturated 0.1 M LiClO4 in DME electrolyte expesure to
!0, for 30 minutes. (b) 'H-NMR of the electrolyte dissolved in D,0 after 'O, exposition.
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2.2 Detecting singlet oxygen

2.21 Production of singlet oxygen

As singlet oxygen appears to be a possible scCurce of metal-air side reactivity, it is neces-
sary to detect and quantify it. To conceive and calibrate singlet oxygen analytical methods,
controlled production must be achieved. Singlet oxygen can not be produced chemically
from its ground state, due to spin forbidden transition. Singlet oxygen can, yet, be chemi-
cally produced from superoxide and peroxide #-%l; Such methods involves reactive species
that could forged reactivity of !0, alone. A more "soft" 'O, production is possible through
photo-sensitizers. This production method is based on a sensitizer excitation by photon at
a specific wavelength!#15]. The sensitizer transfers the energy to the ground state oxygen
forming its singlet state. Photosensitization of oxygen is especially efficient since oxygen
transition form triplet to singlet state is lower in energy than most organic molecules that
could quench the excited sensitizer and oxygen diffuse quickly in most media, increasing
energy transfer chance!¥!. The photosensitization main mechanism is O, quenching of the
sensitizerexcited triplet state 415, To-de-se, the sensitizer is excited by photon emissien to its
singlet Cicited states; through a one photon transition. According to Kasha's rule, molecules
in states above the lower excited state will deactivate through vibration until reaching the
first excited singlet state (S;)!53%!, Intersystem crossing allews-the-production-of the first
triplet state (T}) of the sensitizer despite its spin forbidden nature #1539 Once formed, T,
state lifetime is long enough te-eellide with a ground state oxygen molecule, due to kinetically
unfavoured deexcitation by spin forbidden transition!"!. Upon collision, the sensitizer can
transfer its energy to the oxygen as they are both in triplet state, generating a singlet oxygen
molecule, The photosensitisation process is systematized, in fig. 2.4.

ISC
S >
A l Vibrational relaxation
— |1
— S,
Absorption
Energy
transfert
So LY} To
sensitizer oxygen

Figure 2.4: Schematized electronic states transition for photo-sensitized singlet oxygen
production, adapted form 31,

To allow an efficient photosensitization, a sensitizer must have high absorption at a
specific wavelength to have a good excitation yield, a T; state higher in energy than the
transition of 3A4 to 'A, a good quantum yield of the triplet state with a long lifetime and a
good stability!’3. Several chemical groups are identified as good oxygen photosensitizers-i-e;
organic dyes, porphyrins, phthalocyanines, tetrapyrroles or transition metal complexes!®!.
Palladium (II) 1/ so-tetra(4-fluorophenyl-9-tetrabenzoporphyrin) (or I ¢/f-4) has been used in
metal-air battciy environments to produce singlet oxygen and is relatively stable towards

photobleaching and singlet oxygen [25/132]
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2.2.2 Phosphorescence

Deexeitation of the singlet state to the triplet state through photoemission is called phos-
phorescence. Singlet oxygen phosphorescence emits photon at the specific wavelength of
1275 nm in the near-infrared #hat does not vary impertantly with the solvent used 131433
Detection of the photon at this specific wavelength allows to gharacterize the singlet oxygen
presence as other species usually release photon, at sherter wavelengths!3l. The charac-
teristic phosphorescence signal is nevertheless weak due to its low quantum yield and
spin-forbidden nature 31433 [ts detection-is-alse-sensitivite-tg the solvent as singlet oxygen
might deactivate through other pathways. !0, sponteously emitted light, which character-
ize the singlet to the triplet state transition, can be .. ected in operando using a specially
design cell based on modified sealed quartz cuvette 2!,

2.2.3 Use of a chemical trap

Singlet oxygen quantification can be improved b fluorescent probes, These probes are usu-
ally composed of a highly fluorescent chromophore as fluorescein, and a singlet oxygen trap;

13.3435]. The chemical trap are based on anthracene, that
will react selectively with 'O, to forms its endoperox1de at high rate (2107 - 9-108 mol-L™1-s71
for 9,10-Dimethylanthracene (DMA)[3%)). The endoperoxide formation via [4+2]-cycloaddition
result in a change in fluorescence. Such-fluorescent species-are-yet not electrochemically
stable in the metal-air potential range[?®. The actual singlet production can moreover be
higher than the trap consumption as other decay reads are still present.

Anthracenes themselves present fluorescence albeit with a lower sensitivity, The de-
tection is then based on decreasing absorbance, the endoperoxide being non-fluorescent
as presented in fig. 2.5(b)[?53435] D777 and DPA kinetic comparison in Li-air electrolyte by
in-situ photo-generated 'O, showcd improved reactivity for DMA most likely from steric
hindrance[?!| ) McA and its endoperoxide are stable chemically in contact with triplet
oxygen, superoxide, peroxide as well as lithium carbonate and electrochemically up to ~
4 Vi1 on glassy carbon 2536l The DMA endoperoxide (DMA-O,) production is specific to
singlet oxygen in the metal-air chemistry. DMA used as in operando measurement requires
yet low concentration for high sensitivity as the absorbtion decline is stronger for a low
probe starting amount, which increases the measurement noise and degrades the detection
limits 25!
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Figure 2.5: Use of a chemical trap for singlet oxygen detection. (a) DMA reaction to forms
its endoperoxide in presence of exygen and theirrespective elution times compared to a cell
extract after cycling. (b)-BMA UV vis absorption spectra gnd-its-disappearance-afterexposure

to !0, for different times, adapted from 2%,

To bypass this limitation, ex-situ DMA detection by high-performance liquid chromatog-
‘uphy (HPLC) permits a near saturated ¢ i/ ~entration!?!. Using a specific procedure described
more precisely in Annexe-Annexe meuiod HPLC, DMA and its endoperoxide present differ-
ent elution times. Their respective amount are quantified by the peak surface area compared
to a control sample af known concentration, as illustrated in fig. 2.5(a). This involves BMA
and-DMA-O, extractionfrom-the electrolyte after electrochemical cycling by a lowervapour

p%ess&quolvent —by—el-}ﬂ{—ef—aé%aageleeleeeﬂ—ées%ﬂ—p%eseﬂteel—m Annexes scheme swage-

2.2.4 Side reaction characterization

Side reactivity can be partly attributed to singlet oxygen i forms in metal-air batteries.
As discussed in parf; 1.3.1, quantitative measurements gre necessary characterizations to
deecideon the reversibility of a cell. Taking into consideration the gaseous nature of O,, two
specific methods have been developed to measure its consumption/release over time. The
first one is operando electrochemical mass spectrometry (OEMS)37-4%! In this case, the
cell pessesses-a headspace flushed to a mass spectrometer which allows for gas analysis.
Quantlﬁcatlon of the Oz consumptlon dermands the use of a known Q#Apmﬁgas—a—basehne

iUE ]] hod.d E]] ] EQQ ]... ] |
overthe full capacitypassed. To quantify gas-evelutionrate-overtime, the pressure in a cell,

closed headspace can be measured during charge/discharge; Bressure change can rely the
gas formation to the electron flux using the Faraday law (eq. 1.9) and the ideal gas law (eq.
1.12)14142] a5 shown in fig. 2.6(b) and described more precisely in Annexes Annexes method
pressure cell. The nature of the gas is, however, unknown,

The discharged product being a solid attached to a conductive matrix, only destructive
ex-situ method, can be used, lodometric titration (eq: 2.1) or [Ti(O#7)** complex spectropho-
tometry (eq. 2.2) are, for example, destructive but quantitative measurements of (su)peroxide
quantlty[‘l3 451 The amount of g 51de reaction can be appfe;ﬁma%e by—e&r—beaa%es—een%eat—
. side products,
electrode and discharge products!®”: 43.46-48) , acting as a proxy for the total side reaction
amounts. Both organic and inorganic carbonaceous species are quantifiable through an
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ex-situ destructive method!*!. The addition of acid en,a washed electrode provoke a CO,
release from inorganic carbonate as Li,COj; (eq. 2.3) and the addition of a Fenton, reactany
evolve CO, from organic carbonates (eq. 2.4), stable to the sulphuric acid used at the right
concentration. Mass spectrometry quantifies the CO, evolution for both subseguent steps,
We present a refinement which combines both Li,O, and carbonates quantification and
is described in Annexe Annexe method Bettina; Only one measurement ean-character-
ize both Li,O, amounts and the side reactions tendeney!!, as illustrated in fig. 2.6(a). The
Fenton, reagent use necessitates precautionary electrode washing to prevent reaction with
the organic electrolyte. Unwashed electrodes arepreferablefor poorly attached Li,O, that
mightbe washedaway, Two electrodes are then required for full characterization. If more
precise speciation of the carbonate products is necessary, their separate quantification can
be obtained by 'H-NMR of a D,0 solution after the electrode immersion 4449 Altogether,
these methods can capture the reversibility ratare of a cell in its entirety. ¥ the methods
explained here are more thourougly deseribed for Li-O, chemistries, they can be applied fox,
other non-aqueous metal-air batteries with simple adjustments 50!,

(b)

3 20 .
IS /\om/
b ',
© 15 v
X .
(%]
8 10 ) y e 194
(O] -
= .
& 5}
> s -7
€ e
35 z
O ol& L
0 0.5
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Figure 2.6: Example-ef quantitative characterizations. (a) Scheme of the Li,O, and inor-
ganic/organic carbonates quantification by mass spectroscopy and ultraviolet-visible spec-
troscopy, adapted from!!. (b) Gas evolution during a Li-O, cell charge obtained by pressure
monitoring in tetraglyme with 1M LiTFSI compared to theoretical yields of O,, adapted
from[3!,

LizOz + 2 Hzo — 2LiOH + H202
HZOZ + 2KI + H2504 - 12 + K2504 + 2 Hzo (21)
IZ +2 Na25203 - Na25406 + 2 Nal

LiZOZ + 2Hzo - 2LIOH + Hzoz

| BT (22)
TIOSO4 + Hzoz - T102 + SO4 T+ Hzo

CO# = HCO; = CO, (2.3)

Thig equilibrium higt [V “avouy CO, formation at high pH.
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Fe?* + H,O0 — Fe* + OH- + OH~ (2.4)
2

i icald iy e riseto CO, evolution.

Qualitative measurement, despite the infermation loss enguantities; have the advan-
tages to permit eireetAsualization of the charge/discharge process or characterize specific
products. Recent effort addresses in situ characterization to understand the reactions in
presenceTEM®152] X_ray and neutron tomography!®3!, XRD[54-56] xpS[57 Raman (58!, TR [59!
or AFM 60! are a few example of available techniques.
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2.3 Formation mechanism of singlet oxygen

2.3.1 Presence of singlet oxygen in metal-air batteries

The previously analytical methods to detect singlet oxygen and-side reactions are adapted
to metal—air batteries, where singlet oxygen formation was suggested in an early stage of

research[®!l, In-situ measurements of singlet oxygen phosphorescence settled, 'O, formation
in Li-air chemistry at all stage of charge 2%/, as shown in fig. 2.7. The absence of singlet-osygen,

detection during discharge ean not be+e4a%ed—te+ts+rea—a—ppe&a—nee—bm—aseﬂbed—te—a49we¥
%eea&deﬂng—t-h%mgh—lceae&v}t-yé -91 Similarly, EPR measurement showed production

of singlet oxygen above 3.55 V1621,

4 6
S 1 4
= 35 <
5 >
3 °%
g 3 x
S 0 ¢
S S

2 : : ; -4

0 20 40 60 80

Time (s)

Figure 2.7: Detectioninsity of singlet oxygen during eharge by phosphorescence, adapted
from 28!, In black, the voltage profile during a A srid electrode galvanostatic cycling in O,

saturated 0.1 M LiClO4 deuterated acetonitrile eiectrolyte with 1000 ppm D,0. In light grey,
the power of the optical emission at 1270 nm, related to 'O, phosphorescence. In orange,
the moving average of the phosphorescence output.

DMA in-situ fluorescence monitoring during Li-air cell cycling shows as-well clear con-
sumption of the trap by singlet oxygen from the charge onset with improved sensitivity
in a classical electrolyte (0.1 mol.L™! LiClO, in TEGDME). The 'O, production rate increase,
with the overpotential during the charge, yet, no clear singlet oxygen production appears
during discharge[?®!. The addition of 1000 ppm of water as additives, known to increase,
solution pathway and se solvated superoxide!®3, changes drastically the results as presented
in fig. 2.8(a). A slight DMA consumption can be seen also through the discharge in this case,
indicating singlet oxygen formation at all stage, of cycling/?®!. Selutionpathway, seems; to
enhance 'O, production, especially during discharge. Using a similar method in Na-O, cells
showed production of singlet oxygen during eharge in a similar fashion as well*°! as depicted
in fig. 2.8(b). The production of singlet oxygen is-thennetconfined-te Li-air chemistry but

encompassthe metal-air problematie;
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Figure 2.8: Detection, in situ of singlet oxygen by DMA fluoresence. (a) 'O, detection by
fluoresence spectroscopy in Li-air cells, adapted from[?®!. In black, the voltage profile of,
Li-O; cell during galvonostatic cycling in O, saturated, 16 uM DMA, a-0.1 M LiClO4 and 1000
ppm H,O TEGDME electrolyte at 25 mA-cm—2. In orange, the DMA concentration evolution.
(b) '0, detection by fluoresence spectroscopy in,Na-air cells, adapted from[5°!. In orange, the
DMA concentration evolution during potentiostatic charge, Prior to charge, the cathode was
first discharged at 75 mA-h-cm™ in a O, saturated 0.5 M NaOTf and 40 ppm H,0 diglyme
electrolyte and used in a the operando setup containing the same electrolyte and 16 uM DMA
as additive.

To clarify the singlet oxygen production during discharge even without additives in Li-
air cells, HPLC characterization of the DMAjto.DMA-O, conversion has been performed
at different stages of discharge and recharge inLi-Q, eells!?5!. The results, shown in fig.
2.9(a)-(b), present a 'O, production during discharge albeit ir lower ameunt than charge, in
coneordanee with the in-situ measurements. Similarly, DMA-O, is produced during charge
as well as discharge at smaller rate in Na-O, cells'*°, as represented in fig 2.9(c)-(d).
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Figure 2.9: Detection ex situ of singlet oxygen by HPLC. (a-b) 'O, detection by DMA-O,

formation in Li-air cells, adapted from!?%!. (a) The voltage profile of a porous carbon black

electrode during cycling in a O, saturated 30 mM DMA, 0.1 M LiClO, TEGDME electrolyte at

70 mA-g. 1. The orange square represent a HPLC quantification. (b) Reactionyield-of DMA,
te—l-t-s—pepe*}d%bly%a—lceaet-}eﬂ%kt-kfoz (c-d) 'O, detection by DMA-O, formation in Na-air

cells, adapted from!®°!. (a) The voltage profile of a carbon paper electrode during cycling in a

O, saturated 30 mM DMA, 0.5 M NaOTf and 40 ppm H,O diglyme electrolyte at 90 mA-cm™2.

T'he numbered circles represent a HPLC quantification. (b) HPLC runs corresponding to the

numbered circles in (c) indicating in orange DMA to DMA-O, conversion.

The 'O, formation rate displays striking similarity with the side reactions rate illustrated
in Fig. 1.21, namely a small rate during discharge and an increased rate as the charge progress,
DMA i-neeiape;a%ieﬁto the electrolyte as-additives reduces the carbonate production through
most of the cycling/?®!. The reduced carbonate production difference between the cells with
or without DMA is due to the DMA ameunt-diminution; DMA effectiveness will be reduced

through the cycling as it is consumed over time. Singlet-oxygen-can-then-beaseribed-as-one
of the side reactivity pathways-in-metal-air batteries: To confirm singlet oxygen influence on

parasitic chemistry, OEMS measurement monitored the O, and CO, release during recharge
in electrolytes with or without DMA as additives in Li-air cells, respectively from Li,O, and
LiCO; oxidation?%!. The DMA addition resulted in lower overpotential through, the charge
attributed to lower production of carbonates during discharge; Carbonate accumulation and
oxidation provokes in part the overpotential rise as described in part. discharge products
part. Thegas evolution follows a-yield closer to the theoretical yield forthe-exygen accompa-
nied by a Jewer CO, release with the DMA containing electrolyte, indicating reduced parasitic
reactivity both in discharge and charge.
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2.3.2 Alkali oxide oxidation

As singlet oxygen is partially responsible for metal-air parasitic chemistry, the biggest hin-
drance to their cyclability, underpinning and understanding its formation mechanism is of
prime importance. Il aline peroxide ehemical-exidation is a known production pathway
for '0,!®1. The most uirect formation mechanism in metal-air chemistries is alkaline oxide
oxidation. Despite being unfavoured thermodynamically, singlet oxygen can be produced if
the applied overpotential is high enough to overcome the energy barrier. The required energy
to pass oxygen from ground state to singlet state is 94 k| 1 oL™! or 0.97 eVl Assuming this
energy as a first estimate of the Gibbs free energy difference between the singlet and triplet
state[2562] 3 singlet oxygen potential threshold estimation is possible from the triplet state
release according to the eq. 2.5. The 'O, formation overpotential is then approximate as 0.97
V for the alkali peroxide (considering a 2 e~ process) and 0.49 V for the alkali superoxide (1 e~
process), A direct two electron reaction appears unlikely form the mechanism described
in part. 1.2.1.2, his case is still useful to be discussed as an extreme case. The different
potential threshold, for 'O, formation obtained from the thermodynamical potentials of
the different alkali oxide are compiled in put in annexes tab. 2.1 and illustrated in fig. 2.10.
Potassium peroxide being not stable as discussed in part. introduction, its value is give only
for completeness. The exact LiO, potential rurized around 3,55 Vi 1;+ but is still under debate
as several values has been reported in the licciature since lithium superoxide is unstable in a
solid form[64],

A,G=nFE in charge

A,G(02 — 102) (2.5)
Eg =B +
2 2 nF
with A, G, the Gibbs energy per mole of reaction (J.mol™); .i;tae number of e~ transferred

(mol); F, the Faraday constant (96485.33289 C - mol™!) and E, the reaction potential (V).

put in annexes

Table 2.1: Pote .+ al of alkali oxide oxidation and 'O, production (*0,/0,)

Li-Og (Vii/wiv) Na-O; (Vya/nat)  K-Og (Vi)

superoxide 2.46/3.43%%] 2.61/3.586¢ 2.68/3.651671  2.28/3.251641  2.48/3 45168
peroxide 2.96/3.4516] 2.33/2.82184 2207269168
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Figure 2.10: Potential of '0, production by alk=li oxide oxidation. The orange arrow repre-
sent the 0.97/0.49 eV needed for 'O, formatic . The potential are given in tab. 2.1.

These potential thresholds correspond to the jncrease, 'O, formation rate during charge
both for Na-O, and Li-O, seen by in-situ fluorescence, presented in fig 2.8, as well as the
detection start foxin operando EPR[?550621 Alkaline oxide electro¢ T mical oxidation appears
to be responsible for the '0, formation at high overpotantial; This'urocess is moreover not
limited to lithium peroxide and continug with the oxidation of superoxide like species formed
during Li-O, cell charge, as discussed in part. charge.

2.3.3 Disproportionation as source of singlet oxygen

Singlet oxygen was shown to form at all stage, of cycling in Li-air and Na-air batteries, phe-
nomenon that eansnot be explain by alkali oxide direct oxidations alone[?550 Another
reaction releasing oxygen while cycling Li-O, and Na-0O, cells is the superoxide dispropor-
tionation towards peroxide, thermodynamically favoured as shown in fig. 2.10. In agreement
with Pearson gcid-base concept, harder lewis acid, cations as Li* or Na* rather form peroxide,
albeit with a lower driving force for the latter!#7.7071_ On the other hand, softer Lewis acid,
cations as K* or TBA" and imidazolium are known to favour superoxide formation 6872-771,

The relative Lewis acidity of these cations has been determined in litterature by '*C NMR[78!,

NaO, might appear kinetically stable due to the low disproportionation driving force
(-12.2 kJ.mol~'[6%)), especially considering its enhanced stability during nucleation due to a
lower surface energy!”?; Discharge product in Na-O, chemistry is then often characterized
as superoxide#>8081 Resting of Na-O, cells after discharge, yet, showed severe superox-
ide degradation accompanied by formation of peroxide and decomposition products as
cabonates, illustrated in fig. 2.11(a)-(b)[47:487071.82831 ' After discharge in a classical electrolyte
(0.5 M NaOTf in diglyme containing 40 ppm H,0), resting of a Na-O, cathode in the same
electrolyte containing in addition 30 mM of DMA exhibited DMA-O, eerversion over time,
accompanied by Na,CO; formation. 'O, oxygen appears to be released during cell resting
coinciding with degradation products formation as shown in fig. 2.11(c)!50!,
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Figure 2.11: Disproportionation as a source of singlet oxygen. (a) SEM image of Na-O, dis-
charge products analysed directly after discharge. (b) SEM images of Na-O, discharge prod-
ucts analysed after 30 hours resting showing clear surface degradation. (c) DMA-O, (orange
squares) and NaCO; (brown circles) production overtime during resting in a Na-O, cell. The
cells were first discharged in a 0.5 M NaOTf and 40 ppm H,O diglyme electrolyte. the washed
cathodes were immersed in the same electrolyte containing additionally 30 mM DMA for
a given amount of time before analysis. (d) O, evolution induced by disproportionation
overtime upon mixing KO, with TEGDME electrolytes containing 0.1 M of the indicated
cations and 30 mM DMA. The inset shows the evolved 20, (as measured by MS) and !0, (as
measured by HPLC) after 2 hours reaction time.

KO, put in contact with water was shown to results in singlet oxygen production/84.
If KO, by itself is stable, the addition of protic species to superoxide could induces water
assisted disproportionation with H,O, as intermediate product despite contradictory re-
sults[2550851 Poor NaO, chemical stability and parasitic chemistry might arise partly from the
superoxide disproportionation; Fhis-ene can disporportionate via frem solvated superoxide
despite lower solubility than LiO, 7971 A parallel can be drawn between Li-air and Na-air
chemistries with the formation of lithium superoxide or superoxide-like through all stage of

cycling.

Using KO, as stable superoxide, we modeled the disproportionation reaction in presence
of different cations, as presented in fig 2.11(d)!? and further described in Annexe Annexe
HPLC EES. The reaction was followed by mass spectrometry in a closed reactor with a
headspace continuously purged. Disproportionation was initiated by injecting an electrolyte
containing different cations, chosen for their different Lewis acidity (0.03 M DMA and 0.1
M Li*, Na*, K", or TBA" in TEGMDE) on a KO, powder. The electrolyte was further analysed
by HPLC after reaction to quantify the !0, production, as shown in the insert of fig 2.11(d)
and detailed in Annexes HPLC disp. As expected, disproportionation induced by Li* cations,
the harder Lewis acid, quickly releases oxygen and reach completion within 2 hours. Na*
electrolyte addition to KO, powder also produces oxygen albeit at a slower rate and is still in
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progress after 2 hours. Slower rate is expected considering the lower driving force compare
to Li*. As for K" and TBA" cations, only negligible oxygen amount evolves as peroxide forma-
tion is unfavoured. Li* induced disproportionation resulted in 93% 20, and 2% 'O, of the
theoretical amount obtain from eq. 2.6, i.e., 1 mol O, per 2 mol KO,. The Na* disproportiona-
tion reaches value farther from the expected amount, as the reaction did not finish; Only 8%
of the KO, have reacted of which 12% resulted in 'O,, a higher amount than for Li*. Dispro-
portionation in presence of alkali cations yields significant fractions of 'O, with its fraction
increasing as the Lewis acidity of the cations decreases. K-O, cells show improved stability
compare to Na-O, and Li-O, as well lithium and sodium peroxide based chemistry compared
to superoxide over time, as discussed in part. side product; Increased side reactivity cor-
relate with the presence of disproportionation and originate at least partly from 'O, reactivity.

20, — 04 +x%0,+(1 —x)'0, (2.6)

2.3.4 Importance of singlet oxygen for no...queous batteries

Li,CO5 is a common by-products in Li-air batteries but also in every res-organic lithium
based batteries /3743448687 35 discussed in side products, electrode. Carbonate oxidation
can proceed at potential observed in Li-air batteries (E® = 3.82 Vy;;;;+ for Li,CO5888%) and
are held responsible for the increased overpotantial during charge, as discussed in part.
discharge products!#3444649.889091 1] CO, oxidation could proceed via reaction eq. 2.7,
only CO, release can be detect during Li,CO; decompostion!88-20.92-94]: Oxygen release is

lacking and hawve been attributed to superoxide formation[8%-92],

2Li,CO3 — 4Li'+4e +2CO, + O, 2.7)

To explain the lack of oxygen release, 'O, formation instead of the ground state oxygen
have been prepesed/*®. The lack of oxygen release could be explained by the singlet oxygen
reactivity with cell components. Charge-ef a prefilled electrode with chemical Li,CO;3 in
a electrolyte containing DMA (0.03 M DMA and 0.1 M LiTFSI DME) give rise to DMA-O,
formation, indicating formation 0, presenee; above 3.8 V- as shown in fig. 2121361 The
singlet oxygen release correspond, to more than 50% of the theoritical production; from eq.
2.7, at all stage of charge above 3.8 Vi;,;;+; This value represents the low extrera since part
of the 'O, might react by other decay reads; As DMA-O, is only stable up to approximately
4 Vi, the reduced '0, production above 4.05 Vy,;+ can be ascribed to DMA-0, oxidation ¢!,


Stefan
Notiz
-

Stefan
Durchstreichen

Stefan
Durchstreichen

Stefan
Eingefügter Text
in

Stefan
Durchstreichen

Stefan
Eingefügter Text
y

Stefan
Durchstreichen

Stefan
Eingefügter Text
e

Stefan
Eingefügter Text
ed

Stefan
Hervorheben

Stefan
Durchstreichen

Stefan
Eingefügter Text
s

Stefan
Durchstreichen

Stefan
Eingefügter Text
s

Stefan
Durchstreichen

Stefan
Eingefügter Text
shown

Stefan
Durchstreichen

Stefan
Eingefügter Text
ing

Stefan
Eingefügter Text
n

Stefan
Durchstreichen

Stefan
Eingefügter Text
a

Stefan
Durchstreichen

Stefan
Eingefügter Text
s

Stefan
Durchstreichen

Stefan
Eingefügter Text
s

Stefan
Durchstreichen

Stefan
Eingefügter Text
bound

Stefan
Hervorheben

Stefan
Durchstreichen

Stefan
Eingefügter Text
routes


70 2.3. Formation mechanism of singlet oxygen

42V
415V
4,05V
40V
395V
38V
DMA
DMA-O, | &

1 2 3 4 5

Elution time (min)

P
-

Figure 2.12: Lithium carbonate oxidation as a source of singlet oxygen. The cells composed
of a prefilled LicO3 carbon electrode were charged at a fixed potential to reach 0.64 mA-h in
a DME electrolyte containing 0.03 M DMA and 0.1 M LiTFSI. HPLC runs of the electrolyte at
different charge potential shows the production of singlet oxygen upon LiCO; oxidation.

Concurrently to alkali oxide oxidation, 'O, production at high overpotential can proceed
via carbonate oxidation; More precisely, LiCO5 releases singlet oxygen during its oxidation ¢!,
As Li;CO5 is a common passivation agent, notably formed during synthesis of transition
metal oxide[*#, singlet oxygen parasitic chemistry is not confined to metal-air batteries 959!,
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Conclusion

Singlet oxygen, owing to its very chemical natures, is a very reactive species able to react
with the batteries component, 'O, formation is unquestionable in metal-air batteries and has
serious mechanistic consequences. By cint of adapted analytical methods, our group showed
'0, presence through all stage, of cycling and corroborate the influence of 'O, on the metal-air
cells degradation mechanism. 'O, chemical traps stable in metal-air conditions, as DMA,
were shown to quantify the presence of singlet oxygen both in or ex situ. The reactions yield
can be further determined by pressure monitoring, as the principal reagent/product is a gas
(O,). Finally we show that the reactions products can be quantified with one electrode erly
using a combination of ultra violet spectrometry and mass spectrometry. As the presence
of 10, can be related to the formation of side products, there characterization is a relevant
indicator to its formation.

Using the afore mentioned methods, singlet oxygen formation appears asan-inevitable
conseguence-of the discharge and charge process in metal-air batteries. It can forms either
directly by oxidation above a given threshold potential or by superoxide disproportionation
The importance of singlet oxygen goes further than metal-air batteries. Formation of 'O,
by carbonate oxidation widen, the application-speetra of singlet oxygen mitigations means
to all Li-based cells reaching high potential. The 'O, formation mechanism needs to be
better understood to reduce and control its production and permits the realistic cyclability
of metal-air redox chemistries.

Reckoning the presence of 'O, in non-aqueous batteries, the rest of this manuscript will
try to-provide more in-depth mechanistic descriptor and 'O, consequence alleviation in
electrochemical energy storage devices. 'O, formation by alkali oxide or carbonate oxidation
in metal-air batteries could be avoided for example through the use of adapted catalyst
or redox mediators, reducing the applied overpotential. The disproportionation reaction,
yet, is spontaneous in Li* and Na® electrolytes and its-mechanistic should beunravelled to
understand, 'O, production in metal air batteries.
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Introduction

Singlet oxygen presence in metal-air batteries has been established jn the previous chap-
ter. Considering its high reactivity, 'O, can be ascribed as g culprit for the severe parasitic
reactions encountered in metal-air technologies. ¥ singlet oxygen can be produced by alkali
direet oxidation, it was also found during discharge in Li-O, cells and while resting after dis-
charge in Na-O, enes; Superoxide disproportion, directly related to the formation of lithium
ind sodium peroxide as illustrated in 3.1, produce singlet oxygen and correspond well to
che decrease yield observed. A sizeable part of the metal-air cells uncyclability could hence
be imputed to disproportionation. This reaction is the only known mechanism capable of
producing 'O, during discharge or at rest in Li/Na-O, chemistry.

Superoxide dispropor o 1ation relationship with side reactivity impose a strive to under-
stand its underlying chemical mechanism. Disproportionation was already consider as a
erucial-proeess in lithium-air batteries through the so-called solution mechanism, already
described in part. Intro discharge. As (su)peroxide are insulating solids, they can quickly
passivate the electrode surface, reducing the achievable capacities. Disproportionation
allows splid peroxide formation in solution resulting in higher capacities. A consequence is
the search for favourized solution pathway by the choice of electrolyte or additives use. Yet,
!0, production by disproportionation imposes a certain plight to the technology and only
unravelling more in-depth mechanistic descriptor for; this reaction will enable full potential
of metal-air batteries.

Disproportionation, as a chemical process, is greatly influenced by the media. In part.
Intro discharge, it was shown that the solvent or additives choice influence superoxide
disproportionation by stabiliwing its solvated state. Concerning 'O, production rate, we
observed a higher singlet oxygen yield with Na* than with Li* in part. Production of singlet
oxygen disp, despite sodium lower Lewis acidity. The cations appears thus to have a strong
influence on '0, production induced by disproportionation.

Disproportionation

Figure 3.1: Illustration of the disproportionatio_. . rocess in Li/Na-O, cells and the induced
10, production.

To decipher the cations influence on the disproportionation reaction, we put in place
mechanistic descriptoy confirmed both experimentally and by calculations. To do so, we
first studied the disproportionation reaction of chemically produced solvated superoxide in
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presence of different cations and their influence. As the cations Lewis acidity governs the
disproportionation driving force (formation of solid peroxide), the cations studied covers a
large range of Lewis acidity used in metal-air batteries as alkaline cations or typical ionic
liquids cations. The results confirms that inversely to the driving force, the 'O, production
increase with soft Lewis acid pre =1 ce. lowr Lewis acidity cations would not drive by
themselves, this increase is only see for cations mixtures with Li* or Na™.

Density functional theory (DFT) calculation were conducted in collaboration with Sapienza
university to understand the reaction pathways in presence of the different cations. As dis-
proportion evolves through LiO, clusters formation, here strictly modelled by dimers, these
clusters can be formed in the singlet state with a certain energy cost. The presence of low
Lewis acidity cations appears to reduce the activation energy to the singlet state, enhancing
the proportion of 'O, compared to 20,.

Li-O, cells were analysed further during (dis)charge to show the presence of dispropor-
tionation process as well as cations influence during actual cells cycling. The consump-
tion/production of O, clearly showed presence of disproportionation and its influence on
side products formation. The presence of lew; Lewis acid,increased the formation of car-
bonates on discharge where 'O, is produced by disproportionation in higher proportion.
Presence of disporoportionation in metal-air cells has serious consequences, notably on
electrolyte, additives and aimed discharge products that will be discussed more in-depth.
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82 3.1. Disproportionation of chemically produced solvated superoxide

3.1 Disproportionation of chemically produced solvated superox-
ide

As disproportionation is a spontaneous chemical reaction, it can be studied outside a cell
by dint of the-stable potassium superoxide, To characterized disproportionation chem-
istry, solvated peroxide occurs as a better proxy than KO, powder to avoid possible sur-
face chemistry effects. KO, can be solvated by crown ether (as 18-crown-6(1,4,7,10,13,16-
hexaoxacyclooctadecane)) in TEGDME?!. In a similar fashion than discussed in part Sin-
glet oxygen disporoprtionation, disproportionation reaction, could be characterized by the
amount of *0,/'0, release as well as Li,0,/Na,0, yield and carbonate production. The
disproportionation was driven by injecting different cations in TEGDME based electrolytes.
The reaction yield and carbonate amount were determined by coupling mass spectroscopy
and YV-titration after complete reaction according to the oxygen release, as described in
Annexes method %!,

The O,,'0,, peroxide and carbonates production via dissolved superoxide disproportion-
ation are given in fig. 3.2. With Li* addition, the reaction yield similar amount of 0, and '0,
han with solid KO, shown in part Singlet oxygen disporoprtionation, i.e. ~ 93%°0,, ~ 2%
O, and a correspondant ~ 93% peroxide. Na* electrolyte addition gives in turn similar results
than on solid KO, i.e., ~ 83%°0,, ~ 13% '0, and a ~ 85% peroxide yield as the reaction reached
completeness. Simulating proton source by adding 0.1 M trifluoroacetic acid (F;CCOOH) as
additive to the lithium electrolyte, singlet oxygen production presents a slight increase with
~ 91% 30,/peroxide yield and 3% 'O,. Albeit shallow, this !0, increase might indicates water
assisted disporoportion and partly explain the increased 'O, production in Li-air cell with
addition of water!!.

Change Na+ + H+ for Na+ + TBA+

1 C T T I. I. I. T ]
0.8 . -
2 N
© 06 i
&
o4t ]
©
€02 :

0 X ; " " " ' '

Li* Li* Li Li Li Na* Na*
H*  TBA" EMIm*EM,Im* H*

Figure 3.2: O,, '0,, peroxide and carbonates production via dissolved superoxide dispro-
portionation. Dissolved peroxide in TEGDME is obtained by mixing KO, powder in presence
of an 18-crown-6 ether equimolar ratio in solution. To drive disproportionation and quantify
singlet oxygen, a TEGDME electrolyte composed of 30 mM DMA, 0.5 M Li*/Na" and either no
additives, 0.1 M TBA", EMIm", EM,Im" or F;CCOOH is added to the dissolved O, . THe scale
represent the theoretical yield of 1 mol O, and peroxide per 2 mol of KO, according to eq.
2.6. The repeatability of the obtained value can be found in Annexes Repetatbility S4

Rather than only testing pure Li* or Na* electrolytes, salt combinations to drive super-
oxide disproportionation in soft Lewis acid presence were also tested. The chosen erganie
cations covers a different range of Lewis acidity, namely in descending Lewis acidity TBA",
EMIm’*, and EM,Im*®l. As described in part. singlet reactivity and side reactivity, super-
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Chapter 3. Cations influence on disproportionation induced '0, 83

oxide and singlet oxygen are prone to react with organic species and their stability was
assessed beforehand. TBAis known to be stable coupled with superoxide!®”). Imidazolium
salt stabilities towards superoxide were tested by 'H-NMR before after 1 hour contact either
with KO, powder or photochemically produced singlet oxygen according to Annexes singlet
photochemical. On gne hand, the cations showed good stability towards singlet oxygen, as
illustrated in fig. 3.3(a). Singlet oxygen, being electrophile, appears mainly active towards
electron-rich species!®!. On the other hand, imidazolium, are unstable with KO, with the
Aumerous-apparition, of decomposition products ex the 'H-NMR spectrum as shown in fig.
3.3(b). These results cencords with previous instability reper!®!.

b)
|
1 h KO, contact 1h'0, contact
L e J, A
N EMIm* NN/ | J ‘ EMIm* NN

9 8 7 6 5 4 3 2 1 9 8 7 6 5 4 3 2 1
Chemical shift (ppm) Chemical shift (ppm)

1h KO, contact ’h l “ L 1h'0, contact J L
/ N =N
J EM,Im* T | ‘ EM,Im*  ~ \r ~ e

9 8 7 6 5 4 3 2 1 9 8 7 6 5 4 3 2 1
Chemical shift (ppm) Chemical shift (ppm)

a)

o]

Figure 3.3: I i 1zolium stability study in presence of KO, and '0, by 'H-NMR in CDCl,.
The first line ciiaracterize EMIm® and the second line EM,Im*. (a) and (c) show 'H-NMR pof
imidazolium before and after 1 hour contact with KO, dissolved in TEGDME, respectivelyﬂn
blue and red. (b) and (d) show 'H-NMR of imidazolium before and after 1 hour contact with 'O,
in O, saturated TEGDME, respectivelyin blue and orange. '0, was produced photochemically,
according to a previously described method!® and further described in Annexes, by dint of
1 uM meso-tetra(4-fluorophenyl9tetrabenzoporphyrin (Pd,F) and illumination at 643 nm.

Tertiary amines are known, 'O, quenchers that physically deactivate (quench) 'O, to
30,1191 By their chemical natures, Imidazoliums could partially quench singlet oxygen and
reduced the detected amount by DMA-O, eenwversion; At low imidazolium concentrations,
the quenching effect is not expected to be signiﬁcant as the amine quenching efficiency
decrease with the species oxidation potential 1%’ !l citer mediator paper; At high concen-
tration, 1m1dazohum salt showed gppreciable quenching ef = (t. As a token of quenching,
the consumption of DMA were measured by UV spectrometiy in presence of photochemi-
cally produced 'O, with or without quencher addition. Competitive reactions between the
quencher and DMA with 'O, leads to a slower reaction DMA reaction rate which indicates
a good quenching efficiency compare to DMA reactivity. More detail or this method is
given in Annexe Quencher. As shown in fig. 3.4, 0.1 M EMIm" in TEGDME results in a much
slower DMA decay; The amount of 'O, quenched during the experiment cannot be neglected.
Imidazolium experiments were still conducted, keeping in mind that the '0, yield presented
are underestimated and a part of the side reactions imputed te-its superoxide instability.
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o)}

80 uM DMA + 0.1 M EMIm*

(93]

N

N

DMA concentration (x 10~ mol-L'™")
w

—_

500 1000 1500
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Figure 3.4: '0, quenching effect of Jmidazolium cation. In orange, DMA concentration
decay over time in presence of photochemically produced 'O, according to Annexes. In
purple, DMA concentration decay over time in presence of photochemically produced 'O,
and 0.1 M EmIm*. The decrease of the DMA reaction rate indicates other '0, decays pathways
as quenching by EMIm®. The electrolytes used are-based-eone 80 uM DMA and 1 uM Pd,F in
TEGDME illuminated at 643 nm.

Disproportionation in presence of weak Lewis acid, organic cations enhanced noticeably
the production of '0, in 3.2. For Li* electrolyte, the value eut-dews; to yalue close to the pure
Na* electrolyte with ~ 80-85% yields for >0, and Li,O, accompanied by a growth of 'O, and
carbonates yields (~ 10-20%). Mixing Na" and TBA" results,in a similar trends; >0, and Na,0,
yields decrease to ~ 70% while 'O, reached ~ 16%. This similar trend with TBA" suggests
that the presence of weaker Lewis acidic cations during disproportionation drives 'O,. In
any case, the increase of !0, is always accompanied by an increase in carbonates, hence
side-products formation, as well as a decrease in 0, and peroxide yield; These yields are
moreover similar. The missing peroxide and the side-productions formation appears well
connected to the formation of !0, as suggested before*12],

1F '_ T T ]
S 08+t . . -
E M o,
g 0.6 } ] - 307_
N M20>
~ 04+ 1| mm cos
o
€ 02F -

LITFSI LITFSI LiClO4
TBATFSI  TBACIO4

Figure 3.5: Influence of the anions used during this study on disproportionation. O,, '0,,
peroxide and carbonates production via dissolved superoxide disproportionation using
electrolytes with different counter anions. Dissolved peroxide in TEGDME is obtained by
mixing KO, powder in presence of an 18-crown-6 ether equimolar ratio in solution. The
electrolyte injected to drive disproportionation is either 0.5 M LiTFSI, or 0.2 M Li*/TBA" (5:1
ratio) with TFSI” or ClO4 as counter ions. Albeit slight variation of amount detected, the
same conclusion can be drawn upon cations influence.

Disproportionation characterizations in presence of the different counter anions used in
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Chapter 3. Cations influence on disproportionation induced '0, 85

this study (TFSI” and ClO4) shows a similar trend for the same cations, as depioted in fig 3.5.
The influence of the anions is then disregarded in the rest of this chapter has they possess
rather similar donor numbers and should not affect the result conclusions!314!, as discussed
in part. Intro Discharge.
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86 3.2. Thermodynamic aspect of cations influence

3.2 Thermodynamic aspect of cations influence

Low; Lewis acid, cations drive 'O, production; The reaction mechanistic must thus be influ-
enced by the cations in presenee, To understand the different disproportionation relative
energies and their underlying reaction pathways, DFT calculation were performed. The
different routes to *0, and 'O, were scrutinized in presence of LiO, and NaO, as starting
materials in presence of H', TBA", K" or Li*/Na" respectively.

Energies were calculated for solvated species using the continuous C-PCM solvation
model with a mean dielectric constant of € = 7.28 (resembling that of glyme as previously
done!™) and using the hybrid GGA DFT M06-2X functional. More details on the calculation
method can be found in Appendix calculation DFT. As disproportionation faveursclusters
formations over superoxide monomers!7'6!71, different pathways might arise through the
formation of different superoxide dimer M(O,),M’ (M being Li* or Na*, and M’ being Li*, Na*
K" H" or TBA"). The dimers consequently release O, molecules and a MO,M’ peroxide. After
ion exchanges, M,0, is obtained and precipitate as solid peroxide Add Table S4 in appendix.
The overall driving force is, in this case, the formation of solid M,0,(s) as previously shown
in the case of Li chemistry both in gas and liquid phase7'®! and illustrated in fig. 3.6. As a
side note, the calculations presented here presuppose that only superoxide dimers will be
formed as a first approximation. The formation and disproportionation of more complex
superoxide clusters might be favoured at longer terms and change the energy difference but
the energy tendencies were hypothesised to be similar!7!.

b

=

Q
Red

1F

2 LiOy 2 LiO (sol) Li02)
. . B 11U2)2 (sol) -
Li(O2),Li™ - Li202 (ol
Li(Op),Li - + 02 (sol)
-1+ Li>O»

Li,O
+ 0, 202()

LixO2 (5
+ O
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Figure 3.6: Literature reported reaction free energy profiles for 30, release from LiO, dis-
proportionation as reported in the gas phase '! or solution phase!”!. The reaction pathways
are adapted from the two previously cited publications. If unspecified (either solvated or
solid state), the species are in the gas phase. As indicated by the energy profiles, the reaction
overall driving force is the largely favoured peroxide precipitation,
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Superoxide dimers M(0,),M’ (M,M’) = H, Li, Na, K

°
¢ %

Bi-pyramid (D) Cage (Cyy)

>3 o * X

Chain (Cy) Chair (C)

Superoxide dimer anions [M(O,),]” (M,M’) = H, Li, Na, K

Distorted Tetrahedron (Dy) Distorted Tetrahedron (Dy)

Figure 3.7: Computed structures of neutral and negatively charge superoxide dimers
(M(0,),M’ and M(0O,);) with M and M’ being H, Li, Na or K.

As superoxide dimers can have different configurations!"®, only the most stable ground
state structures collected after calculation will be presented in the following chapter Add
Table S1 and the text with it in annexes. The considered dimers configurations are given in
fig. 3.7. The reaction energy for the precipitation to solid peroxides was calculated with ther-
mochemical cycles starting from DFT calculations, the assessed thermodynamic properties
of solid phases and for neutral atoms in the gas phase['®. put in appendix The thermody-
namics of the TBA"O, ion couple was calculated at the same level of theory by relaxing the
solid ionic couple in the simulated solvent to a ground state minimum!"®!. put in appendix
The energy are presented taking the more favoured pure solvated alkali superoxide as refer-
ence (2 LiO, or 2 NaO,). The energetic influence of cation additions and the new reaction
pathways are more easily comparable with such scales. As discussed in part. Side reaction
intro, activation energies superiortg 1 eV (100 k].mol™!) are considered to be sufficiently
high to ensure low reaction kinetic at room temperature.

The present model rests on superoxide dimer formations either in a triplet state or a
singlet state, releasing respectively >0, and 'O, during disproportionation. The most simple
pathway is the one of a pure Li* or Na* electrolyte presented in fig. 3.8 and 3.9, respectively,in
yellow and green. The dimerization free energies are given in tab. 3.1 for the different cations
mettre en annexes. The pathway resulting in triplet oxygen with LiO, is similar to the one
already accepted from literature and showed in fig. 3.6(b)”). First, a 3Li(O,),Li dimer is form
due to a slight stabilization compared to two LiO, monomers. The dimer then dispropor-
tionate in Li,O, and 0, in a second step despite being weakly endergonic by dint of a strong
driving force to precipitate and form the stabilized solid Li,O, as a final product, as given in
tab. 3.2. Now considering the singlet oxygen pathway for pure Li* electrolyte, the consecutive
steps are similar but the energy profile differently distributed. The most unfavourable step
is the 1Li(O,),Li dimer formation with a ~ 1 eV thermodynamic barrier, the reaction being
favourable for the rest of the reaction up to the formation Li,O,. The ~ 1 eV activation energy
leads to small formation occurrence despite the strongly favoured overall disproportionation.
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Gibbs energy at 298 K (eV)

H,0, + 30,

Figure 3.8: Calculated free energy profiles for superoxide disproportionation in presence
of Li* and H" traces. The reaction forms peroxide and O,, either in singlet (dashed line) or
triplet state (full line). More details about the calculation can be found in Annexes calculation.
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Figure 3.9: Calculated free energy profiles for superoxide disproportionation in presence
of Na*" and H" traces. The reaction forms peroxide and Oy, either in singlet (dashed line) or
triplet state (full line). More details about the calculation can be found in Annexes calculation.
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Table 3.1: Calculated superoxide dimerization free energy at 298 K in presence of respec-
tively Li* and H* traces or Na® and H" traces illustrated in fig. 3.8 and 3.9. A blank cell
represent a vibrationally unstable molecules. More details on the calculations are given in
Annexes Calculation

ArG(z)gg K singlet (eV) A;-Gggg K triplet (eV)

2Li0, — Li(O,),Li 0.99 —0.08
L0, + 0, — Li(O,); —0.49 —0.52
LiO, + HO, — H(O,),Li 0.45
2 NaO, — Na(O,),Na 0.83 118
NaO, + O, — Na(O,), —0.29 ~0.32
NaO, + HO, — H(O,),Na 0.38

Table 3.2: Precipitation free energy of solid alkaline peroxides form solution phase at 298
K.

Peroxide A, GYog (V)
Li;Og¢solvated) — LizOg(solid) —171
NayOpsolvated)  — NazOysolid) —1.40
KZOZ(solvated) - KZOZ(soIid) —2.31

Considering NaO,, the overall disproportionation process results also in products stabi-
lization although less than for LiO,. The dimers formation is yet energy costly for NaO, in
both triplet and singlet states. Nevertheless, the singlet dimer is less endergonic than the
triplet state with 0.83 eV compared to a 1.2 €V barrier. The 'O, disproportionation step is
however unfavored by 0.5 eV while 20, release is exergonic by —0.5 eV. The total energy
needed for Na* disproportionation towards 'O, is then more exergonic by ~ 0.1 €V compared
to 0,. NaO, disproportionation is highly depend on the solvent use?°!. Solvated NaO,
appears almost kinetically stable in high DN solvent while disproportionate relatively fast
in low DN solvent, A low DN stabilize less the superoxide jn solution as described in part
intro discharge and might rise the solvated NaO, energy decreasing at the same time the
energy difference with the dimer formation. Nevertheless the endergonicity of the dimers
formation for NaO, could partly explain its relative stability in Na-O, cells[?!.

The experimental differences observed between LiO, and NaO, cencordrwell with the
calculated single step barriers and overall driving forces. The low activation energy for LiO,
results in fast disproportionation kinetic and low amount of !0, due to the strong energy
barrier difference between the singlet and triplet pathways. While NaO, singlet and triplet
have more similar energy barriers, causing larger 'O, release, the comparably high exergonic
character of sodium superoxide disproportionation impose a slower kinetic. The high driving
force due to solid peroxide formation allows relatively high energy barrier to be pass and
form singlet oxygen by disproportionation.

The addition of protons opens new highly favoured disproportionation pathways in Li*
electrolyte, as shown in fig. 3.8. The HO, formation is by himaself endothermic and leads to
the HLiO, mixed peroxide fermation accompanied by a release of 30, without formation an
intermediate dimer; The reaction results in the more stable H,0,. Even though one might
consider 2 HO, as a preferable state thar mixed superoxide, H" is considered here as a
contaminant and in presence of aLi* large excess. The singlet reaction path still requires the
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90 3.2. Thermodynamic aspect of cations influence

1Li(0,),H dimer formation via a 0.46 eV barrier, which releases HLiO, and 'O, in a —0.52 eV
exergonic step that continue downhill to reach H,0,. Analogous results were obtained for
the NaO,-HO, pairing as illustrated in fig. 3.9. As singlet path is exergonic, albeit less than for
Li*/Na* alone, and the triplet path only endothermic, only minor yield of 'O, can be expected
by water induced disproportionation. This is in accord with experimental findings in fig. 3.2,
which shows very light additional 'O, production with protons traces compared to pure Li*
electrolyte. From the calculations and experiments, proton sources appear to cause only
minor additional '0, compared to disproportionation in Li* electrolyte.

Disproportionation induces more 'O, production in presence of the weak Lewis acid TBA*
as shown in fig. 3.2 and fig. 3.5. The main developed hypothesis is based on the weaker O, -
TBA" interaction than O, -M*[62223]; The asymmetric pairing of superoxide would destabilize
intermediates, reduce the energy barriers, and hence make '0, production more favourable.
Computing the asymmetric Li(O,),TBA would be extremely difficult because of the large
number of electrons. Considering the weak association of the O, -TBA" ion pair even in low
dielectric constant solvents like DME (A 4;5;G° = 0.44 eV), TBAO, may be at first approximated
by the free solvated O, anion. O,/LiO, and O,/TBAO, standard potentials in DME differs by
1.24 V123! which agrees well with the estimated 1.21 eV for the dissociation energy of LiO, to
free O, anions, as given in Annexes S4. O, does not have to form via dissociation of LiO,
which would not result in appreciable O, concentration; O, may form as a transient species
upon Oy generation before the initially formed O, binds with Li*[624. O, exist in Li*/TBA*
mixtures even in low DN solvent as MeCN, where LiO, dissociates particularly poorly!®. In
more strongly solvating electrolytes such as DMSO, O; life time is long enough in 0.1 M Li",
TBA" free, electrolyte to allow for some reversiblility to the O,/O; couple. Glyme used in
this study lies between MeCN and DMSO in terms of LiO, solvation strength, as explained in
part. Discharge intro. The fig 3.2 shows well that TBA" strongly impact disproportionation in
mixtures with Na* or Li* and must hence influence the O; binding state.

The DFT calculations showed, in fig. fig. 3.8 and 3.9 confirm the suggested destabilizing
mechanism, respectively in presence of Li* and Na®. The first step for Li* proceeds via for-
mation of *Li(O,), or 'Li(O,), dimers that are stabilized to a close value versus LiO, + O,
-0.52 eV and -0.49 eV, respectively. Ongoing disproportionation pathways to the charged
LiO, peroxide species would face prohibitively high energy barriers in either states because
of the large Li,O, dissociation energy to LiO, + Li*. A more facile pathways is however pos-
sible, as a Li(O,); dimer can easily proceed to an ion exchange to form a Li(O,),Li dimer.
The disproportionation can then continue through the pure lithium disproportionation
mechanism described previously. If the reaction read, is then similar to that of a pure Li*
electrolyte, the presence of TBA® decreases the barrier towards 'O,; In any case, the most
endergonic step is 1Li(O,),Li formation which pass from ~ 1 €V to a mere 0.27 €V in presence
of TBA". The proportion to each pathway is not given by the energy difference between
1Li(O,),Li and 3Li(O,),Li, but the largest barrier in the respective free energy profiles; The
smaller 'Li(O,),Li formation energy result in acceleration of the singlet path. Analogously,
the asymmetric NaO, + O, pairing passes via Na(O,); and Na(O,),Na dimers and the barrier
towards 'O, decreases from 1.2 eV to 0.4 eV. The weak Lewis acid TBA" opens paths that
facilitate the most unfavourable reaction steps and hence strongly enhance 'O, evolution.

Several recent works have proposed mixed alkali cation electrolytes for metal-O, cells
to influence solution equilibria and possibly improve cell characteristics?5-2%1. For com-
pleteness, LiO, with KO, as well as NaO, with KO, or LiO, disproportionation pathways have
been calculated and are respectively illustrated in fig. 3.10, 3.11 and 3.12. The asymmetric
intermediates and peroxide products (LiO,Na, NaO,K, and LiO,K) are not likely compared to
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Chapter 3. Cations influence on disproportionation induced '0, 91

the symmetric pathways. Disproportionation of mixed dimers is less favourable since more
exergonic; Li,O, or Na,O, production will hence more likely involves ion exchange towards
the stronger lewis acid inpresenee and further proceed via the symmetric cases described
earlier.

K>0»
+ 102
4+ : .
L 1 N
S 3¢
K
A i . 1
LiKO,
0 L
(o)) 2 +W02:I
N 'Li(O2)2K
"(—6 LO - -
> 1p 2 -7
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2]:.) i + 302
o oL -
2 2 L0, 3Li(02)2K L'2302 LixO2(s
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Figure 3.10: Calculated free energy profiles for superoxide disproportionation in the pres-
ence of Li* and K*. The reaction forms peroxide and O,, either in singlet (dashed line) or
triplet state (full line). More details about the calculation can be found in Annexes calculation.

—

Li202 + 102,

Gibbs energy at 298 K (eV)
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Figure 3.11: Calculated free energy profiles for superoxide disproportionation in the pres-
ence of Na* and K*. The reaction forms peroxide and O,, either in singlet (dashed line) or
triplet state (full line). More details about the calculation can be found in Annexes calculation.
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Figure 3.12: Calculated free energy profiles for superoxide disproportionation in the pres-
ence of Li* and Na*. The reaction forms peroxide and O,, either in singlet (dashed line) or
triplet state (full line). More details about the calculation can be found in Annexes calculation.
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3.3 Disproportionation during Li-O, cell cycling

Both chemical studszand DFT calculation show 'O, production can be induced by superoxide
disproportion. This phenomena remains to be proven during cells operation:The reaction
yield and 'O, as well as carbonates production have been characterized during -0, cells cy-
cling in either pure pr mixed-with-weak Lewis-acid-cations £+ eleetrobyte, Li-O, chemlstry was
chosen since disproportionation is most significantly driven by thermodynamics, as shown
in fig. 2.11(d). The cells are composed of carbon black cathodes and TEGDME electrolytes
containing 30 mM DMA with either only 0.1 M Li* or a total of 1 M salt with a Li*/TBA" ratio of
1:9 or 1:99. The emphasis is put on TBA" as weak Lewis acid since it avoids the further com-
plications of imidazolium instability with O, : The measurement details are given in Annexes.

3.3.1 Discharge

Considering first discharge, the cells were run at constant current and the gaz consumption
followed using a pressure transducer and representedin fig. 3.13(a)-(b). The method is further
described in annexes + methods singlet, assuming that the only gas consume,is oxygen 2%/,
'0,, Li,O,, and carbonate were quantified after electrolyte and cathodes extraction by-a HPLC,
raass-speetroscopig and UV-vis spectroscopy eembination as defined in annexes + methods
singlet. The values are expressed in mol per 2 mol e” passed in fig 3.13(c); An ideal reaction
yields/consumes 1 mol Li,O,/O, per 2 mol e” according to eq. 2.6.

Discharge in pure Li* electrolyte resulted in a ratio of 1.98 e”/O, in fig. 3.13(a), close to
the ideal ratio of 2 e7/O,, and a Li,0, yield of 94%, both in accord with previous reports for
similar cells[311301132133] The 10, yield is ~ 3% and hence similar to that found by chemical
disproportionation with a similar electrolyte, illustrated in fig. 3.2. Using a mixed electrolyte
with Li": TBA" ratio of 1:9 (1:99), the reaction yield remarkably decreases in fig. 3.13(a)-(b); The
e”/02 ratio and Li, 0, yield dropped to 1.74 (1.70) and 85% (81%), respectively. As the Li,O,
yield decreases, the amount of 'O, and carbonate follows an inverse trends which correlate
well the presence of '0, and side reactions. Increasing 'O, yield together with decreasing
Li,O, yield as the electrolyte is changed from Li* to Li*/TBA" mix mirrors the results obtain
with dissolved superox1de in fig 3.2. The increase presence of TBA" result in a higher TBAO,
occurrence and so 'O, production.
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Figure 3.13: Disproportionation and cations influence during Li-O, cells discharge. (a)-(b)
Gas evolution during a Li-O, cell discharge with a carbon black cathode and LFP counter
electrode at 100 mA-g.~!. The O, saturated TEGDME elecrolytes used are composed of 30 mM
DMA and either. The dashed line represent the theoritical 2 €7/0O,. (a) 0.1 M+ or a combined 1
M salt of Li*/TBA", Li*/EMIm*, Li*/EM,Im" (1:9 ratio) and (b) Li*/TBA" (1:99 ratio). The method is
further described in Annexes discharge EES. (c) O,, '0,, peroxide and carbonates production
during discharge of the aforementioned cells. The discharge curves associated can be found
in Annexe S9.

Deviation of the e”/20, ratio from 2 does not necessarily arise from '0,; Side reactions
with the cations can also act as a O, sink, preventing alkaline peroxide formation. Discharge
with imidazolium cations instead of TBA+ (1:9 ratio) further corroborates their instability with
lower e”/O, ratios, 142 and 1.2 for EM,Im™ and EMIm®, respectively. A part of the stronger de-
viation compared to TBA" can be attributed to the O, reaction with the imidazolium cations,
even though the 'O, still increase compare to pure Li* electrolyte. Given the known stability
of TBA" with Oy, as discussed earlier, a direct reaction can be excluded as the sink causing
the decrease to 1.74 (1.70) e-/gaz. Instead, the lower ratio is in accord with TBA* enhancing
the '0, fraction from O disproportionation. The O, reacting with the cell component can
not be detected by the pressure transducer as it will react before.

The results on discharge are in good agreement with the chemical experiments shown
in fig. 3.2, which have shown that O, disproportionation partly releases !0, and that the 'O,
fraction increases with the presence of weak Lewis acid, cations as TBA". Overall, the results
indicates O, disproportionation is the source of 'O, on discharge in Li-O, cells and at rest in
Na-O, cells.
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Chapter 3. Cations influence on disproportionation induced '0, 95

3.3.2 Charge

Intermediate Li,_,O, or soluble superoxide species are produced during charge in Li-O2
cells, as discussed in part. Intro charge!®*-3¢. They might undergo disproportionation to
form Li,O, and O,. Through the same mechanism than during discharge, disproportionation
induced '0, could be formed and influenced by the cations in presence. To avoid influence
of side products that would be formed at different rate during discharge depending on the
electrolyte used, working electrode filled with chemically produced Li,O, were produced
according to annexes Li,O,. Similarly to discharge, the cells build with prefilled electrode
were charged at constant current with TEGDME electrolytes that contained 0.03 M DMA and
either only Li* (0.1 M) or a Li*/TBA* mix (0.1 M/0.9 M); The 0, and 'O, yield were measured
by pressure monitoring and DMA conversion by HPLC after extraction as in previous part,
assuming that the large majority of released gas is oxygen 303237/ An ideal reaction yields
1 mol O, per 2 mol e™ according to eq. 2.6 and as for discharge the value are expressed
consequently in fig. 3.14(e)-(f).

The charge voltage was first limited to 3.95 Vy;,1;- since this voltage was reported to be the
upper limit for quasi-equilibrium decomposition in TEGDME for similarly prefilled working
electrode/?%!. Charge in pure Li* electrolyte shows high side reactivity with a 2.40 e”/0O, yield
in fig. 3.14(a) corresponding to ~83% of the expected O, evolved based on charge passed, in
good agreement with previous study!®-33. This 0, loss is accompanied by !0, detection
which can partially be accounted for side reactions. Changing for a Li*/TBA" electrolyte in fig.
3.14(b), Li,O, oxidation drift even more from the theoritical yield with a 2.95 e™/gas ratio and
hence only ~68% of the expected O,. Roughly doubled missing >0, evolution goes along with
the !0, amount being more than doubled. Cells restricted to 3.45 Vy;,1;- were also charged to
exclude the possibility of 'O, evolution from a direct Li,O, oxidation above ~3.5 Vy;/+, as
described in part singlet mechanism. Albeit reduced sensitivity due to the lower capacity
passed, similar trends are observed for both 0, and '0,, as shown in fig. 3.14(c)-(d).


Stefan
Hervorheben

Stefan
Eingefügter Text
s

Stefan
Eingefügter Text
s

Stefan
Eingefügter Text
s


96 3.3. Disproportionation during Li-O, cell cycling

a) b)
5 10 .
= — Li*
(] L
IS e 8
S %L 6}
X X
o Ee) ar
2 2
s 3 2
@ s 0
(@)} (@)}
) . . .
0 5 10 15 20
Time (x 10%s)
9) d)
5 4 :
% ’—8 2¢e/0,
E 47 € 3 —_ = = — — —
L T /
— 3 L —
X X
© ©
g 2| g
(o) o
> >
(0] (O]
1%] 1 [ wv
© ©
(@)} ()]
0t L L L L L
0 10 20 30 40
~ 3
Time (x 10%s) Time (x 10° s)
e) f)
1 T T 0.1 1 T 0.1
302 302
I ] | I
(O] 3 (0] (0] (0]
S 210, 5 S 5
€ 1S € 1S
< os loos < T ost {005 <
2 o 9 10, S
© © © ©°
€ 1S € 1S
0 0 0 0
Li* Li* + TBA* Li* Li* + TBA*

Figure 3.14: Disproportionation and cations influence during Li-O, cells charge. (a)-(d)
Gas evolution during a Li-O, cell charge. The O, saturated TEGDME elecrolytes used are
composed of 30 mM DMA and 0.1 M Li" on the first lineg ((a)-(b)) or a combined 1 M salt
of Li*/TBA" (1:9 ratio) on the second }ire ((c)-(d)). The prefilled carbon black cathode with
chemically produced Li,O, are charge at 10 mA-g. ! until reaching a cut off voltage of either
3.95 Vii1ir ((@) and (c)) or 3.45 Vi1 (b) and (d)). After charge, the cells were kept at open
circuit voltage until pressure stabilization. The blue dashed line, represent the theoretical 2
e~ /0, and the orange one 4 e~ /O,. More details on the cells and the method, can be found in
Annexes charge EES. (e)-(f) O, '0,, peroxide and carbonates production during discharge of
the aforementioned cells either up to 3.95 Vi1 (€) or 3.45 Vi1 (f). The discharge curves
associated can be found in Annexe S9.
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Chapter 3. Cations influence on disproportionation induced '0, 97

3.3.3 Mechanistic consequences of disproportionation

Altogether, the DFT calculation, as well as chemical and electrochemical experiments show
that superoxide disproportionation, driven by the higher stability of the peroxide with strong
Lewis acids, generates in part '0,. Additional presences of weakly Lewis acidic organic
cations increases the '0, yield. As 'O, can not be produced by direct oxidation below 3.5
Vi in Li-Oy; 'O, production below this potential threshold indicates disproportionation
reaction, especially when influenced by the presence of weak Lewis acid as TBA". Taken as
an indicator for disproportionation, the presence of !0, at all stage, of cycling have sizeable
consequences on the reaction mechanism in metal-air batteries, especially on the second
electron transfer pathway.

The correlation between missing 0, evolution and the 'O, yield influenced by weak a<id,
Lewis cations during discharge shows that a substantial part of the Li,O, formation proceeds
via disproportionation. As discussed in part. Discharge Intro, the disproportionation is
favoured by solvent with high DN number and strongly coordinating Li* counter ions38-40!,
Disproportion is yet occurring even for weak coordinating TFSI" and medium DN solvent
TEGDME as shown previously and is a crucial mechanism during discharge, especially at low
overpotential !, On Au(111) in DMSO, calculated free energy of absorbed superoxide shows
disproportionation to dominate direct reduction of superoxide to peroxide above 2 Vi;/;;+ 71,

As TBA" addition results in a continuous deviation from the 2e7/0, ratio, it could indicate
that solvated superoxide is present at the same concentration even at relatively high potential
as ion exchange with TBA" is unlikely, see table cite table S4 form previous subpart. At high
overpotential absorbed superoxide could be formed by supersaturation at the vicinity elec-
trode, especially in relatively low DN number solvent. Solid superoxide facilitated formation
by supersaturation was already proposed for the formation of the less soluble NaO, and
hinted as influence at high overpotential in Li-O, chemistry!#-43!. Supersaturation effect
could explain absence or low detection of solvated superoxide independently tg the solvent
used [®4! and the TBAO, formation through all the discharge. A consequence of supersatura-
tion would be an enhanced disproportionation rate at high overpotential reducing solvated
superoxide concentration far away from the electrode and its detection in solution.

Concerning the charge, the presence of '0, before 3.5 V;;,1;+ demonstrates disproportion-
ation during charge in TEGDME. Formation of soluble superoxide and subsequent dispro-
portionate was shown during charge in high DN number!?%!. Soluble superoxide was yet not
detected in lower DN solvent as TEGDME. As Li,O, oxidation proceed,first via progressive
delithiation as presented in part. Intro charge, the superoxide like species formed were hy-
pothesised to disproportionate 4!, Since PITT showed a quasi-equilibrium potential around
3.5 - 3.96 V11 in glymes #4135 oxygen evolution must proceed via disproportionation at
least for early steps, of charge. The influence of TBA* on the 'O, seems-yet-to indicate, at
least partially soluble superoxide in vicinity of the electrode during charge even in TEGDME
despite the absence of superoxide detection afar from the electrode.

Superoxide disproportionation is then a 'O, and parasitic chemistry seuree during all
step, of cell cycling in Li-O, cells. NaO, is also susceptible to disproportionate albeit at slower
rate due to its lower driving force and selubility*3. NaO, is yet subject to severe degradation
and peroxide formation at rest which is, correlated with 'O, release as discussed in part.
Disp singlet chapter. Singlet oxygen at rest can arise by NaO, disproportionation which also
induces side reactions in Na-O, cells. Only KO, does not undergo disproportionation. The
disproportionation reaction partially explains the higher stability of K-O, chemistry, espe-
cially in complete absence of protons!*!, compared to lithium and sodium cells as discussed
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98 3.3. Disproportionation during Li-O, cell cycling

in part. side reactions. Disproportionation is then an important process to understand side
reactivity in metal-air batteries,
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3.4 Direct consequences of disproportion induced singlet oxygen

Recognizing that 'O, formation is deeply rooted in the way current metal-O, cells operate
has serious consequences on cell design, notably on the electrolyte. Weak Lewis acids are
proposed as additives to enhance the solution mechanism, resulting in higher capacity as
described in part. Discharge Intro 46471, Caution must be exercised with such additives as
they could likewise drives 'O, production. The selected quaternary ammonium and imida-
zolium cations are prototypical motifs for the cations used so far in ionic liquid electrolytes
for metal-02 cells, as discussed in part. Electrolyte Intro!®!. Imidazoliums can be ruled
out as metal-O, electrolytes since they readily decompose with superoxide. As ionic liquid
cations suitable for electrolytes are most typically weak Lewis acids, the effect can likely be
generalized considering that the organic cations would boost '0, production!®. Favoured'0,
formation explains why quantitative studies of metal-O2 chemistry with a broad variety of
ionic liquids have shown worse parasitic chemistry on discharge and charge than molecular
electrolytes, as described in part. part electrolyte Intro[324849 protic additives drive 'O,
formation insignificantly but may drive parasitic chemistry in other ways as by reacting with
intermediate decomposition products. This is in accord with reports that found increased
side reactions when water or other Brensted acids were added 35051,

Considering the discharge products itself, superoxide presence should be avoided as its
favoured disproportionation in presence of Li* and Na* leads to cell degradations through
!0, release. As cells based on metastable LiO, or NaO, has been proposed to reduce the
cells overpotential 252 itg practical feasibility faces high disproportionation rate during
either low rate cycling or at rest since superoxide gradually convert to peroxide and side
products over time.[204353-561 [ ithjum and sodium peroxide, which are the thermodynami-
cally stable products illustrated in fig. 2.10 and tab. 2.1, should be preferred. Peroxide based
chemistry does not, however, prevent disproportionation during cycling; Reaction pathways
by-passing the free superoxide formation steps needs to be developed. Solution to the
disproportionation issue could be provided by catalyst on charge, stabilizing superoxide-like
cluster!®”!,
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100 3.4. Direct consequences of disproportion induced singlet oxygen

Conclusion

To conclude, we presented-a-mechanistic descriptionfor, 'O, presence at all stage, of cycling

and consequently g reason for parasitic chemistry in non-aqueous alkali metal-O, cells.
We show that alkali superoxide disproportionation forms 'O, and detailed the underlying
mechanissy pathways and its repercussions on metal-O, chemistries. The different side
reactivity propensity of K-, Na- and Li-O, ateastpartly originate, from the disproportionation
susceptibility of the superoxide. As disproportionation is driven by the peroxide formation
for hard Lewis acid as Li*, Na" or H*, KO, remains stable in absence of additives or pollutants.

If hard Lewis acid,drives disproportionation, soft Lewis acids on the contrary facilitate the
formation of singlet oxygen. Superoxide disproportionation evolves oxygen via formation of
a superoxide cluster either in triplet or singlet state. The presence of a weak Lewis acid, even
if not driving disproportionation by itself, results in a lower energy barrier to a singlet state
superoxide dimer and cause experimentally a-higher 'O, formation. Since H" as additives
results in trivial augmentation of the 'O, release, the previous 'O, production mechanism
based on water induced disproportionation can be revised to alkali oxide disproportionation.
Furthermore, the promising ionic liquid based electrolytes are not necessarily indicated in
the case of metal-air batteries. Ionic liquids are based on soft Lewis acid organic cations that
would enhance '0, formation and suffers greatly from degradations. In the same vein, low;
Lewis acid additives should be used with cautions.

From our results, disproportionation is active and superoxide is at least gurtly present in
solvated state during every reaction steps. This results in a significant degradation route in
metal-O, cells, especially in Li*/Na* containing electrolytes. The formation of metastable
NaO, as discharge products is hence synonymous with impertant degradation during rest
due to lewrate-dispropertionation, Advocatmg solution pathways for Li-O, for increased
capacity is a double edge sword as it impeses 'O, presence; Solution should be found to
mediate superoxide reactivity and avoid superoxide disproportionation. As the current un-

lerstanding of Na/Li-O, inevitably engenders '0,, its reactivity; sheuld be mitigated. Singlet
oxygen quenchers appear well indicated to deexcitate 'O, before parasitic reaction with the
cell components.
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Introduction

Oxides are a prominent research subject as new cathode materials for non-aqueous alkali
battery technologies, either as transition-metal oxides intercalation materials or as direct
alkaline oxide in metal-O, batteries>”). Beside their promises for higher energy storage,
oxide based cathodes suffer from side reactions and their interfacial reactivity is the key
for increased battery lifetime. Metal-O, technologies are particularly inhibited by crippling
and quick fade in capacity and efficiency which is discussed in Side reaction Intro. To allow
these technologies to reach their full potential, side reactions origins must be understood

and subdued.

The side reactions plaguing metal-O, cells have been solely ascribed to superoxide reac-
tivity for an-enduring time but superoxide presenee is not sufficient to explain sueh-extended,
degradations, as explained in part. intro side reactivity. We have shown in the previous
chapters the two previous chapters that singlet oxygen is currently an inevitable source
of side reactions at all stage, of cycling in Na and Li cells. 16, high reactivity was shown to
correlate with eemmen; side product amount in metal-air batteries whose accumulation
increases overpotential and reduces cell cyclability in part. Singlet oxygen, Electrode, dis-
charge products. Singlet oxygen reactivity is moreover not confined to metal-air chemistry
as it forms from parasitic products and transition metal oxide oxidations, as defined in part.
singlet oxygen prodution. Find, pretection-te, 'O, is thus of main importance to achieve long
term cycling in alkaline nen—aqueous-based batteries.

O, quenchers can bring the answer to the 'O, mitigation question. Chemical trap, as
DMA, decribed in the previous chapters (site the two previous character), can react pref-
erentially with !0, and prevent further side reactions by forming its endoperoxide!®. To
sustain the extend lifetime requires for a battery, very high concentration of chemical trap,
would have to be used which would consequently form a high amount of inactive species in
the electrolytes. Since the use of chemical trap,is unrealistic in batteries, physical quenchers
that deexeite '0, to 0, without : ithves, as in fig. 4.1, appears
well indicated. Efficient quenchers need, yet, to sustain the aggressive conditions found in

metal-O, batteries,
@ /\ TFSI”

Figure 4.1: Illustration of the quenching process by PeDTFSI in electrochemical cell.
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We present here PeDTFS], a ionic liquid formed by monoalkylating the known quencher
DABCO8-101 a5 g efficient quencher in metal-O, batteries. PeDTFSI presents-increased
ee&éatwe—sta—b&&y@&e—te—&s%mep%epe%ﬁes—eem—p&yed%e DABCO. We show that the higher
solubility of DABCOnium in glymes, a common solvent in metal-O, batteries, counterbal-
ances reduced molar efficiency arising form its increased oxidation potential®!l. To do
so, we followed the consumption of DMA in the presence of 'O, by UV-vis spectrometry.
The DMA consumption rate will be decreased by competitive 'O, deactivation pathways, i.e.
physical quenching. Quenchers as additives in Li-O, electrolytes result in reduced parasitic
products and increased reaction yield during both discharge and charge. Besides providing
8,'0, mitigation-mean in batteries, this study established clearly 'O, as a main degradation
source in metal-O, cells considering the influence of quenchers on parasitic reactions.
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4.1 Singletexygenphysical quencher

Natural-process brings substantial answer, to the !0, mitigation issue in electrochemical
devices. Singlet oxygen is found in biological systems that use O, as-ar energy storage "2,
Natural systems evolved to counteract negative effects of this harmful chemical. Amongst
possible solutions, the most cur Ci'ts are chemical trapping and physical quenching agents,
such as tocopheroles and carotciics 12 Chemist has synthesised molecules with similar
effect, e.g. the previously discussed DMA that traps 'O, by forming its endoperoxide 34 This
traps, yet, directly react at high rates with 'O, to form innocuous species. Their consumption
render;chemical traps inadequate in battery technologies where a high number of cycles
needs to be sustained.

Physically deactivating 'O, to its ground state (*0,) is preferred since the quencher is
not consumed and no new inactive products accumulate. Several radiationless physical
quenching mechanisms can convert 'O, energy-excess into heat!''3l. They are namely, in
increasing reaction pace order, electronic-to-vibrational energy transfer (e.g. 'O, quenching
by solvents), charge transfer induced quenching (e.g. tertiary aliphatic amines), and electronic
energy transfer (unsuitable for electrochemical systems, e.g. carotenes in biologic systems)!"!/.
The fastest quenching mechanism suitable for electrochemical systems hence proceeds via
a charge transfer (CT) mechanism. In CT mechanism, the quencher (Q) and 'O, form a singlet
encounter complex ({Q'0,)¢0), followed by a singlet charge transfer complex formation
((Q'0y)cp), in which electronic charge is partially transferred to the oxygen. Energy is then
released during the intersystem crossing (isc) to the triplet ground state complex ((Q30,)c1),
which dissociates to Q and 20, 19], as described in eq. 4.1.

Q+ 102 = 1(Qloz)}:c = I(Qloz)CT e 3(QSC)z)CT = Q+ 302 (4.1)

1sC

Charge transfer quenching is favoured in the case of electron-rich quenchers, such as
amines. 1,4-diazabicyclo [2.2.2]octane (DABCO, fig. 4.2(a)) has been suggested for 'O, quench-
ing as early as 1968 and was shown to be effective in aprotic media!®-'°!. Amines have been
widely investigated and it was found that the partial charge transfer causes the quenching
efficiency to correlate logarithmically with the ionization potential and hence oxidation po-
tential 15!, The quenching efficiency by CT mechanism drops by a factor of ~10* per volt of
the oxidation potential for amines. The well known quenchers DABCO and LiN; are oxidized
at ~3.6 Vi 018! whereas ~4.2 Vyj/;+ are typically required to recharge Li-O2 cells!7-19!
The other non-aqueous metal-air batteries present a lower overpotential during Charge
and so the oxidative stability of the quencher should be ‘1= d for Li-O, chemistry!7! 201211 [22]
Another challenge in batteries is the reduced quenching activity due to cation interactions
with strongly Lewis basic amines!!. To be suitable in, metal-air battery conditions, an amine
quencher should then have lower Lewis basicity, raised oxidation stability (to around 4.2
Vii/1i), be chemically stable, counterbalance the inevitably lower molar quenching efficiency
by high solubility in the solvent media and ultimately be compatible with a lithium metal
anode. Herein we show that monoalkylating the diamine DABCO to its onium salt (here
1-pentyl-1,4-diazabicyclo[2.2.2]octan-1-ium TFSI or PeDTFSI, presented in fig. 4.2b) achieve,
all these goals.
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a) b)
— TFSI
N N N N7
— =
Figure 4.2: Structure of the used '0, quenchers. (a) DABCO (1,4-diazabicyclo[2.2.2]octane),
(b) PeDTFSI (1-pentyl-1,4-diazabicyclo[2.2.2]octan-1-ium TFSI).
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4.2 Quencher adapted te lithium-air batteries

According to a literature procedure detailed in Annexes synsthese, a pentyl DABCOnium
(PeDTFSI) species counterbalanced by a bis(trifluoromethanesulfonyl)imide (TFSI") anion
was synthesized 23, PeDTFSI is an ionic liquid with a melting point of 43 °C (PeDTFSI charac-
terization is detailed in Annexes NMR + ATG) and is widely miscible with glymes, a common
metal-air battery electrolyte, fulfilling the high solubility requirement. Concerning the low
Lewis basicity criterion, its donor number (DN) was determined to be 12.5 kcal-mol™ by
Z3Na-NMR shift as depicted in Annexes Na NMR. The commonly used TEGDME has a sim-
ilar Lewis basicity with a DN of 12, which is much lower than other common solvents as
DMSO (DN=30) or tertiary amines as triethylamine (DN=61) and 1,2-diaminoethane (DN=55),
as expressed in Annexes table Na NMR %4, We verified the chemical stability of DABCO and
PeDTFSI in presence of superoxide, peroxide and 'O, by 'H-NMR spectroscopy to assess
their usability in metal-air batteries. The procedure is further described in Annexes protocol
stability and the resulting 'H-NMR are iHustrated, in fig. 4.3 for PeDTFSI and Annexes NMR
stability DABCO for DABCO.

CHsCl DME

PeDTFSI 24h Li>O>

F

PeDTFSI 24h KOU

PeDTFSI 3h 02 | JM ALLL

PeDTFSI blankJL a b

9 8 7 6 5 4 3 2 1 0

Chemical shift (ppm)

Figure 4.3: Stability PeDTFSI study in contact with '0,, KO,, and Li,O, by 'H-NMR in CDCl,.
The '"H-NMR spectra characterize PeDTFSI (in purple), PeDTFSI after 3h contact with 'O, (in
orange), PeDTFSI after 24h contact with solvated KO, (in red), and PeDTFSI after 24h contact
with Li, O, (in yellow). The * denotes a residue from DME evaporation, which amounts to a
content of 1ppm in the DME; the ° denotes H from grease. 'O, was produced photochemically,
according to a previously described method® and further described in Annexes, by-dint of
1 uM meso-tetra(4-fluorophenyl9tetrabenzoporphyrin (Pd4F) and illumination at 643 nm.

Cyclic voltammetry was used to determine the electrochemical stability window of the
quenchers, as shown in fig. 4.4. Monoalkylating DABCO diminishes the tertiary amine moiety
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electronegative character and raises its oxidation onset by approximately 0.6 V. The oxidation
stability increase from ~3.6 Vi1 ;+ for DABCO to ~4.2 V- for PeDTFSI, hence sufficiently
high for Li-O, cells. Onset of reduction is in either case around 0.5 V1 ;+ permitting its use
for every O, cathodes!”20-2225 Regarding Jithium metal anode, a symmetrical Li/Li cells with
an TEGDME electrolyte composed of 1 M LiTFSI and 380 mM PeDTFSI could sustain 5 hours
plating/deplating at 131 uA with low overpotentials upon cycling; as pictured in Annexes
Lithium. Since recent researches advocate for additives unstable with lithium metal as
mediators, the use of additives might require anyway the use of solid sate separator/2¢!.

a)

0.6

DABCO
04 r

02 r

PeDTFSI ]

Current (mA-cm™)
o

o 1 2 3 4 s
Voltage vs Li/Li* (V)
Figure 4.4: Cyclic voltammetry of DABCO (in light purple) and PeDTFSI (in dark purple).

The cyclic voltammetries were performed er a glassy carbon disk electrode in a TEGDME
electrolyte containing 0.1 M LiTFSI and 2 mM of the quencher at a scan rate of 50 mV-s™!.

To verify the PeDTFS 1 1enching efficiency despite its higher oxidation potential, we
monitored the disappearance rate of the 'O, trap DMA in presence of quenchers during
continuous photochemical '0, generation by UV+is1327 which is further detailed in An-
nexes and depicted in 4.5. Like in part. Quenching Imidazolium and detailed in Annexes,
a slower DMA decay rate in quench»» presence, due to competitive reactions, is taken as
a token of the quencher activity. 'O+ as generated photochemically at a constant rate by
illuminating O, saturated TEGDME containing 11271 Pd4F photosensitizer!8! 2711281 80 uMm
DMA and either the tested quencher or no additivcs. In order to compare the different rates,
the !0, production should be constant. The quencher should hence not deactivate the ex-
cited triplet state of the sensitizer itself, responsible for the conversion of 0, into '0,, effect
described in part. Singlet oxygen production singlet. By measuring the excited sensitizer
lifetime, described in Annexes Stern Volmer Need to ask Stefan for the concentration in
sensitizer and compare to the value from Borisov, we verified the negligible influence of
the studied quenchers compared to quenching by molecular oxygen and thus on the 'O,
generation rate.
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. Quencher adapted to lithium air batteries
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Figure 4.5: DMA decay over time in presence of photochemically produced '0, with or
without DABCO. (a) DMA consumption without quencher (in orange) and the first-order
kinetic fit (in black) (b) DMA in presence of 40 uM DABCO (in purple), the first-order kinetic fit
(in black) and the DMA without quencher fitted (in orange). The electrolytes used are based
one 40 uM DMA and 1 uM Pd,F in O2 saturated TEGDME illuminated at 643 nm, as described
more lengthy in Annexes. The dashed lines are the exponential fit of DMA consumption.
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Figure 4.6: Comparison of quenching efficiency and influence of quencher concentration.
(a) DMA concentration evolution over time in presence of photochemically produced 'O,
with or without PeDTFSI at various concentrations to determine quenching efficiency. The
electrolytes used are based on 80 uM DMA, the noted concentration of PeDTFSI and 1 uM
Pd,F in O2 saturated TEGDME illuminated at 643 nm, as described more lengthy in Annexes.
The lines are the exponential fit of DMA consumption. (b) Quenching efficiency expressed
as DMA decay kinetics and !0, fraction quenched for 40 uM DABCO and various PeDTFSI
concentrations.

The obtain, DMA concentration decays show a clear correlation with the PeDTFSI concen-
tration used as additives in fig. 4.6(a), verifying that higher concentrations allow to circumvent
the lower activity of PeDTFSI. The DMA decay can be fitted by a pseudo first-order reaction
kinetic according to eq. 4.2, considering the !0, concentration as constantly replenished
to the same level"®; Examples of fitted decays can be found in fig. 4.5. The obtained rate
at ty can then be compared to characterized the quenching efficiency and the 'O, fraction
quenched represented by the ratio between the rate of DMA alone and in quencher presence
at a given concentration, presented in fig. 4.6(b). As expected from their respective oxidation
potentials, DABCO presents a higher molar quenching efficiency with roughly halved the
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DMA decay rate at only 40 uM; On the other hand, PeDTFSI concentration had to be increased
to the mM range for a comparable effect. With 0.01, 0.05, 0.1, and 0.38 mM, the quenched
102 fractions were 9, 23, 56, and 86 %, respectively. Owing to its high solubility, PeDTFSI can
thus compensate its lower efficiency to achieve quenching of the vast 'O, majority.

C=Cy-e Xt 4.2)
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4.3 Quencher influence of side reactivity

Ultimately, a suitable quencher needs to effectively decrease the amount of 'O, related
parasitic chemistry in metal-air batteries. We chose the Li-O, cell to demonstrate the impact
of PeDTFSI since amongst Li-, Na-, and K-O2 cells, Li-O, present the highest 'O, production
rate and shows the most severe side reactions as depicted in side reactions intro and singlet
oxygen production. The deviation form the theoretical yield was measured by pressure
monitoring assuming that the large majority of released gas is oxygen 711291130 reactions
products (Li,O, and carbonates) characterized by a combination of UV-Vis and MS and 'O,
production by the ratio DMA/DMA-O, obtained by HPLC after electrolyte extraction. The
methods are further described in Annexes and method singlet. Li-O, cells were constructed
as specified in Annexes DABCO cells with carbon black/PTFE cathodes and TEGDME elec-
trolytes containing 1 M LiTFSI, 30 mM DMA and either no quencher, 60 mM DABCO, or €0,

120, and 380 mM PeDTFSI.

4.3.1 Discharge

Considering first the iOz consumption yield; cells discharged at 100 mA-g;! up to 1000
mAh-g_! present a light deviation within 2% of the ideal value of 2 e/O, with a slight im-
provement in presence of a quencher in fig. 4.7(a), in accord with other reports!17.20.27.29.31l [n
a similar fashion, Li,O, yields, shown in fig. 4.7(b), stay unfazed by the presence of quenchers
at ~95%. The presence of quenchers adéditives is not expecte *o change significantly the
reaction mechanism of the cell and hence jnfluence impert = ly the Li,O, or e”/O, yield
during discharge. Deactivating already formed 'O, should solely influence the side product
amount and 'O, traped by DMA in solution. Consequently, the amount of unquenched 'O,
directly correlates with the quantity of carbonaceous side products formed in fig. 4.7(b). The
presence of 60 mM DABCO additives cuts down both the singlet oxygen trapped in solution
and the side products by roughly 4. The same concentration of PeDTFSI reduce, the side
products only by half; as a result of its lower molar quenching efficiency. With 380 mM
PeDTFSI, however, the side products were cut to 14% of the value without quencher whether
a smaller amount than for 60 mM DABCO. PeDTFSI hence effectively reduces 'O, related
parasitic chemistry on discharge bydintof its high solubility.
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Figure 4.7: Quencher influence on Li-O, cell discharges. (a) Gas evehation during a Li-O, cell
discharge with a carbon black cathode and LFP counter electrode discharged at 100 mA-g.~*
to 1000 mAh-g. ! in a TEGDME electrolyte containing 1 M LiTFSI, 30 mM DMA and either
no quencher (blue) or 0.38 M PeDTFSI (purple). The dashed line represent the theoretical
yield, of 2 €7/0,. The method is detailed in Annexes. (b) O,, 'O,, peroxide and carbonates
production during discharge of the Li-O, cells with or without quenchers. The cells are
composed of a carbon black cathode and LFP counter electrode in a TEGDME electrolyte
containing 1 M LiTFSI and the mentioned quencher concentration and discharged at 100
mA-g.~! to 1000 mAh-g.~!. The method is detailed in Annexes.

4.3.2 Charge

Turning to cell recharge, we assessed the effect of a quencher on the gas evolution rate
measured by the pressure in the cell headspace. As DABCO has already been shown to
reduce 'O, related parasitic chemistry on charge within the limited oxidative stability of
3.6 Vi1 8, focus willbe given to quencher-free cell and a 380 mm PeDTFSI containing
cell. Cells were first discharged in the same conditions than the discharge study and then
recharged at 100 mA-g;! to a cut-off voltage of 4.6 Vy;/1; and depicted in fig. 4.8(a)-(b).
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Figure 4.8: Quencher influence on Li-O, cell charges. The O, saturated TEGDME elecrolytes
used are composed of 1 M LiTFSI on the first column ((a)-(c)) and an additional 0.38 M
PeDTFSI on the second column ((b)-(d)). (a)-(b) Voltage profiles during recharge with a carbon
black cathode and LFP counter electrode at 100 mA-g.~! to a cut-off voltage of 4.6 V-
after a discharge to 1000 mAh-g.!. (c)-(d) Gas evolution during a Li-O, cell charge of the
aforementioned cells (in black without quencher and in purple with 0.38 M PeDTSFI). The
blue dashed ling represent the theoretical 2 e7/0O, and the orange area represent the parasitic
reactions. The method is detailed in Annexes.

For the quencher-free cell in fig. 4.8(a)-(c), the voltage rises within a few percents of the
recharge capacity towards to a plateau at ~4.2 Vy;,1;+ before it further rises steeply close to
the end of recharge. The gas evolution remains, from the onset of charge, significantly below
the theoretical value of 2 e/O,, as previously observed in literature!'”202% This deviation
indicate e~ extraction from side products, i.e. Li;CO31°! and possible reaction of released O,
species with cell components rather than evolving as O,, as 'O, evolution described in part.
singlet direct oxidation and singlet carbonates. In contrast, the cell with PeDTFSI evolves
O, at the ideal rate of 2 e7/O, up to approximately 4.2 Vy;,1;+, namely its oxidation stability
threshold; Upen, this voltage, part of the e” exchanged are due to PeDTFSI oxidation. A 2
e /O, reaction yield establishes that all the electrons are extracted from Li,O, rather than
partly from side products and any 'O, formed is quenched to >0, in order to be detected in
the headspace. '0, being evolved from the onset of charge in Li-O, cells from dispropor-
tionation®271, 10, suppression can only arise via PeDTFSI quenching since the quencher is
not expected to change the charging mechanism. It should be noted that charge capacity
at cut-off with the electrolyte containing 380 mM PeDTFSI corresponds to only 23% of the
formed Li,O, during discharges, which balances with the 77% left measured by Li,O, titration
after recharge.
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4.3.3 Consequences

The addition of quenchers additives results in a substantial decrease in side products forma-
tion both i discharge and charge. The quencher effectiveness to reduce parasitic reaction
established clearly !0, as one-of the major degradation pathways in metal-air batteries.
A reduction to 14% of the original carbonate formation ig Li-O, cell discharge with high
quencher concentration show,that disproportionation might-arise-as-a-eulprif for 86% of
the cell degradation during dlscharge, accentuating the importance of disproportionation
mechanism developed in the ch. chapter disp. Quenching disproportionation reaction can
explain the slightly improved e”/O, yield as the 'O, release by disproportion is recovered in
the headspace as 0, instead of reacting with cell component, As the 'O, formation rate is
accelerated with the charge overpotential!®!, quencher use is evermore important during
Li-O, charge.

During Li-O, cell charge without quencher, the quickly increasing voltage is partly related
to increasingly difficult electron transfer as the Li,O, content decrease and mainly to in-
creasing oxidation potential caused by formed parasitic products[32-35. Considering the case
with quenchers, the near theoretical yield through most of the recharge indicates that rising
voltage is not caused by side-product formation. Together with the much lower amounts of
side products at the end of discharge, the continued 'O, elimination on charge also avoids
more side products forming on recharging. This is reflected in the slower overpotential rise
compared to the quencher-free cell. Accounting for the 77% Li,O, left in at the electrode
vicinity at the charge end with PeDTFS], rising voltage can be related to increasingly diffi-
cult electron transport from the electrode surface to remote Li,O, and subsequent loss of
contact as charging proceeds. PeDTFSI is amphoteric, Lewis basic at the tertiary N atom and
Lewis acidic at the quaternary N atom, which could possibly solubilize the LiO, intermediate
and favour the solution discharge pathway. Difficulties in recharging cells with additives
favouring the solution mechanism are already recognized (536381,

The advantages of quencher additives ig not limited to Li-O, air batteries but to all
battery chemlstrﬁpiceseﬂﬁng O, formation, Na—OZ disproportionation at rest, accompanied
by '0, release, is responsible for high, cell degradation, as demonstrated in part. singlet
disp + disp paper consequences. Quencher,additives should be able to reduce this effect.
PeDTFSi presented here is only a first attempted to adapt singlet oxygen quencher, to battery
chemistries. Singlet oxygen evolution from layered transition metal oxide at high potential
would requires an jmproved oxidative stability®%40] Nevertheless our study assess, the
importance of singlet oxygen reactivity in non-aqueous batteries and its mitigation through
quencher, additives:
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Conclusion

In conclusion, 'O, is partly; responsible for side reactions and requires adequate mitiga-
tion means in non-aqueous alkali batteries. Physical quenching appears as a good solu-
tion to the 'O, production in batteries, permitting deactivation to its ground state before,
side reactions debut: We show that PeDTFSI, the monoalkylated form of the diamine 1,4-
diazabicyclo[2.2.2]octane (DABCO), is an efficient 'O, quencher with sufficient voltage and
chemical stability. Quaternizing one of the nitrogen atoms raises the oxidation stability
of the remaining tertiary nitrogen from 3.6 Vy;;;;+ to approximately 4.2 Vi;,1;+. Despite the
lower molar efficiency of PeDTFSI, its high miscibility with glymes permits an effective 'O,
quenching at high concentration.

We demonstrate the efficiency of PeDTFSI with Li-O, cathodes, where the quencher
greatly reduces the parasitic chemistry. PeDTFS] influence on parasitic chemistries settles
the importance of 'O, related parasitic chemistry in metal-O, batteries and the influence of
side products on the Li-O, cell overpotential during charge. On a wider perspective, partly
quaternizing diamines are suitable to tune the oxidation potential of 'O, quenchers. 0, is
also known to evolve from layered transition-metal cathodes and upon oxidizing Li,COs,
a common impurity of cathode materials. Quenchers stable under high voltage are hence
relevant to control 'O, related interfacial reactivity and long-term cyclability of many cur-
rently studied cathodes. As transition-metal cathodes can produced singlet oxygen at higher
potential than 4.2 Vi3 139, alternative quencher might arise in the future. Nevertheless, this
study presents a first definition of quencher potential in oxide based cathodes and their
design.

Enhanced solution pathway mechanism in Li-O, increases the discharge capacity but also
leads to difficulties to reached-full recharge. Complete oxidation of the Li,O, formed during
discharge could not be achieved with PeDTFSI addition. Such cells are now recognized to
require oxidation mediators for full charge!®!. As mediators change the mechanism of the
reaction, singlet oxygen production via mediators ought to be studied more in details.
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Each problem that I solved became a rule, which served afterwards to solve other
problems.
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Introduction

Owing to its high capacity per mass and volume, alkaline oxides previde-an attractive gnergy
storage. Unfortunately, alkali oxides are also wide-bandgap insulators, preventing efficient
charge transport and-sterage as described in part. discharge product; The oxide high resis-
tivity restriets pores filling, limits discharge capacity and causes high charging voltages even
at low rates'-8l. Deeply discharged Li-O, cathodes through the solution pathway are filled
with large Li, O, particles with several 100 nm in size[?57-10]. Oxidizing them on charge is
relatively easy at the charge onset for Li,O, directly in contact with the porous electrode!!-13!,
Li,O, more remote from the electrode surface, however, loses contact as charging proceeds,
effect seen with additivies as PeDTFSI in part. charge DABCOnium, causing rising voltage
and incomplete charge. The problems caused by the insulating nature of oxide, e.g Li,O,,
particles diseconneetion and parasitic chemistry are interrelated whieh are particularly severe
on charge!!-5714-231 parasitic reactions on discharge form side products such as carbonates,
which are hard to oxidize and may release 'O, as seen in part. Electrode + side reaction +
singlet oxygen carbonate. More of these side products form on charge with increasing rate
as the charge voltage rises, self-amplifying the processes!16.17.24:25]

Since growth/dissolution of Li,O, occurs at its surface, Li* and e transport into/out of
the bulk particle are not required. Li,O, rel= restriction to charge storage could be enabled
by diffusion of available Li* and e™ at its su ‘= :e through the electrolyte. Relocate, the charge
transport away from the peroxide circumvent moreover the issue of detached peroxide
formed during discharge. The reactions could proceed away from the electrode and no
discharge products would be lost. Bypassing alkali oxide for ion and electron transport may,
in turn, enable high-power metal-O, cells. The main problem is the e transfer thought the
electrolyte. During discharge, the charge transport can be assured by superoxide through
the disproportionation process which correlates with higher discharge capacities as seen
in part. discharge intro and ch. disp. Disproportionation, yet, does not permit recharge of
particles formed away from the electrode ana is slow or not favoured for Na-O, and K-O,
cells.

Redox mediators address the charge transport between the e™ conductor and O, or oxide
distant from the electrode in a more controlled fashion [2461519.202426-30 Mediators act by
being reduced/oxidized at the e” conductor, diffusing through the electrolyte and reducing
O, or oxidizing alkali oxide at low overpotential, thereby being regenerated themselves. By
switching electrode reactions to mediators reduction/oxidation, the peroxide becomes a
convenient way to store charge and enable higher power batteries; The only requirements are
faster reaction kinetic and mediators diffusion than the reaction through the highly resistive
alkali oxides. Oxidation mediators allow, in principle, charging at nearly zero overpotential
and a wide variety of mediators have been studied based on their redox potential as well
as O, evolution efficiency in Li-O, cells and atterapted-in, Na-O, cells[2615192026-31 A the
main concern is the side products formation during charge and disconnect alkali oxides,
this thesis will only focus on oxidation mediators. While numerous adapted mediators
are known in literature, little is known on the actual mediated mechanisms and their rela-
tions with parasitic chemistry. Oxidation mediators may also induce side reactions, if for
example the oxidized mediators can oxidized the electrolyte solvent©2426.32] Fyrthermore,

chemical oxidation of peroxides and superoxides in non-aqueous media by e.g. chlorine

or ferrocenium has been found to generate !0, mediators may themselves contribute to
its production!33-37!. The elementary steps during mediated Li,O, oxidation pathways and
governing factors leading to >0, or 'O, are yet to be described. Only knowing them in detail
may allow designing mediators for '0,-free Li-O, battery recharge.
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Using the methods previously described in this thesis, we decipher in this chapter the
mechanism of mediated alkali peroxide/superoxide oxidation and identify pathways that lead
to '0,. In a first step, one electron mediated oxidation generates a superoxide intermediate
form peroxide. The second step can either proceed via superoxide disproportionation or
superoxide oxidation by mediators as depicted in fig. 5.1. 'O, is hence not suppressed by
oxidation mediators as it can form by disproportionation or oxidation at potentials higher
than the thermodynamic threshold discussed in ch. singlet oxygen. For low redox potential
mediators, the !0, amount is determined by the relative kinetics of the two pathways. We
found that with commonly used mediators disproportionation can not be neglected and thus,
!0, proeduction. Once the '0, presence is established, the stability of oxidation mediators
towards !0, needs to be appraised; By using UV-vis spectroscopy, we found mediator
degradations at impertant rates in contact with '0,. Mediators with quenching moieties,
e.g. tertiary amines presented in ch. Quencher, display increased robustness most likely by
deexeiting singlet oxygen to its triple state and are consequently desirable in-an oxidation
mediator, Chemical stability of mediators is also an essential parameter to ensure efficiency
through long term cycling. We show that eemamen mediators, e.g. TEMPO or Fc, do not
reform their reduced from upen alkali oxide exidatien despite O, release. Mediators can
spontaneously form highly exidative species in the case of mediators with multiples oxidation
degrees, e.g. TDPA, resulting in 'O, evolution by alkali oxide mediated oxidation. The results
establish the main characteristic wished inra mediator, to avoid degradation and achieve
a-good cyclability, i.e chemical stability, fast superoxide oxidation kinetic and good 'O,
quenching efficiency.

4r 1 3
OZL 0, 35 10 30
u : 1] .
=35} —_
é MedreD r X MedreD Med,
w 3}
.‘_; Lizoz K'\/Ie‘dox - MedOX Medox
= Med — o
[7] ox —_— 3
525 ¢ Med Na,0, NaO, KO,
e red LIOZ 2 F Medox MEdred
2 | K0,
2L
Li/Li* Na/Na* K/K*

Figure 5.1: Mediated alkali (su)peroxide oxidation mechanism.
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128 5.1. Oxidation mediators in metal-air batteries

5.1 Oxidation mediators in metal-air batteries

The pxidation mediators are pxidized at the electrode and oxidized in turn alkali oxide giving
back the reduced mediator. Fhe oxidation mediator being solvated any peroxide surface in
contact with the solution can be subject to the reaction. Netwithstanding the alkali oxide
thickness or deposition geometry, the reaction potential is fixed by the mediator itself, if
sufficient pristine carbon surface is present. By choosing appropriate mediators with a redox
potential just above the O,/MO, potential (M= Li,, Na or K), e.g. 2.96 Vy;,1;+ for lithium based
cells, nearly zero overpotential during charge is in principle possible. The promises of these
soluble mediators ir charge are tremendous for the field and numerous studied searched
for appropriate mediators gither organic, organometallic or halide molecules 19262738 Com-
mons given criteria are redox potential, fast kinetics to achieve fast charge rate, reduce
the production of side products as well as stability in the Li-O, environment. Unless an
impermeable separator is used, it needs to be compatible with the lithium metal anode.
Organic mediators have most widely been investigated by-dint-of their wide variability!6-26].

While the exact mechanism is unknown, the reaction kinetie can be in first approxima-
tion decomposed in tw o « teps. These are an heterogeneous oxidation of the mediators at
the electrode surface (ko) tollowed by the heterogeneous oxidation of Li,O, by the oxidized
mediators according to the overall reaction given in eq. 5.1. Due to the lack of more precise
mechanistic deseriptor; divergent views emerge, in the literature. On one hand, apparent
rate constants (k,pp) of the overall reactions er Li,O, were determined using scanning elec-
trochemical microscopy and compared to the k, obtained by cyclic voltammetry on glassy
carbon for a wide range of mediators with potential ranging from ~3.1 to 3.85 Vy;/1;+ 18!, Since
no clear dependence between ko and k;p,, appeared, it was concluded that the reaction
between mediators and Li,O, is an inner-sphere process and mostly governed by the sterics
of the redox molecules. From the obtained k,pp, it was calculated that even for the slowest
mediators the apparent kinetics appears fast enough to sustain with a porous Li, O, filled elec-
trode a superficial current density as high as ~100 mA-cm™. On the other hand, differential
electrochemical mass spectrometry (DEMS) experiment showed a clear correlation between
the onset potential for O, evolution and the mediator oxidation potential, a behaviour inter-
preted through an outer-sphere mechanism using the Marcus theory and Nernst law*?. O,
evolution was moreover found to start at low mediators concentration (e.g. 107> M for TTF).

2M* + Li,0, — 2M + O, + Li* (5.1)

As the apparent rate constants seem relatively high even for the slowest mediator,and tak-
ing into account the wide range of potential covered by organic molecules, the main criterion
emerges as the influence on parasitic chemistry. Literature shows, yet again, discrepancies.
Using mediators, online electrochemical mass spectrometry and pressure monitoring ex-
periments showed an improved e /O, ratio'5/20 Other studied showed that mediaters,
oxidation of chemical Li,O, deviate from the theoretical 2 e”/O, ratio, instability of some
mediators in presence O, or presence of CO, production by action of mediators below the

Li,CO5 oxidation potential, all indicating side reactions!%39l.

The reactivity of some mediators could be explained by oxidation of the solvent rather
than Li,O,, resulting in irreversibility!®![2426.321 A mechanistic study rationalised this effect
by comparing the position of the oxidized mediatoy singly occupied molecular orbital to the
highest occupied molecular orbital of the solvent®l. The stability of the mediator is especially
problematic due to their often organic nature, easily degradable at the contact with the
lithium metal anode and potentially singlet oxygen.
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5.2 Oxidation mediator mechanisms and singlet oxygen formation

The mediated alkali peroxiae oxidation is commonly described by the overall reaction (eq.
5.2)12461520.26-31 The exact mechanism of mediated alkali peroxide oxidation and pathways
to !0, has to be elucidate before design 1o '0,-free metal-O, battery mediators. A previous
study, yet, hinted the decomposition of the oxidation reaction in two individual steps based
on DEMS experiment[®!. To decipher the mechanism, we hence hypothesize that mediated
oxidation may follow two possible pathways. In the first case, oxidation proceed via a di-
rect two-electron oxidation as described in eq. 5.1. In second case, oxidation proceed by
superoxide species formation (noted MO, or superoxide through the rest of this chapter)
through a mediated oneselectron step according to eq. 5.3. Once superoxide species are
formed, the reaction can either continue with a second one-electron mediated oxidation
described in eq. 5.4 or by disproportion as depicted in part. disproportionation and in eq. 5.5.

M,0, + 2RM,, — 2M* + 2RM,q + 20, (5.2)
M;0; + RMoy —— M’ + RMyeq + MO, (5.3)
MO; + RMgx —j—= M* + RM,q + MO, (5.4)
MO, + MOz —j-—= M0, + x%0, + 1-x)'0, (5.5)

(5.6)

5.2.1 Mediated oxidation pathways

Two 'O, production pathways emerge form the hypothetized elementary steps, either via
disproportionation, as described in ch. disproportionation, or via alkali oxide oxidation
above a potential threshold (e.g. 3.45 V- for Li,O, and ~3.55 Vi;,1;+ for MO, with M = Lj,
Na, K), as described in part. direct oxidation. Mediated alkali oxide oxidation could produce
'0, in accord with previous works reporting its prodcution from reaction between O,- and
oxidized mediator with sufficiently high potentials such as Fc (3.56 Vy;;1;+, measured by CV in
Annexes)!35-371 Using a mediator with a potential below the 'O, potential threshold (MBT,
measured by CV in Annexes) and a mediator above (Tempo, measured by CV in Annexes),
we performed characterization of the >0, and !0, released upon an excess of Li,O, and KO,
powder oxidatior; The yields determination is based on a combination of MS and HPLC,
similarly to part. pait¢ disp MS and further described in Annexes. KO, was used as stable
substitue to LiO, due to its stability and similar redox potential, as explain in'J: t. part disp
MS. The mediators were chemically oxidized befor - 11and to avoid the preseiice of lithium
ions in the superoxide case according to the proceaure described in Annexes. The results
are illustrated in fig. 5.2 and expressed in O, mol per 2 RM,, for Li,O, and O, mol per RM
for KO, corresponding to the theoritical yield given in eq. 5.2 and 5.4.

Change figure for the good 102 yield
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Figure 5.2: 20, and '0, yield upon mediated peroxide and superoxide oxidation by MBT*
and TEMPO". >0, and 'O, evolution obtained by addition of 1 mM (a) MBT" or (b) TEMPO" in
TEGDME to an excess of Li,O, or KO,.

10, formation from KO, and Li,O, oxidation with TEMPO" indicates well that singlet oxy-
gen can be produced via mediated alkali oxide oxidation. As KO, does not disproportionate
in absence of more Lewis acidic cations, explain,in part. disproportionation, the important
presence of !0, can be safely associated with the superoxide oxidation. Singlet oxygen, yet,
can not be produced directly by mediators below ~3.5 V;/1;+ and its presence can then be
used as a proxy for disproportionation as in part. disprop consequences. Li,O, oxidation
with MBT" is accompanied by a clear release of singlet oxygen and conseguently a negligible
one with KO,, indicating LiO, disproportionation even in mediator presences: If Li,O, were
oxidized by a direct two-electron process, no 'O, would be expected fox Li,O, and if singlet
oxygen were produced by pxidation then it should also be produced feg KO,. The presence
of disproportionation indicates hence a reaction in two steps as for non-mediated charge.
Direct two-electron oxidation appears additionally unlikely since a trimolecular process with
two mediators hitting the same surface spot at the same time would be required. Similarly,
Na,0, mediated oxidation occurs in two steps with superoxide as intermediate; The results
are shown in Annexes.

5.2.2 Mediated oxidation kinetics

The use of low potential oxidation mediators hence does not prevent disproportionation
and subsequent 'O, formation. Oxidation mediators could reduce the disproportionation
importance, and se, the '0, yield, since theix is competing kinetics between MO, dispropor-
tionation and mediated oxidation. To separate the influence of each kinetics , we measured
the rate of the overall reaction between the mediators and Li,O, (eq. 5.2, k,pp), the rate of the
superoxide oxidation (eq. 5.4, ky) and the disproportionation rate (eq. 5.5, kgjsp) for a wide
range of mediators (TDPA, MBT, TMPD, DMPZ, Fc, 1,6.28.30.32]) covering potential from 3.09
to 3.63 Vyj,1;- which are determined in Appendix.

Mediators were found to be all UV-vis active and their oxidatio:ieduction rates were
measured using their absorbance evolution starting at a known initial concentration. The
oxidized mediator solutions were expesed-te an excess of Li,O; (k,pp) or KO, (ky) in pellet
shapes with known surface area under agitation, exemplified by DMPZ in fig. 5.3. The concen-
tration decays overtime were then fitted and the rate at the initial-tirae used to calculate the
kinetiereaction according to a pseudo first-order reaction in first approximation. The initial
rate was used to neglected side reaction influences (e.g. by !0, action or disproportionation
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as Li* will be released upon Li,O, oxidation). The mediators were oxidized chemically to
avoid Li" presence and subsequential disproportionation of KO,, as described in ch. Disp.
The methods and the results are detailed in Annexes. Measurements via UV-vis presentthe
convenience to detect possible side reactions not reforming the mediator reduced-forms and
probe the reactions on the surface as a whole compared to previous studies performed by,
scanning electrochemical microscopy!?®!. The disproportionation rate (kgisp) was measured
by pressure monitoring in a closed vessel after injection of 0.5 M LiTFSI TEGDME electrolytes
onto KO, pellets under similar condition than for the mediator kinetic experiments. The
pressure evolution was then fitted by a second-order kinetie reaction represented by the
2q. 5.5, 5.7, 5.8 and 5.9 and illustrated in fig. 5.4. It can be noted that the obtained rates
are minimal rates as the production of 'O, could not be detected by means of pressure
measurements. We showed previously in ch. disp that weak Lewis acid highly influences
the disproportionation reaction and increased the 'O, production. Oxidized mediators are
weakly Lewis acidic and their possible influences on disproportionation were modelled
by measuring disproportionation in presence of a 0.5 M LiTFSI/0.5 M TBATFSI mixture
in TEGDME. The presence of TBA" results in a more than 2.5 fold disproportionation rate
increase.

(@)

—
O
=
—
9)
-

1 . . I T
— DMPZ* © S
3 — DMPZ Foos E
§ \/ DMPZ* + Li,O, 5 06 5
X
5 05, z os ‘Z’ 0.5
Qo 0 . [9)
= e 3
< 0.2 b=
c
3 @
0 : : S 0 2 0
300 400 500 600 700 O 0 500 1000 S o 500 1000
wavelength (nm) time (s) time (s)

Figure 5.3: DMPZ mediated oxidation rate obtained by UV-vis. (a) UV-Vis spectra of DMPZ
(brown), DMPZ" (light brown) and DMPZ" after reaction on Li,O, (yellow). The black line
denotes the wavelength used for kinetic measurement (450 nm). (b)-(c) DMPZ" concentration
over time in contact with (b) KO, or (c) Li,O, pellets

Verifier equation

= k-C? (5.7)

with C the concentration (mol - L71); t, the time (s) and k, the kinetic constant (mol™ - L- s71).

1 1 1 1

¢kt (Pf—Po)—(P—Po)_Pf—Po:k't 8

c G

with Cy = Py - Py and C = (P - Py) - (P - Py); Py is the initial pressure (Pa), P is the final pressure
(Pa); Assuming the temperature and the volume constant.

(P =Ry -k-1)

P_%:«@—%ykm+n (.9
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Figure 5.4: Pressure evolution during KO, disproportionation in presence of Li* or Li*/TBA*
TEGDME electrolytes. Electrolytes contained either 0.5 M LiTFSI (yellow) or 0.5 M LiTFSI
and 0.5 M TBATFSI (purple). The fit obtained by eq. 5.9 are given in black dotted line.

The overall reaction rate between the oxidized mediator and Li,O, is composed of several
elementary step which have been elucidated in the previous part. mechanism. First, the
reaction proceed, via a oneselectron oxidation according to eq. 5.3 (k;), followed by either a
second one electron oxidation or disproportionation. Areal mediated oxidation rate must
be recalculated by assuming a mediator concentration (v = k - Cipediator), here 10 mM, to be
be compared to the areal disproportionation rate (vgisp) at the solid superoxide surface.. The
initial disproportionation rate could then be compared to the mediator kinetics in fig. 5.5;
The range of vg;sp, values between pure Li" and Li*/TBA" allows to determine the dominant
kinetic and hence the major O, evolution pathway from superoxide in presence of a specific
mediator. The k,p, kinetics values obtained appears moreover similar to the ones obtained

by SECM in the literature as shown in Annexes!?8!.
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Figure 5.5: Kinetics of mediated (su)peroxide oxidation and superoxide disproportiona-
tion. Kinetic constants k (left axis) and rates v assuming a 10 mM concentration (right axis)
in TEGDME for the reaction between oxidized mediators and the Li,O, surface (a) and the
KO, surface (b) obtained by UV-vis. Superoxide disproportionation rate in presence of 0.5 M
LiTFSI or 0.5 M LiTFSI and 0.5 M TBATFSI is indicated by dashed line in (b).

Remove equilibrium on the botttom axis

O, evolution is clearly dominated by disproportionation for mediators with redox poten-
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tial above 3.5 Vy;1;+. For high potential oxidation mediators, the disproportionation rate in
pure Li* electrolyte appears more than 3 times faster than mediated superoxide oxidation
for a 10 mM concentration. The results are U1 nuanced for lower redox potential with
mediated superoxide oxidation rates similar o: sughtly higher to disproportionation in pure
Li* electrolyte. The disproportionation in the presence of TBA" as a model of soft lewis
acid, yet, stays faster than the mediated oxidation. Disproportionation, similarly thanfexr
non-mediated cell, is at least one of the main reaction pathways which-isknown to yield '0,,
especially in presence of weak Lewis acids as oxidized mediators. The sec Ui d step kinetic,
whethey it be-oxidation or disproportionation, appears much faster than thc Gverall reaction
rate on Li,O,. The reaetion rate limiting step is thus the first electron oxidation to form
superoxide from peroxide.

5.2.3 Consequences

The presence of smglet oxygen permits to reveals the oxidation reaction mechanism which
is resumed in fig. 5.1. 10, formation below 3.4 Vy;/;;+ from Li,O, oxidation indicates  dispro-
portionation mechanism and hence superoxide formation; Direct two-electron oxidation of
Li,O, or Na,O,, as described more in details in Annexes, may be thus excluded. The super-
oxide formation is moreover the rate limiting step of the reaction and should be optimized
to allow fast reaction kinetic. By superoxide, we do not imply any particular species as it may,
for example, be a Li-deficient solid solution Li, ,O, phase or dissolved LiOy,, which are
proposed for non-mediated peroxide oxidation 392122]

After superoxide formation, O, can subsequently evolve through two competing pathway,
a second mediated oxidation or disproportionation. !0, presence has been shown to result in
important degradation in metal-air batteries in previous chapters (ch.singlet oxygen, Dabco).
Mediated metal-air cells are no stranger to 0, existence. Singlet oxygen can be formed by
superoxide oxidation above ~3.55 Vi1 ;- rotwithstanding direct or mediated reaction; High
potential mediator shows impertanidack of 20, release, especially in contact with KO,. In
this case, the absence of disproportionation impose all the reaction pass by the oxidation
pathways, thus '0, production, despite the lower kinetic of high potential mediators.

Dlsproportlonatlon yields 'O, espec1ally in presence of weak Lew1s acids as dlscussed in
ch. Disp. Mediated 0,
sup@e%eée@e&éaﬁem%e&%eée*pe%e&ﬂaﬁne&a%e%s The medlators should yet present
a kinetie sufficiently high with-O; te, prevent conseeguent disproportionation. For the wide
range of mediators tested here, disproportionation =1 1se 0, are inevitable as its kinetic is
at least comparable to the mediator ones. Efforts should hence be direct towards designing
mediators with fast superoxide oxidation kinetic and low redox potential to reduce the 'O,
yield during charge.
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134 5.3. Singlet oxygen reactivity of oxidation mediators

5.3 Singlet oxygen reactivity of oxidation mediators

Among possible oxidation mediators, organic molecules have received special attention

due to their variety and tunable oxidation potential via synthesis within the same chemical

class[?0l. Their organic natures, yet, make them susceptible to degradation by singlet oxygen,

formed at all stage, of cycling as discussed in ch. ch. singlet oxygen. Singlet oxygen is know
for being dienophile and mediators possessing double bonds sheuld be particularly sensitive

to its presence, e.g. DMPZ, TTF, MPT or TMPD 619281 The presence of oxidation mediators

does not prevent 0, presenee as explain in the previous part. previous part. Since Li,O,

oxidation proceed, via superoxide formation, singlet oxygen can be formed by disproportion-
ation even with low redox potential mediator. The reactivity of organic oxidation mediators

towards 'O, needs to be assessed to ensure efficient effect during extended cycling and

understand mechanism, favouring their stability.

Redox mediators may be reactive not only with 'O, but potentially to other oxygenated
species present in metal-air battery chemistry,i.e, O,, O, and peroxide. We thus investigated
the stability of some redox mediators towards these species. Among possibly reactive media-
tors, tetrathiafulvalene (TTF) and dimethylphenazine (DMPZ) were selected and-sechematized,
in fig. 5.6. Both TTF and DMPZ present good oxidative stability towards TEGDME, a common
solvent in metal-air batteries!®. TTF was also chosen for historical reason, being one of the,
mediators proposed!®!, and DMPZ due to its low redox potential!®. TTF and DMPZ also
present different heteroatoms that may influence their stability, sulfur or azote respectively.
As singlet oxygen is a known electrophlle 401 we 1nvest1gated the stability of both the media-
toer reduced and oxidized states to s on their reactivity 40!,

Resize TTF

(a) (b)

|
N s s
CLD =]
N S
|
Figure 5.6: Structure of the studied mediators. (a) DMPZ (b) TTF.

5.3.1 Oxidation mediators in the reduced state

To determine the mediator stability, 'H-NMR spectra in DMSO-dg were recorded for each
mediator after 24 hours in presence of the oxygenated species as described in Annexes. By
comparing with the pure substance 'H-NMR in fig 5.7, neither dissolved O,, dissolved O, or
Li,O, reacts perceptibly with the studied mediators as previously reported in the case of
DMPZ and O,®
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Figure 5.7: Stability of DMPZ and TTF in contact with O,, KO, and Li,O, by 'H-NMR in
DMSO-dg. (a) 'H-NMR spectra for DMPZ and (b) TTF. The DMSO peak is taken as inter-
nal reference for quantitative comparison of spectra. The * denotes a residue from DME
evaporation, which amounts to a content of 1 ppm in the DME.

As other oxygen species do not appears to react with the mediators, we investigate, their
stability against photochemically produced 'O, by dint of Pd,F and illumination at 643 nm,
as described in part. singlet oxygen production and more in details in Annexes. 'H-NMR
analyses of the solutions DMSO-dg were conducted after 3 hours illumination and show the
mediator disappearances in fig. 5.8. In the TTF case, the reactivity is clearly represented by
the apparition of new peaks in the NMR spectrum; These new peaks indicate the formation
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136 5.3. Singlet oxygen reactivity of oxidation mediators

of 1,3-dithiol-2-one, sehemed, in insert of fig. 5.8, in accord with a mechanism proposed in,
literature !, Concerning the DMPZ, the NMR peaks intensities decreased by ~40% according
to the calculated integrals. The absence of new peaks may indicate that DMPZ decompo-
sition ultimately forms inorganic products or evolve as gases. Nevertheless, the lTH-NMR

spectra unequivocally show organic mediators reaction with !0, despite its stability with
other oxygenated species.

(a)
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L 24h 0
y —

0.1143 1.0000
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OO Il
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9'1847 1 1 1 1 1.0009
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b b s DME
e 1
a
f‘l“ — t i ) ? *
8 7 6 5 4 3 2 1 0
1 5 min 02
a HDO DMSO
S S
[~
| TTF blank

1 1 1 1 1 1

10 9 8 7 6 5 4 3 2 1 0
Chemical shift (ppm)

Figure 5.8: Stability of DMPZ and TTF in contact with '0, by 'H-NMR. (a) 'H-NMR spectra
for DMPZ after 24 hour exposure and (b) TTF after 24 hour exposure 5 min ex] 0 ure. The
insert of (b) gives the 1,3-dithiol-2-one 'H-NMR for comparison as a possible decoiiposition
products. The integrals are given for the peak (a) in (a). The DMSO peak is taken as inter-
nal reference for quantitative comparison of spectra. The * denotes a residue from DME
evaporation, which amounts to a content of 1ppm in the DME.

The DMPZ and TTF evelations were monitored in situ by UV-vis in presence of pho-
tochemically generated '0,. A mediator concentration of 60 uM in TEGDME has been
determined as a suitable concentration for UV-vis spectroscopy measurement beforehand
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and willbe used through, the rest of this study if not mentioned otherwise. The main ab-
sorbance peaks of each mediator were found to decrease over time accompanied by the
appearance of new peaks, indicating side products formation with '0,, as illustrated in fig.
5.9(a)-(c). TTF is much more reactive than DMPZ with a noticeable reaction in a few seconds
where DMPZ necessitate a few hours. To illustrate clearly the different reactions rate, the
evolution of the main absorbances peaks denoting either the disappearance of the mediators
or the appearance of side products are given over 'O, exposure time in fig. 5.9(b)-(d). TTF
shows high reaction rate and fully decompose over approximately 30 s, revealed by the
peaks evolution end. DMPZ is more robust and presents a decay of approximately one-thirds
after 3 hours; the peak indicating side products stays stable after a bit more than 30 minutes,
indicating formation of species UV-vis inactive or gases in accord with the 1H-NMR spectra.
Although reactivity with O,, O, , or Li,O,, over extended time cannot be completely dismissed,
the mediators’ reactivity with 'O, seems much more problematic especially considering the
possible presence of singlet oxygen at all stage of cycling.
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Figure 5.9: Evolution of DMPZ and TTF in contact with '0, over time by UV-vis. (a)-(c) UV-
Vis spectra of DMPZ (a) and TTF (c) in 0.1 M LiTFSI/TEGDME electrolyte upon 'O, exposure
after substraction of the sensitizer signal. (b)-(d) Absorbance evolution over time normalized
to the initial value upon exposure to 'O, for (b) DMPZ and (d) TTF at the mentioned wavelength.

5.3.2 Oxidation mediators in the oxidized state

Since '0, reactiviticzis associated to "ene” or "diene" reaction #2-45! the lower electronegativity

of the oxidized mediators might results in increased stability. To verify this assumption, the
mediator oxidized forms were exposed to ;O, similarly to the previous paragraph and their
evolutions followed by UV-vispwhich-are depicted in fig. 5.10(a)-(c); The details about the
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138 5.3. Singlet oxygen reactivity of oxidation mediators

electrochemical oxidation procedure can be found in Annexes. Both oxidized mediators
present degradation albeit at slower rates than their reduced forms.
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Figure 5.10: Evolution of DMPZ* and TTF" jn contact with '0, over time by UV-vis. (a)-(c)
UV-Vis spectra of DMPZ* (a) and TTF* (c) in 0.1 M LiTFSI/TEGDME electrolyte upon 'O, ex-
posure after substraction of the sensitizer signal. (b)-(d) Absorbance evolution over time
normalized to the initial value upon exposure to 'O, for (b) DMPZ* and (d) TTF* at the men-
tioned wavelength.

DMPZ" shows a decrease of the 450 nm peak and increasing absorbance between 400
and 500 nm, which indicates the formation of degradation products over '0, exposure time.
Comparing now the rates of the reduced and oxidized forms from fig. 5.9(b) and fig. 5.10(b)
respectively, after more than 3 hours illumination DMPZ" exhibits less than 5% degradation
whereas the DMPZ only remains at 65% of its initial concentration. Likewise, TTF" is more
stable than its reduced form but is still more reactive than DMPZ". TTF", yet, does not display
clear degradation products peaks but rather a quick absorbance decrease in the 300 nm
range and more gradual decrease through the rest of the spectrum. The spectrum evolution
can nevertheless be attributed to mediator deactivation reactions. The TTF reaction rate is
more complicated to extract in light of the absence of clear peak evolution. By taking the
main absorbance peak at 445 nm, TTF" has reacted up to approximately one-third of its initial
concentration within 10 minutes; For comparison, TTF was fully decomposed after ~30 s
and is in other words roughly 150 times more reactive.
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5.3.3 Consequence,

Singlet oxygen is the main danger to organic mediators in metal-air batteries. Mediator
reactivity with O,, O5 and O;" is comparatively smaller, if present at all. This high reactivity
arise from the presence of double bond and oxidable heteroatoms as sulfur#2-4¢l. The elec-
trophile preference of 'O, protects the mediator oxidized states compared to its reduced
state. Even though oxidized mediators are more robust to, 'O,, oxidation mediators are
designed to eeeurs in their reduced forms during most of the cycling and the mediators
as a whole would still be subject to severe deactivation in presence of 'O,. As presented in
ch. dabco, singlet oxygen is enre-ef the main sources of side reactivity in metal-air batteries
and this is hence gpplicable to the organic additives inpresence. Design of new mediators
should aim to reduce 'O, driven reactivity and present increased stability. We can draw
conclusions from the different reaction rate between the TTF/TTF" and the DMPZ/DMPZ*
couples. TTF/TTF' react much faster than their respective DMPZ counterparts. Mediators,
as DMPZ or TDPA, may quench 'O, similarly to DABCO by dint of tertiary amines moieties
and low oxidation potential (61928 The quenching mechanism of tertiary amines by charge
transfer is described in part. DABCO mechanism. Singlet oxygen quenching might explain
the different reactivity between DMPZ and TTF and its effect will be described more in-depth
in the following chapter. Quenching eharaeters is nonetheless desirable ing mediatory since
it would enhance its; stability towards 'O,. By tuning the quenching efficiency even more
robust mediators could be theoretically synthesized.

Despite its higher stability, DMPZ still reacts at non-negligible rate with 'O, and might not
be sufficiently stable for long term cycling in Li-O, batteries. The necessity of 'O, mitigation is
hence still inerder even for mediated metal-air cells. A combination of oxidation mediators
with adapted physical quenchers, as PeDTFSI described in ch. Quencher, can still be required
to achieve long-time cycling and avoid 'O, related degradation. Even if mediators decrease
the required oxidation potential threshold for effective quenchers, increase in potential were
still observed after cycling in mediated cells due to the inevitable formation of carbonate
after some cycles. Using quencherstable through the-al} electrochemical window used in
metal-air cells allows thus to prevent possible quencher degradation upon extensive cycling.
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5.4 Oxidation mediators chemical stability

Organic mediator instability towards the highly reactive !0, has been assessed in the previous
part. The chemical stability of mediators is, yet, another important criterion for concrete
usability in metal-O, cells. Fc* is for example known to be unstable in presence of >0, 7!, If
mediators are chemically unstable, cell deterioration could be accelerated by inactive species
build-up and possible further side reactions. Oxidized mediator UV-vis signal evolution
allows to verify the reformation of its reduced form once brought in contact with peroxide
or superoxide as described in part. Mechanism mediator. The mediator chemical instability
towards oxygenated species can hence be easily verified and assesses efficient metal-O,
mediator design.

5.4.1 Stability toward alkali oxide

Among the tested mediators, Fc and TEMPO showed non-exponential decrease accompa-
nied by the absence of reduced mediators peaks appearanee hinting to the presence of side
reactions. To verify their stabilities, the mentioned oxidized mediators were exposed to an
excess of KO, or Li,O, powder over 12 hours under agitation in Ar atmosphere and analysed
by UV-vis. The resultant spectra are showed in fig. 5.11. Both mediators do not reform their
reduced state upon prolonged contact but new peaks emerge eharaeterizing side products
formation. Consumption of the Fc" mediators and oxygen release can be shown by UV-vis
spectroscopy and mass spectroscopy as described in part. mechanism oxidation mediators
and illustrated in Annexes and fig. 5.11. Side products are, yet, formed during the alkali oxide
oxidation rather than the mediator reduced form despite apparent reactivity. The spectral
features of TEMPO and TEMPO" in conjunction with the side product forming upon exposing
TEMPO" to Li,O, and KO, did not allow for reliable kinetics measurements using UV-Vis.
Mass spectrometry measurement, in fig. 5.11 insert shows, however, clear O, production
upon reaction with TEMPO" despite absence of TEMPO reformation. The chemical stability
of the mediator ought hence to be tested beforehand as they could appear active but are

actually consumed during the reaction; Their uses would result in degradation product
aceumulation and jmpossibility to sustain a high number of eyeling;
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Figure 5.11: Fc" and TEMPO' reactivity towards Li,O, and KO,. UV-Vis spectra in 0.1 M LiTFSI
TEGDME of 1 mM Fc, 1 mM Fc*BF,;- or 1 mM Fc'BE,- after stirring for 12 h under Ar with an
excess of Li,O, or KO, powder, respectively, followed by filtering. (b) UV-Vis spectra in 0.1 M
LiTFSI TEGDME of 5 mM TEMPO, 5 mM TEMPO*BF,;- or 5 mM TEMPO"BF,- after stirring for
12 h under Ar with an excess of Li,O, or KO, powder, respectively, followed by filtering. (c)-(d)
30, evolution over time by MS upon mixing an excess of (c) Li,O, or (d)KO, powder with 1
mM of the indicated oxidized mediators in TEGDME. For Li,O, the electrolyte contained 0.1
M LiTFSIL

5.4.2 Oxidation state stability

TDPA presents also peculiar characteristics. TDPA induced O, evolution characterized by
MS and HPLC, as described in part. mechanism mediator and Annexes, shows important
30, deficiency and non-negligible 'O, production for both Li,O, and KO, oxidation which
is illustrated in fig. 5.12. Considering the TDPA low redox potential of 3.09 Vy;;;;- and pres-
ence of potentially quenching amine moieties, only a small proportion of singlet oxygen
should be formed with peroxide and none with superoxide in absence of disproportionation,
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TDPA
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OZ / Medox
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Figure 5.12: 30, and '0, yield upon mediated peroxide and superoxide oxidation by TDPA".
30, and '0, evolution obtained by addition of 1 mM TDPA" in TEGDME to an excess of Li,O,
or KO,.

We hence hypothesized spontaneous formation of TDPA**. TDPA*/TDPA?* couple has a
redox potential of find a CV and could yield 'O, by alkali oxide oxidation being beyond the
potential threshold given in singlet and mechanism mediator. To demonstrate this assump-
tion, TDPA" was produced electrochemically at a potential just sufficient for TDPA oxidation
(8.15 V- or E.OrDP A/TDpA+ * 60 mV), but well below the TDPA" oxidation potential, to half the
capacity of the TDPA/TDPA" couple on glassy carbon in a 0.1 M LiTFSI dimethoxyethane
electrolyte. The resulting solution was separated by thin-layer chromatography (TLC) on a_
Al,O5 plate with ethyl acetate/ethanol (1/1) as eluent. The TLC plate, showed, in fig. 5.13(a),
exhibits three different species after separation. The three differently coloured spots were
separately analysed by UV-Vis spectroscopy and compared with simulated spectra of TDPA,
TDPA* and TDPA?* in fig. 5.13(b)-(c). The DFT calculations are given in Annexes. One of
the species present the characteristic absorbance peaks associated e, the modelled TDPA?*
whereas the others ene correspond wel-tg TDPA and TDPA®. The UV-vis spectra hence
confirm the spontaneous formation of TDPA?* from a mixture of TDPA, TDPA* and LiTFSI
in glyme, The results highlight that mediators with a redox couple below 3.5 Vy;,;+ can still
produce singlet oxygen by alkali oxide oxidation if highly oxidizing further oxidation steps
exists and forms spontaneously. Newly designed mediators should hence be carefully tested
to verify their chemical stabilities, e.g. by testing 'O, presence after KO, oxidation in absence
of disproportionation.
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Figure 5.13: TPDA" stability and spontaneous formation of highly oxidizing TPDA?* (a) Thin-
layer chromatogram (TLC) of a partially oxidized TDPA solution under O,, showing sponta-
neous occurrence of TPDA** in a TDPA/TDPA" solution. (b) Respective UV-Vis spectra of the
framed spots in (a) after dissolving them in methanol and are normalized to the most intense
peak. (c) Simulated UV-Vis spectra of TDPA, TDPA®, and TPDA** according to Annexes. The
stems show non-normalized oscillator strengths whereas the envelopes are normalized to
the most intense peaks.
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Conclusion

In conclusion, oxidation mediators hold the colossal promise of low overpotential recharge
at fast rates and have been intensely studied in-ts own right. Disconnecting the electronic
and ionic transports from the insulting alkali oxide allows to remove one of the charge
overpotential reasen. Oxidation mediators sef the charge potential to their own avoiding
theoretically the crippling side product formation and decomposition. Mediators have yet
to show a clear reduction of side product formation. Despite the wide range of mediators
tested in metal-O, mechanistic descriptors of the reaction were lacking to provide efficient
design rules and achieve truly efficient mrediators; i they; were previous attempt to describe
the mediatermechanism, kinetic influence or stability, we could show clearly the presence
of competing reaction steps within the mediated oxidation process and the importance of
the mediator stability, especially towards singlet oxygen already identified as a main sources
of degradation in non-mediated cells.

Using '0, presence as a disproportionation marker below the thermodynamic threshold
for '0, inducedby alkali pxidation, we showed the-decomposition-of the mediated oxidation,
in different elementary steps. The first one is a one electron extraction forming superoxide
species. Once formed, the superoxide can either be oxidized via another one electron step
or disproportionate as described for non-mediated cells. This result is of high importance
considering '0,. Disproportionation isknewn-te yield,'O,, especially in presence of weak
Lewis acids as oxidized mediators. Mediators below the 'O, potential threshold are hence
not immune to its production during charge. The relative importance of the two pathways
is dictated by the competition of their respective kinetics. High superoxide mediated ox-
idation rate could allow to by-pass the disproportion reaction and se, 'O, fox mediators
with low redox potential. Our results show, however, that current mediators do not present
sufficiently high kinetic to negleeted, disproportionation. The second electron extraction
or disproportionation are, yet, not the rate limiting steps. With high reaction rates in mind,
mediators should also present high reaction kinetic with peroxide. The mediation kinetics
are hence of prime importance, not only for fast reaction kinetic, but also for the parasitic
chemistry.

Since oxidation mediators do not prevent the, 'O, presence, we assess, their reactivity with
this very aggressive species. The majority of the proposed mediators are organic molecules
owing to their wide variety and adaptability through adapted synthesis. 'O, is, however,
a known electrophile and yreacts-at-highrates with double bonds. DMPZ and TTF, taken
as typical examples of mediators, showed clear reactivity with O, at impertant rates. The
oxidized forms of the mediators present increased stability due to their sefterEewdis-aeid
charaeters but still noticeably react albeit at slower rates. DMPZ is markedly more resistant
to 'O, contact than TTE. This robustness can pe ascribed to the presence of tertiary amines
moieties that are known to physically quench 'O, to its ground state. The mediator low-redox
potential sheuld-ensure high molar efficiency as described in ch. quencher. The presence
of quenching moieties is hence desirable in oxidation mediators to increase their stability in
long term cycling since the presence of singlet oxygen appears currently inevitable. The ad-
dition of an external quencher, e.g. PeDTFSI. can act as a safeguard and prevent deactivation
of the mediators and unwanted accumulation of side products in the cell.

The oxidation media.u: chemical stability should moreover not be overlooked. Fgand
TEMPQO, showed important degradation in contact with alkali oxide, Despite irreversibly, the
aforementioned mediators react with alkali oxide, release O, and could appear as efficient.
Their action would nevertheless be constrained to a few cycles as they would be consumed
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over time. The chemical stability of mediator, with several oxidation degrees can also be
questioned. TDPA" in a Li* electrolyte was shown to form spontaneous, the high redox poten-
tial TDAP?". TDAP?* then can induce 'O, formation from alkali oxide oxidation as its potential
is above the thermodynamic threshold. Determination of the mediator,chemical stability
is then a prerequisite before its use in a metal-O, cell. The conclusions drawn here from
the reaction mechanism could be further used to provide design rules for future oxidation

mediators.
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Introduction

Oxidation mediators is a promising approach to reduce metal-air cells overpotential and to
permit fast reaction rates during charge!"4. Oxidation mediators, yet, do not prevent the
highly reactive '0, singlet oxygen presence. Alkali peroxide oxidation was shown fo proceed,
through two consecutive steps. The first and rate limiting step is a oneselectron oxidation
produce superoxide species that can either disproportionate or be further oxidized. 'O,
can hence either be produced via disproportionation or by oxidation at high overpotential
(e.g. ~3.55 Vi1 for O5). 'O, was shown previously in ch. singlet oxygen, quencher to be
a main degradation pathway in metal-air batteries. Its presence is especially problematic
since the widely studied organic mediators quickly react with '0,, leading to its deactivation
and accumulation of side products. The mediators chemical stability might furthermore be
problematic as its reduced state is not necessarily reformed after reaction en peroxide or
superoxide.

Oxidation mediator op*imization is hence of main interest to achieve efficient mediation.
Refined mediators still au gy« reduced side reactions and fast charge rate. To do so, a mediator
should have fast reaction rate on both peroxide and superoxide. The former one allowing
fast reaction rate, being the slowest step, where the latter could reduce disproportionation
propertion: The disproportionation and superoxide oxidation rates are competing for the
O, release; A fast enough oxidation would result in negligible disproportionation and 'O,
yield. Oxidation mediators with !0, quenching moieties showed moreover increase stability
and could guarantee low cell degradation in presence of a small disproportionation propor-
tion. In addition, chemical stability against peroxide, superoxide and >0, of newly proposed
mediators should be insured before any further long term cyclability claims.

Considering the aforementioned observation, design rules can be drawn for efficient
mediators, i.e. a high chemical stability, a high quenching efficiency, a redox potential lower
than the '0, thermodynamic threshold and a high oxidation rate on peroxide and superoxide.
We prepesed, in this chapter to-study more in-depth the influence and underlying mecha-
nism of these parameters using a wide range of mediators as well as a newly proposed class
of mediators represented in fig. 6.1, bi-cyclic secendary amines (BP), Bi-eyclicsecondary
amines present the advantages to have an easily tunable redox potential, which we will
show the kinetic to depend on, and quenching moieties!®!. The reasons and mechanisms
of efficient mediation will hence be deciphered, allowing oxidation mediators to progress
further and possibly unlock 'O, free fast charge in metal-O, technologies.

©) (b) (©

CN - Nij CN -N ) < N-N )

Figure 6.1: Structure of bi i ines proposed as oxidation mediators. (a)
1,1'-bipyrrolidine (BP55), (b) 1-(pyrrolidin-1-yl)piperidine (BP56) and (c) 1,1'-bipiperidine (BP66).
The quenching moieties are highlighted in purple.

To do so, we first determined the redox potential of several members of the bi-eyclic see-
ondaryamines class proposed as mediators as well as their chemical stability after prolonged
contact with KO,, Li,O, and *0,. After ensuring sufficient stability, the BP mediator reaction
rates with O; and O~ were measured by UV-vis as described in the previous chapter. The
1,I'-bipyrrolidine (BP55) mediator was revealed to have an unusually high reaction kinetics
and could greatly reduce disproportionation occurrence. To assess the efficiency of bi-eyelie
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secondary amines mediators and verify our design rules, we measured >0, and 'O, yield, for
a wide range of mediators by MS and HPLC by the method depicted in ch. previous one.
We were able to correlate the mediator redox potential to the superoxide reaction kinetic
using Marcus theory. Accordingly, the reaction kinetig decreases fex high potential and
henee possess a maximum that should be aimed by future oxidation mediator. Maximizing
the mediator reaction allows to reduced 'O, evolution. Bi-cyclic secondary amines have
moreover quenching tertiary amine groups!®; Presence of quenching moieties reduces 'O,
presenee during mediated oxidation and we show that the quenching efficiency depends
on the mediators potential and its chemical nature, as already discussed in part. Quencher.
Finally the jrediatorefficienciescanbe shewn-through Sankey diagrams of relative rates,
resurning the kinetic rate,and 20,/'0, evolution yield, BP55 demonstrate the feasibility and
draw the path to efficient oxidation mediator,and reduction of 'O, presence during metal-0,
cell charges at high rate.
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154 6.1. Bi-cyclic secondary amines as oxidation mediator

6.1 Bi-eyeclicsecondaryaminesas oxidation mediator

Oxidation mediator reactivity described in the previous chapter impeses new eriterien con-
cerning its efficiency. We hence prepesed a new class of mediators, bi-cyclic secondary
amines, to-study more in-depth the mechanism implication for mediators that could provide
!0, free charge. Bi-cyclic secondary amines present the advantage to have easily tunable
redox potentials in order to optimize the mediated oxidation kinetic and tertiary amines
quenching moieties. The redox potential of the molecules is fixed by the rumberofecarben
in-theireyeles, Different Bi-cyclic secondary amines were hence synthesized and select, for
their redox potentials of interest in the context of mediators in metal-air batteries. Before
further characterizations of the mediator influences on the efficicicy, we assessed their
chemical stabilities and reaction kinetics to compare them to kno'i. mediators and dispro-
portionation rate.

6.1.1 Potential characteristic

To test bi-cyclic secondary amines as mediators, synthesis methods were first developed and
can be found in Annexes. As the cycle size can be easily tuned, bi-cyclic secondary amines
can present a wide range of redox potential. Mediator redox potentials were determined by
cyclic voltametries of a 2 mM mediator in 0.1 M LiTFSI TEGDME electrolyte at a scan rate of
100 mV:s ! on a glassy carbon disc electrode and depicted in fig. 6.2. 1,I'-bipyrrolidine (BP55),
1-(pyrrolidin-1-yl)piperidine (BP56) and 1,1'-bipiperidine (BP66) were selected with poten-
tial of 3.2 V15, 3.46 Vij/1i+, 3.76 Vy1;» respectively. These three mediators cover a similar
potential range than commonly proposed mediators presented in part. kinetic. BP55 has a
potential below the 10, formation potential which is close to the one of TMPD (3.24 Vy;/1;+)
and DMPZ (3.29 Vy;,1;+). BP56 potential is situated close to the thermodynamic threshold
for 10, (~3.55 Vy;1;+) and to mediators with a reduced reaction kinetics as Fc, determined in
part. kinetics previous chapter. Finally, BP66 has the same potential than, TEMPO and ean
be used-to-characterize mediator with high potentials that would produce large '0, amount
by mediated oxidation.

—
Q
—
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Figure 6.2: Cyclic voltammetry of bi-cyclic secondary amines proposed as oxidation me-
diators. The cyclic voltammograms were measured as 2 mM of (a) BP55 (b) BP56 or (c) BP66
in 0.1 M LiTFSI in TEGDME at a scan rate of 100 mV:s ! at a glassy carbon disc electrode.

Put in appendix
Given their potentials, the selected amines can be used to werify the presence of a two step
mediation with sodium peroxide (2.87, 3.13, 3.43 Vy./na*, respectively for BP55, BP56 and
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BP66). Considering their respective potentials, eencerted two-electron Na,O, oxidation
has a '0, threshold of 2.82 Vy,/xa*, Whereas the one for NaO, oxidation is at 3.25 Vya/na* as
shown in part. singlet disp. Considering the slow disproportionation rate in presence of Na“,
conseguent singlet oxygen production is only to be expected by direct oxidation. A direct tow
electron oxidation should hence produce 10, below 3.25 Vya/na* While a two step reaction
would only yield 'O, above. we characterized >0, and 'O, production upon Na,0,/NaO,
mediated oxidation according to the protocol in Annexes and plotted in fig. 6.3.

Potential vs. Na/Na* (V)

2.7 2.9 3.1 3.3 3.5
im 1
ElOZ/Nazozl
0.8 F 1
|
|
06} |
|
N |
04 |
|
L |
02 1BP55 BP56
1
O 1 1 1
3.2 34 3.6 3.8

Potential vs. Li/Li* (V)
Figure 6.3: >0, and '0, yield upon mediated peroxide and superoxide oxidation by BP55,
BP56 and BP66. >0, and 'O, evolution obtained by addition of 1 mM oxidized mediators in
TEGDME to an excess of Na,O,. The red dashed line indicates the thermodynamic thresholds
for 102 evolution from Na,0, and NaO, oxidation.

lim
0,/Na0,

0,/2 Med,,

Sodium peroxide oxidation by both BP55, BP56, situated below 3.25 Vy,/na+, resulted in
negligible !0, amount and 0, superiorto ~85%. In contrary, BP66 oxidation results present a
significant lack of 20, (~55%) and presence of '0,. 10, appearance only above the superoxide
thermodynamic threshold indicates a two step mechanism with the formation of superoxide
species similarly to Li,O, oxidation. The 'O, occurrence pattern advocates for superoxides
formation via sequential one-electron transfers rather than direct twoselectron reaction,
rotwithstanding the alkali peroxide nature albeit with different disproportionation rate. The
Jdesign rules suggested in the main text are hence applicable to all non-aqueous metal-air
chemistries.

6.1.2 Chemical stability

Once bi-cyclic secondary amines of significance were chosen, their chemical stabilities
in contact with dissolved O,, O; and O#™ needed to be appraised;, Chemical stability is
necessary to provide long term cyclability and verify that the determined reactions rates
are only related to the oxidation reactions. We recorded 'H-NMR spectra of BP55, BP56 and
BP66 in CH3;CN-d3 after synthesis or after a 24 hour immersion in O, saturated electrolyte.
BP55", BP56* and BP66" oxidized chemically, according to Annexes, were bring in contact
with an excess of KO, or Li,O, for a 12 hours period and subsequently analysed by 'H-NMR
to certify the reformation of their reduced forms rather than producing side products. The
spectra of the mediators in similar concentrations can be found in fig. 6.4. The mediators
show sufficient chemical stability excepted BP55 in the presence of dissolved molecular
oxygen. H BP55 is thus not compatible with an actual metal-O, cell, it can still be used to


Stefan
Durchstreichen

Stefan
Eingefügter Text
direct

Stefan
Durchstreichen

Stefan
Eingefügter Text
significant

Stefan
Hervorheben

Stefan
Hervorheben

Stefan
Durchstreichen

Stefan
Eingefügter Text
measured

Stefan
Notiz
not sure from this description the intention is fully comprehensible. consider simply taking the text from the paper

Stefan
Durchstreichen

Stefan
Eingefügter Text
beyond

Stefan
Durchstreichen

Stefan
Eingefügter Text
contrast

Stefan
Durchstreichen

Stefan
Eingefügter Text
two 

Stefan
Durchstreichen

Stefan
Eingefügter Text
-

Stefan
Notiz
dont understand the last part of the sentence

Stefan
Durchstreichen

Stefan
Eingefügter Text
checked

Stefan
Durchstreichen

Stefan
Eingefügter Text
Although


156 6.1. Bi-cyclic secondary amines as oxidation mediator

discuss mediators mechanism as the performed measurements involve much shorter times
than 24 hours, after which BP55 is still detected albeit in a lower amount. This assumptien,
was verified by UV-vis experiments where the oxidized bi-cyclic secondary amines in the
mM range Ask if Stefan knows the exact concentration used spectra were measured before
and after reaction with excess KO, or Li,O, during 12 hours and compared to the reduced
form speetra- The BP forms back their reduced forms after alkali oxide oxidation in similar
concentration as illustrated in fig. 6.5, indicating that in the time range studied BP55 is stable
enough. The other mediator UV-vis studies are given in Annexes.

(a)

O

A A4 o
Ko,
A_J\JL L20;
J\ JLA blank
L 1 1 1 1 1 1 1 1
4 35 3 25 2 15 1 05 0

Chemical shift (ppm)

MM o

blank

Chemical shift (ppm)

= H :
A blank

Chemical shift (ppm)

Figure 6.4: Stability of BP mediators in contact with O,, KO, and Li,O, by 'H-NMR. NMR
spectra of the reduced mediator as synthesized (labelled blank) or keptin contact with O,
for 24 hours and of oxidized mediator after having been in contact with Li,O, or KO, for (a)
BP55, (b) BP56 and (c) BP66. Oxidized mediators was dissolved in CH3;CN-d3, stirring the
solution with several mg KO, or Li,O, for 12 hours and filtering before the measurement.
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— BP55
— BP55*
BP55* + Li,O, |
— BP55* + KO,

Absorbance

300 350 400 450 500 550 600
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Figure 6.5: BP55" conversion upon contact with Li,O, or KO,. UV-vis spectra of BP55, BP55*
and BP55" after contact with Li,O, or KO, for 12 hours.

6.1.3 Oxidation kinetic

Owing to their sufficient stabilities, BP mediators can be used to deteeta-correlation be-
tween mediators redox potentials and oxidation kinetics since they are based on similar
chemical motifs. Large mediator kinetic on superoxide is of prime importance to avoid 'O,
during charge by redueing disproportionation eceurrence: Fast reaction with peroxide is
also desirable to enable fast charge everall rate. Determining the underlying parameters of
mediated charge kinetic may hence allow iOZ free and fast paced rate. The reactions rates on
both Li,O, and KO, have been determined by UV-vis spectroscopy according to the method
described in ch.previous chapter and Annexes. The concentrations used are in a similar
range than during the chemical stability UV-vis experiment assuring negligible side reactions.
The reaction rates were then fitted by a first-order reaction rate to obtain the kinetic rate
constant and compared to the previously obtained kinetics in ch. previous chapter. The
kinetic rates for 10 mM ef mediators and kinetic rate constants obtained are depicted in fig.
6.6.
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Figure 6.6: Kinetics of mediated (su)peroxide o3 i! ition eomprising BP mediators and su-
peroxide disproportionation. Kinetic constants .c.eft axis) and rates v assuming a 10 mM
concentration (right axis) in TEGDME for the reaction between oxidized mediators and the
Li, O, surface (a) and the KO, surface (b) obtained by UV-vis, Superoxide disproportionation
rate in presence of 0.5 M LiTFSI or 0.5 M LiTFSI and 0.5 M TBATFSI is indicated by dashed
line in (b).

The mediator kinetics show a clear dependency;with their redox potentials. As previously

observed = diators-with-high redexpetentiab-3-4 Vi » presentaslowkinetie. The kinetics
of lowredsspotential mediators, yet-inerease-with-the potential: Itresults in t—heappaﬂ-t-}eﬂ—eif
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a peak-with-the maximum rate at ~3.2 Vi;;+, represented by BP55, before-decrease-athigher
redex-petential. The evolution of the kinetic is thus rather surprisingly not proportional

to the potential, The kinetics obtained by BP55 present remarkable characteristics. The
mediated oxidation kinetics on Li,O, and KO, are similar which indicates very fast overall
reaction, roughly five times faster than the second fastest DMPZ. Maximized mediators kinetic
should hence be able to increase tremendously the charging rate in metal-O, batteries. The
superoxide reaction kinetics is moreover almost 2-times-fasterthan disproportionation in
the presence of TBA" ions. By optimizing oxidation mediator designs, it is thus possible to
outspeed disproportionation rate and reduce 'O, occurrence.
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6.2 Design of efficient oxidation mediators

Oxidation mediators have mostly been studied for their low redox potentials, stabilities
with the electrolyte or chemical natures!®-8!. We showed in the ch. previous chapter that
oxidation mediator shewld; in addition to being chemically stable, present high stability
towards 'O, and reaction kinetic towards superoxide to allows long term cyclability. The
mediator oxidation kinetics appears to be govern, by their redox potential but not in a lirear,
fashion, The origin of this dependencsy needs to be understood to design fast and efficient
mediators i, metal air-batteries. Mediators quenching abilities seems, correlated with the
O, robustness and must be rationalized. Only clarifying these effects can provide efficient
oxidation mediator design rules and-isheneeg prime interest for future mediators and
metal-air batteries development.

6.2.1 Kineticand Marcus Theory

Oxidation mediator kinetics relationship with their redox potentials has been attempted
previously by scanning electrochemical microscopybut no clear correlation was determined
and the reaction was defined as inner sphere process that only depends on the mediator,
chemical natures/®!. BP mediator kinetics, given in part. kinetic with BP, yet, present a clear
potential dependencyidesplte similar chemrcal natures. DEMS study found on the contrary

redeaepeteﬁt-}al& The trend was shewn—te—fel—lew an outer- sphere mechamsrn accordmg
to Marcus theory!®!. As Marcus theory predicts a kinetic maximum, its parameters would
provide a guideline to achieve fast mediated oxidation rate and reduce disproportionation
importance. The UV-vis measured kinetics can be decomposed in two specific zones. Atfirst;

a-ﬂ—mereaseel—pe%ermal—prewées—a-ﬂ—mereasekmeﬂe(below ~ 3 2 VLr/Lr 2- F&rther—mereased

sr-ve—eleerease—ef—the electron transfer rate, Such countermturtlve behav1our is predlcted for

homogeneous electron transfer by the Marcus theory and termed the "inverted region"!011],

Marcus theory based kinetic exhibits an exponential character similar to an Arrehnius law
but with a quadratic dependencywith the reaction driving force according to eq. 6.1.

—(A+AGO9Y?

kpr =2,
ET 4-A-R-T

) (6.1

er-exp(

with kg7, the electron transfer eenstant kivtiq (cm-s™); Z,;, the collision factor (cm-s™);
AG#, the activation free energy (J-mol™); AC“, the Gibbs free energy,(J-mol™); A, the total

reorganization energy (J-mol™); R, the ideal gas constant (J-K~!-mol~!) and T, the temperature

(K). The activation free energy is hence given by AG* = % where AGPY is the driving

force and A represents the energy required to change the nuclear configurations of reactants
and solvent to produce the product states!0!1,
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Kang 
Ko, Y., Park, H., Lee, B., et al. (2019). A comparative kinetic study of redox mediators for high-power lithium–oxygen batteries, Journal of Materials Chemistry A 7 (11): 6491-6498.
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Figure 6.7: (Su)peroxide oxidation kinetics relationship with Gibbs free energy. (a) Depen-
dency of k, and AG? and associated fit according to eq. 6.1 resulting in Z) = 9.5-10 % cm-s'!
and A = 0.58 eV. The dashed parabolas are obtained for A + 0.1 €V. (b) Dependency of k,pp
and AGY and associated fit according to eq. 6.1 resulting in Z¢) = 1.2:10 3 cm-s ! and A = 0.41

eV.

Marcus theory for electron transfer described in eq. 6.1 is usually only valid for homoge-
neous reactions and does not apply to redox molecules reacting at metallic conductors!'%12!,
Alkali oxides are however, wide band-gap insulators and may justify this formalism. Consid-
ering Z| as a constant in our experiments as first approximation, we could adequately fits
the measured superoxide oxidation kinetic (ky) as a function of the driving force(-AG’=(E? _,-
EOOZ /11,0, F) in fig. 6.7(). Similarly, the overall reaction (k,pp) also follows the same trend, albeit
with larger deviations in fig. 6.7(b); This deviation originates from k,,, beind a compound
rate of three elementary steps, namely the first oneselectron oxidation, the second one and
the superoxide disproportionation But here there was i) lithium salt?. The use of Marcus
theory fermalism is thus justified, especially consideriiig that the found js in a similar range
than previous studies on heterogeneous electron transfer (9.5-1073 and 1.2:10~% cm-s™! for
respectively k and k,pp)'*5 I do not understand why Marcus can not be applied for het-
erogeneous transfer where you have a paper with Olivier on this subject. Marcus theory
implication, gives-a guideline in, the choice of the redox mediator. The electron transfer
efficiency maximum is achieved for A = ~AG? according eq. 6.1 which correspond, to a
barrier-less electron transfer as (AG* = 0) as illustrated in fig. 6.8; The other cases result in
deereased kinetics and the apparition of the inverted regior, Z.| and A provide mechanistic

tools to maximize the reaction kinetics and avoid 'O, production,

>

q

Figure 6.8: Scheme of donor-acceptor orbitals and Marcus theory parameters.

The total reorganization energy is the sum of all reorganisation energies during the reac-
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tion which can be decomposed-between reorganisation in the solid phase (A, ¢,/ Amo,) and
the redox mediator ene (Aediator)- Each reorganization energy depends themselves on inner

and outer parameters. The outer energy (Aey) is attributed to the reorganization of the solvent
shell whereas the inner energy (1,) represent, the energy previded to change the reactant
oxidation degreg!®!!l. 1 is hence composed of four compenents for alkali oxide mediated
oxidation, according to eq. 6.2 in the case of superoxide. The reorganisation during mediated
oxidation can be furthermere break down. Electron transfer involves firstly the oxide bond
breaking A; mo,, followed by the solvation of M" and O, in the liquid phase A, mo,. The outer
reorganization energy of the superoxide can then be described as A, mo, = Am*,s01 + A0, 501-

A= ki,MOZ + Ao,MOZ + Ai,mediator + )Lo,mediator (6.2)

A critical consequence of the Marcus behaviour is that all redox mediators present the
same kinetic maximum corresponding to a A of 0.58 eV for superoxide (i.e. E?ne 4 ~3:2 Vi)
notwithstanding their chemical nature. A is thus set by the oxide reorganisation energy which
prevails-en the mediator contributions. From an energetic point of view, the predominance
of Amo, results from higher required energy to break the oxide bond and solvate M" and
O, than for the mediator exidatien; per sayy;, Mediators with similar redox potential as TDPA
and MBT or Fc and I, yield comparable kinetics despite impertant chemical differences
supporting this assumption. Aslittleg mediator reorganization energies appear to be, they
could account for small deviations that we modelled by fitting with A = A aximum = 0.1 eV
which enclose almost eempletely the obtained kinetic,

The mediator reorganization energy is not of prime importance at first but still influence_
the kinetic albeit in smaller range. The mediated oxidation kinetic depends thus mostly on its
potential rather than the chemical strueture of the molecule and its solvation. The electrolyte
should be eheieced, to influence the M" and O, solvation as described in part. discharge
and the solvent was shown to have an influence on the Li,O, oxidation onset potential
and hypothetized to facilitate mediated oxidation"®!7!. Further deviations might arise from
Z.] modulation between different mediatorsas-fer BP55 enhanced kinetic compared to
the Marcus theory prevision with a constant collision factor. Z; is influenced by complex
physico-chemical properties such as donor-acceptor coupling, i.e. the diabatic character
of the electron tranfer, and was deemed out of this study seepe!"1819 Overall, our first
approximation of Marcus theory to mediated alkali oxide oxidation predicts maximum
kinetics around 3.2 Vi, ;+ that should be aimed by future oxidation mediators. Kinetic could
be even maximized with proper tuning of the overall reorganisation energy or the collision
factor.

6.2.2 Importance of mediator quenching efficiency

The relationship between kinetic and oxidation mediator nature being resolve, the remaining
question is the influence of the mediator on 'O, production. We hence characterized 20,
and 'O, releases upon peroxide and superoxide mediated oxidation for the same wide range
of mediator used for kinetic determinations in part. previous part by a combination of MS
and HPLC as in part. MS previous chapter. The results are depicted in fig. 6.9 scaled to the

theoritical exidatien yield.

change MBT KO2
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(a) (b)
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Figure 6.9: 0, and 0, yield upon mediated peroxide and superoxide oxidation for a wide
selection of mediators. 20, and 'O, evolution obtained by addition of 1 mM oxidized media-
tors in TEGDME to an excess of (a) Li,O, or (b) KO,. The bars are positioned according to the
redox potential of the respective mediators. The red dashed line indicates the thermody-
namic thresholds for ;0, evolution from LiO, oxidation.

Considering first the mediators with potential above ~3.5 Vi;,1;+, an impertang lack of %0,
evolution can be noticed accompanied with 'O, for both peroxide and superoxide oxidation.
This confirms 'O, generation by mediated alkali oxide oxidation above the 'O, potential in ad-
dition ef disproportionation. Similarly, TDPA", that can formed spontaneously TDPA;" which
as a redox potential above ~3.5 Vyj/;;+ as shown in part. previous chapter. TDPA?* results in
!0, production er superoxide in absence of disproportionation. I, shows, yet, improved
efficiency in absence of disproportionation during superoxide oxidation whereas the oth-
ers present-a-degraded yield. Both I, and I” are molecules known for their !0, quenching
efficiency by dint of heavy-atom colliders effect?°-?2. The quenching character of I'/I,
might explain the observed difference as '0, can only be formed in the vicinity of the iodide
by mediated oxidation followed by a potential 'O, quenching whereas disproportionation
would dominate in presence of Li" ions.

Using mediators below ~3.5 Vy;/1;+ can only lead to 'O, evolution through disproportiona-
tion. As described for MBT in part. previous chapter, only negligible '0, amount is produced
upon KO, oxidation, hence in absence of disproportionation. Li,O, oxidation, yet, yields
different behaviour between MBT and BP55, TMPD, DMPZ or BP56. The low 'O, amount dur-
ing peroxide oxidation compared to MBT can be explained by reduced disproportionation
proportion fex the fast kinetic BP55. The other mediators, however, possess similar or lower
kinetics than MBT. We do not exclude possible undetected side reaction or influence of the
MBT /MBT couples on disproportionation. The quenching proprieties of the mediators can
additionally be the origin of deviations as for the I"/I, couples.

To compare the 'O, quenching efficiency of different mediators, the quenching rate con-
stants can be used. We either determined the rate constants using the UV-vis spectroscopy
protocol already discussed in part. quencher and Annexes in the case of DMPZ or TDPA or
from literature 52021231 To take in,account the influence of electrolyte, the quenching rate
of DABCO was used as a reference in first approximation, being a well known and studied
quencher. The rate were then converted to the theoritical MeCN rate using this reference
Ask Excel to Stefan for Appendix + citation for DABCO. The resulting quenching rates are
given in function of the mediator redox potentials in fig. 6.10. The line with a slope of 10%/V is
added as a guide since the quenching efficiency depends pn the meleeule oxidation poten-
tial for charge transfer mechanism, as discussed in part. quencher and observed for the BP
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mediators. The quenching efficiency may nevertheless significantly differ between chemical
classes (2224,

1010 -

10° -

1080)

kg (M7"-s7")

107

10° E

10°
3 3.2 3.4 36 3.8

Potential vs. Li/Li* (V)

Figure 6.10: '0, quenching rate constants of mediators in function of their redox potential
in CH,CN.

I, presents indeed a highly improved quenching rate constant compared to the other high
potential mediator,which eandbe partly responsible for the higher >0, yield. DMPZ presents
one of the best '0, quenching efficiency and, consequently an-improved 'O, stability, as veri-
fied in part. mediator with singlet; This high quenching ability is accompanied by negligible
amount '0, release and high 30, yield during alkali oxide oxidation. The search for mediator
improved stability with 'O, advocates for low potential mediators and the occurrence of
quenching moieties on the molecule as tertiary amines. The 'O, quenching rates of future

mediators ought thus to be determme to quantify the mediator reactivity-with 10,

6.2.3 Consequence, for oxidation mediator,

10, havea-crucial consequences on metal-air parasitic chemistry. To achieved mediated 'O,
free cells, the main parameters to optimize are the mediator kinetics and quenching effi-
ciencies. The oxidation kinetic is mostly govern by the mediator potential with an optimum,
~3.2 Vy1;+ according to the Marcus theory. The maximum kinetic could be more refined
through complex physico-chemical parameters. Hthe mediator redox potential influences;
the quenching abilities as shown for the BP mediators, the chemical nature of the mediator
is also of prime importance. The chemical class of the mediator should hence be selected
to provide an efficient !0, quenching ratherthan alkali oxide oxidation efficiency. Sankey
diagrams reveal themselves as a helpful representations of these complexes interactions,
given for BP55, DMPZ and BP66 in fig. 6.11 as example for a low and high redox potential
mediator. The diagrams for the other studied mediators are given in Annexes


Stefan
Notiz
BP66

Stefan
Hervorheben

Stefan
Eingefügter Text
s

Stefan
Durchstreichen

Stefan
Eingefügter Text
may

Stefan
Eingefügter Text
be

Stefan
Durchstreichen

Stefan
Eingefügter Text
has

when you use verbs think of the object if the object can perform the action of the verb. DMPZ cannot present anything

Stefan
Durchstreichen

Stefan
Eingefügter Text
ies

Stefan
Durchstreichen

Stefan
Eingefügter Text
which may 

Stefan
Eingefügter Text
also contribute to its improved stability with 1O2 in additon to relatively unfavourable energetics of decomposition reactions. 

Stefan
Durchstreichen

Stefan
Durchstreichen

Stefan
Eingefügter Text
.

Stefan
Eingefügter Text
a 

Stefan
Durchstreichen

Stefan
Eingefügter Text
improved

Stefan
Eingefügter Text
such 

Stefan
Eingefügter Text
d in addition to quantifying the stability of the mediator in contact with 1O2.

Stefan
Durchstreichen

Stefan
Eingefügter Text
s

Stefan
Eingefügter Text
s

Stefan
Durchstreichen

Stefan
Eingefügter Text
has

Stefan
Durchstreichen

Stefan
Durchstreichen

Stefan
Eingefügter Text
mediated

Stefan
Eingefügter Text
s

Stefan
Eingefügter Text
ed

Stefan
Eingefügter Text
at

Stefan
Eingefügter Text
and decreasing values below and above

Stefan
Durchstreichen

Stefan
Eingefügter Text
Next to the 

Stefan
Durchstreichen

Stefan
Eingefügter Text
ing

Stefan
Durchstreichen

Stefan
Eingefügter Text
in addition to

Stefan
Durchstreichen

Stefan
Durchstreichen


164 6.2. Design of efficient oxidation mediators

(a) (b) (@]
BP55 DMPZ BP66
Oz /2 BPSS* 0, /2 DMPZ* 0,/2 BP66*
Q
l ‘
Li,O, 7T’ Luo2 Li,O, 7T’ Lio, 7T’ Li,O, 7T’ Lio, 7% I
BP55* BP55 BPSS* BP55 DMPZ* DMPZ DMPZ* DMPZ BP66* BP66 BP66" BP66

Figure 6.11: Sankey plots of relative rates during mediated Li,O, oxidation. The width of the
arrows is proportional to the rate assuming 10 mM of (a) BP55" (B) DMPZ* and (c) BP66™. The
vertical scale bar corresponds to 1x10 7 mol-cm2-s 1. 'O, quenching by the RM is denoted by
Q. The 20, and !0, yields per 2 equivalent oxidized mediators are given at the right of each
panel.

In our prepesed Sankey diagrams, the width of the arrows are proportional to the jindivid-
ual step rates and the bar graph at the right end shows the shares of >0, and 'O, obtained. The
diagrams allow, te-compare easily the different step rates for a mediator and between eaeh,
mediators. The quenching influence can be seen via the bar graph and lower !0, amount than
expected, To approximate the first one-electron transfer kinetic (k;) which can not be directly

measured, the relationship between the different reaction steps must first be discussed. A
strongly dominant disproportionation rate leads to negligible second one-electron transfer,
as fex high potential mediators (illustrated by the BP66 in fig. 6.11(c)). In this case, the overall
mediator consumption observed by k,p,;, is overwhelmingly due to the first electron transfer
and can be approximate as k;, As the second one-electron transfer rate is getting closer to
disproportionation rate for low potential mediator, e.g. DMPZ in fig. 6.11(b), the second one-
electron reaction is non negligible any more and some mediator will be consumed during
the second reactionstep, We approximated k; in this case by kg, as disproportionation is
still dominant and the overall reaction rate is much smaller than k,. This indicates that k; is
largely slower than the other two process and so susceptible to a smaller absolute error. BP55
presents the exception ef a faster second electron reaction rate than the disproportionation
ene in fig. 6.11(c). The obtained k; is moreover similar to k,p;, t the overall reaction. In the
extreme case, disproportionation would be negligible, The overall consumption rate would
hence be only be composed of the two one electron step, as second e transfer will immedi-
ately follow the first one. k,p, can then be equally divided between k; and k; in this case. We
chose to represent BP55 as this extreme case with k; = k,pp/2. In reality, as disproportionation
is not negligible even for this mediator, k; might be superiorte the one represented which
is the lower range of the first electron transfer kinetic. For all mediators nevertheless, the
combined disproportionation and second electron transfer is faster than the first one which
indicates the first electron extraction ag the rate limiting step of mediated peroxide oxidation.

The theoretical proportion of disproportionation compared to k, can be visualized with
Sankey diagrams and be related to the amount of singlet oxygen. It arise from the BP55
diagram that fast second electron transfer may suppress, but cannot fully eliminate 'O,
production. The absence of significant 10, detection 011302 faek for BP55 or DMPZ er Li,0,
suggests that the mediators’ ability to quench 'O, is a requirement for future mediators.
Sankey diagram could then be used to compare future mediator kinetics and O, yields. We
proposed hence as eriterien for efficient mediator design, in addition f chemical stability, a
maximized kinetic using the Marcus theory and a maximized 'O, quenching efficiency via
the chemical nature of the mediators. As shown by the BP55 results, only abide bytheses
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rules may allow a fast reaction rate, minimized 'O, occurrence and as finality improved
metal-O, charge.
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166 6.2. Design of efficient oxidation mediators

Conclusion

To conclude, we previeusly demeonstrated the mechanism of mediated alkali peroxide and

superoxide oxidation which pessiblyleadste 'O, generation. Highly reactive 'O, should be

avoided atal-cost to achieve long term cyclability. 'O, evolution can preceed-vig mediated

oxidation above a potential threshold of ~3.5 Vi;/1;+ and thus high redox potential mediator,
are to be prevented; As the mediated oxidation is composed of a two step oxidation, the,
formation-of superoxide cenvey disproportionation and subsequent 'O, production. Only

high mediated oxidation rates could decrease disproportionation prepertion and sheuld be

aimed,

We could show that the oxidation rates go through a maximum at ~3.2 Vi;/1;+ and decrease
at higher potential. Such behaviour is described by Marcus inverted region which predicts a
quadratic dependency of the kinetig with the reaction driving force. A kinetics trend follow-
ing Marcus theory has serious consequences. We could derived that the mediator chemical
nature is of second, importance infrent-ef its redox potential; The overall reorganisation
energy is then dominated by the oxide reorganisation which should be studied more deeply
to optimize the reaction kinetic. Small deviation nevertheless can be ascribed to the chemical
nature of the mediator and complex physico-chemical parameters, as the donor-acceptor
coupling, that could be further optimized in future oxidation mediators. The maximum
kinetic obtained was sufficiently high to overcome the disproportionation rate and hence
reduce efficiently the !0, production. The reaction rates on peroxide and superoxide were
moreover similar with BP55. This indicates that the overall reaction rate can also be optimize
as the peroxide rate is significantly slower for the other mediators.

Using Sankey diagrams, disproportionation appears as an inevitable process which can
only be diminished by high superoxide reaction kinetic, The presence of quenching moieties
appears thus very desirable for oxidation mediators. The highest >0, yields were observed
with mediators incorporating a quenching moieties as tertiary amines. The quenching ef-
ficiency presenta-deterioration—with the mediator potential and depends highly on the
mediator chemical elass; If the chemical nature of the mediator does not influence greatly
the reaction kinetics, this one should be chosen to provide an efficient 'O, quenching. We
showed in the previous chapter that quenching moieties furthermore confers a higher resis-
tivity to oxidation mediator deactivation induced by 'O,.

The design rules drawn from the uses of bi-eyelic secondaryaminesas oxidation mediator,

can be resumed first as high chemical stability towards peroxide, superoxide and molecular
oxygen. Second, the mediator should have optimized oxidation kinetic through-the-use-of
Marcus theory parametersandaim-foran-oxidationpotentialinthe vieinity of 32 Vi
Finally, the oxidation mediator,chemical nature should be chosento provide a high quenching
activity. Bi-cyclic secondary amines provide a new class of oxidation mediators easily tunable
through organic chemistry that could be further optimize according to these design rules to
achieve truly efficient metal-O, charge mediation.
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