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Marcus kinetics control singlet and triplet
oxygen evolving from superoxide
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Oxygen redox chemistry is central to life' and many human-made technologies, such
asin energy storage’™*. The large energy gain from oxygen redox reactions is often
connected with the occurrence of harmful reactive oxygen species®*®. Key species
are superoxide and the highly reactive singlet oxygen®”, which may evolve from
superoxide. However, the factors determining the formation of singlet oxygen, rather

than therelatively unreactive triplet oxygen, are unknown. Here we report that the
release of triplet or singlet oxygen is governed by individual Marcus normal and
inverted region behaviour. We found that as the driving force for the reaction
increases, the initially dominant evolution of triplet oxygen slows down, and singlet
oxygen evolution becomes predominant with higher maximum kinetics. This
behaviour also applies to the widely observed superoxide disproportionation, in
which one superoxide is oxidized by another, in both non-aqueous and aqueous
systems, with Lewis and Brgnsted acidity controlling the driving forces. Singlet
oxygenyields governed by these conditions are relevant, for example, in batteries
or cellular organelles in which superoxide forms. Our findings suggest ways to
understand and control spin states and kinetics in oxygen redox chemistry, with
implications for fields, including life sciences, pure chemistry and energy storage.

More than halfa century after the discovery that singlet oxygen forms
from superoxide®, what governs the evolution of singlet or triplet oxy-
gen under many conditions relevant to life and human-made oxygen
redox systems remains unknown. Oxygen redox chemistry is crucial to
life'and encompasses some of the most fundamental and widespread
chemical reactions, including those in batteries®*°, fuel cells and elec-
trocatalysis'®, and organic chemistry™. The oxidation states that are
accessed inthesereactions range from O (dioxygen) to -2 (oxide), with
intermediate redox states of -12and -1, pertaining to superoxide (0,")
and peroxide (0,”) or the oxide radical (O). Superoxide is pivotal in
oxygen reduction and evolution reactions because it is the closest
oxidation state to dioxygen. Dioxygen appears either in its ground
state as triplet oxygen (*0, or °%,") or as singlet oxygen ("0, or 'A,) in
its first electronically excited state. Whereas ®0, is relatively unreac-
tive, '0, is highly reactive with most organic matter™'?, This is readily
evidenced in metal-ion batteries®” and metal-0, batteries®*, in which
10, is the primary source of degradation, causing decomposition of
organicelectrolytesand conductive carbonadditives, which ultimately
degrades the overall device function. Moreover, '0, and (su)peroxide
are well-known reactive oxygen species in biological systems and are
involved in several processes from signalling to cell damage'”.
Superoxide liberates oxygen under abroad range of oxidizing condi-
tions. A prevalent process is disproportionation due to the instability
of superoxides in most of the environments>*®, This reaction occurs
inboth protic (aqueous)'" and aprotic environments with relatively
strong Lewis acids such as Li*and Na* (refs. 6,9,13,16). During dispro-
portionation (20, > O, + 0,%), one superoxide molecule is reduced

to peroxide, whereas the other is oxidized to form either 20, or'0,.
Examples canbe found in both cellular respiration’* and batteries>'¢2°,
Relative >0, and 0, yields and kinetics of superoxide disproportiona-
tion, and superoxide oxidation more generally, are therefore funda-
mental to these systems, but underlying mechanisms are still unknown.

Here we examined 'O, evolution from the oxidation of superoxide
through both chemical reaction and disproportionation over a wide
range of driving forces. On the basis of this, we observe distinct Mar-
cus normal and inverted region behaviour for 0, and '0, evolution,
which explains'O, formation over abroad range of scenarios in which
superoxide oxidation occurs, for example, in biological systems and
energy storage.

Excited species through electron transfer

Superoxide oxidation may formboth30,and'0,according to Wigner-
Witmer spin conservationrules?. This applies to disproportionation,
inwhichtwo doublet superoxides can produce triplet or singlet prod-
ucts”, and to oxidation by aredox mediator (RM*) to form one excited
('0,) and one ground state molecule (the reduced mediator, RM™9)
(ref. 22).

We previously investigated the mediated oxidation of superoxide
through thereactionKO, + RM* > 0, + RM™® + K*in the search for pos-
sible '0, evolution’®. The potential E?2 jourea Was limited to moderate
values because of the stability of the ether electrolyte used. We meas-
ured 0, and '0, yields using mass spectrometry and a chemical trap,
respectively, and tracked the reaction kinetics using ultraviolet-visible
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(UV-Vis) spectroscopy. The data shown in Extended Data Fig. 1 sup-
ported two main conclusions: first, 10, was observed with RMs with
E;Mox/mdz E?oz/Koz +1V, which could be in accordance with the frequ-

ently quoted threshold**¢ for !0, evolution based on the energy
difference of 0.97 eV between >0, and '0,; and second, the kinetics of
superoxide oxidation over the measured range of driving forces exhib-
ited Marcus normal and inverted region behaviour. This behaviour is
characterized by a parabolic relationship between the logarithm of
the kinetic constant k and the driving force (free energy change)
-AG° = (Elg )F:

— Fo
Mox/red E302/K02
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where Z, is the collision factor, 1 is the reorganization energy and
F is the Faraday constant®*?%, The kinetic constant k reaches a
peak when -AG° =1 and electron transfer becomes barrierless. The
inverted region results from growing barriers at even higher driving
forces. The data suggested that superoxide oxidation kinetics follow
asingle parabola and that some 'O, is generated for ~AG® = 0.97 eV.
However, what controls the extent to which '0, or 20, evolve is yet
unknown.

10, evolution should be a distinct elementary step both thermody-
namically and kinetically. We, therefore, propose that the observed
parabolain Extended Data Fig. 1 describes oxidation to*0,, and asecond
parabolashould appear at sufficiently large driving forces, representing
oxidation to'0, (Fig.1a). The intersection of these two parabolas would
indicate the transition from >0, to '0,. This follows classical work by
Marcus on the electrogeneration of electronically excited species®?.
However, this hypothesis has not yet been experimentally evaluated
for'O, generation.

Based on equation (1), a kinetic expression with separate terms for
%0,and'0, evolution canbe given as

-(AG°+13)?
kiz=kstki=Zy 3 € 4R

~(AG°+AG 5+ )
+Ze|’1- e 4RTAy .

The subscripts 3 and 1 on k, Z,, and A denote values for 0, and '0,,
respectively. The blue- and red-dashed parabolas in Fig. 1a represent
the terms for 20, and '0,, whereas the solid line shows their sum. The
k; parabola results from the transition from the black to the blue
potential energy surfaces in Fig. 1b, which are shown for ~AG° = A,
for case (i). The vibrational ground states of >0, and 'O, differ by
AHY 5= AH® (IAg < 32;) =0.97 eV, where AHis the enthalpy change®.
Assuming, for now, a vanishing entropy change AS as typically donein
electrochemiluminescence literature® AG ;= AG® (lAg « 32fg = AHY 5,
by which the singlet potential energy surface shifts vertically (Fig. 1b, red).
For sufficiently large driving forces, the barriers AG* and kinetics for
crossing to*0,and'0, become equal (Fig.1, case (ii)) or even barrierless
to'0, (case (iii)). Hence, individual kinetic parabolas for superoxide
oxidationto>0,and'0,canbe constructed. The hypothetical parabola
for'0, evolution can be drawn if we further assume, for now, equal
collision factors Z;, = Z,;; and equal reorganization energies A, = A, as
fitted to the datain Extended DataFig. 1. The theory developed initially
for homogeneous electron transfer can still be used for semiconduc-
torsorinsulators, as noted by Marcus®. Therefore, the considerations
in Fig. 1apply to the oxidation of solid superoxides and superoxide
solutions.

Kinetics over extended driving forces

To test the hypothesis of individual kinetic parabolas for >0, and 'O,
evolution, we selected acetonitrile (MeCN) as the solvent. Acetonitrile
is highly stable against oxidation and, therefore, allows for large driv-
ing forces (Extended Data Fig. 2a) to be tested. We used a wide range

602 | Nature | Vol 646 | 16 October 2025

a o
AG1 <3

(il

—AG° = AGS 4+ A
— RReactants N

— %P Products with 30,
— P Products with '0,

Fig.1|Marcus theory suggests separate kinetics of superoxide oxidation to
30,and'0,.a, Hypothesis for how the driving force could govern®0,and'0,
formation kinetics from superoxide oxidation. The left parabolaresults from
previously measured rate constants for mediated superoxide oxidation with
driving forcesup to-AG°=1.2 eV asshownin Extended Data Fig.1. However,
asinglekinetic parabola could not conclusively explain why 'O, formed for
-AG°z1eV.Based onthe considerationsinb, individual kinetic parabolas
(k;and k;) for the reactions yielding *0,and'0, can be constructed with the full
line showing their sum. The maximaare shifted by AG ; = 0.97eV (see text),
and equal prefactorsand reorganization energies are assumed. The blue-and
red-shaded area shows the transition from k,/(k,,;) = 0.99 to k;/(k..;) = 0.99.

b, Potential energy surfaces for mediated superoxide oxidation for different
driving forces. Black, blue and red parabolas denote reactants (KO, + RM°) and
30, 0r'0,inthe products (20, + RM™?or'0, + RM™), respectively. The cases
shown are for barrierless reactions to >0, (i) and 'O, (iii) and equal barriers (ii).
Thesubscripts3and1denote triplet and singlet states, respectively.

of mediators (Extended Data Fig. 2b) with redox potentials that exceed
the expected maximum of the 'O, parabola. Figure 2a shows the
measured kinetics as a function of driving force relative to £$
(Methods). The measured kinetics can be adequately fitted to equa®
tion (2). The blue- and red-dashed parabolas represent the terms for
30,and'0,evolution, whereas the solid line shows their sum. Evidence
for these parabolas corresponding to *°0, and '0, is provided by mea-
sured yields (Fig. 2b,c). The 0, yields were measured by mass spec-
trometry and quantified as the molar ratio *0,/RM*.'0, formation
was measured by its specific 1,270 nm near-infrared (NIR) radiation
(Methods). Absolute quantification of'0,is difficult, and values were,
therefore, normalized to the maximum observed.

Observable yields of 2°0,/RM> and NIR intensities do not simply
resemble the relative kinetics of 0, and '0, formation as obtained in
Fig. 2a. Instead, the formed '0, undergoes multiple decay pathways,
of which some yield >0, and only a small fraction emits the NIR radia-
tion'?. Torationalize the measured values, we simulated them based on
formation rates and*0, decay processes (Methods and Extended Data
Fig.3):(1)30,and'0, formation rates as given by the parabolas in Fig. 2a;
(2) physical and reactive '0, quenching by the solvent; (3) physical and
reactive '0, quenching by the mediators; and (4) >0, losses resulting
from reactive quenching of '0, with solvent or mediator. Simulation
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Fig.2|Freeenergy dependence of superoxide oxidationkinetics to>0,and
!0, and theiryields. a, We measured the kinetic constants k for mediated
KO, oxidationin MeCN electrolyte with mediators covering alarge range of

redox potentials. Plot of In(k) compared with the mediator potential (E° ox/reds

topaxis) and driving force (-AG®, bottom axis).~AG°® =| E ":Mox/red E302/|<02]F'
whereE30 K0y =2.48 VontheK/K"scale. The mediators are shownin
Extended Data Fig.2.Thefullline best fits equation (2); the broken line
parabolasrepresentthe firstand second termsin equation (2). The fitted
valuesareZ, ;=1.10x102cms?, Z,,=7.00x102cms™, A;=1,=0.95¢eV,

AGY ;=0.84 eVand R*=0.998.Based on thesefits, the standard potential

E10 /%02 and associated driving force AG{ ; are marked. They are linked by
o o . ~ . .
102/1(02 5302/K02+AGI«3/F~The blue-andred-shaded areaindicates the

transition fromks/(k,.;) = 0.99 to k,/(k.;) =0.99.b, %0, yield per mole of RM*
(bars) during KO, oxidation as measured by mass spectrometry. The dashed
line and the circular markers show simulated 0, yields considering'0,
quenching by solvent and redox mediator (Methods and Extended Data Fig. 3).
Thedashed line used the trendline for the mediator quenching rate constant
kq, whereas the markers use theindividually measured values (Extended Data
Fig.3c).c,Normalized 1,270 nm NIR emission (bars) during KO, oxidation.
Thedashed line and the circular markers show the simulated NIR emission
considering'0, formation with the kinetics k, (the right parabolaina) and 'O,
quenching by solvent and redox mediator (Methods and Extended Data Fig. 3).
Dataare presented as mean +s.d.(n>3).

results are shown as dashed lines and markersin Fig. 2b,c and resemble
the measured data. Deviations result from simplifications of the model,
suchasnotaccounting for specificreactivities of the chemically diverse
mediators (Methods). Overall, aproper fit of the kinetics to the double
parabolainequation (2) (Fig. 2a), the deficienciesin®0,yieldsand the
growing NIR signal beyond the predicted onset potential (Fig. 2b,c) all
support the proposed hypothesis that individual Marcus parabolas
govern ®0,and'0, formation from superoxide.

The adequate fit supports several important conclusions: (1) The
prefactorsZ,; = 6.3 x Z, s resultin substantially higher maximumKkinet-
ics for'0, evolution. (2) Driving forces for maximum kinetics are solvent-
dependent, asshown by the comparison betweenvaluesinether solvent
(Fig.1a; A, =0.61eV) and acetonitrile (Fig. 2a; ;= 0.95 eV). This aligns
with the prediction” of Marcus and work by Miller?. The crossing point
ofthe two parabolas is not at a constant driving force, which benefits
10, for solvents with lower A (Extended Data Fig. 4a). (3) E? )

0,/superoxide
should not be considered the threshold above which 'O, rather than
30, forms™?*2¢ as suggested from the electrochemiluminescence lit-
erature (Methods) but as a possible onset of'0,. Reaching £2

05,/superoxide
per se tells little about the relative 0, and 'O, formation kinetics
because of the solvent-dependent reorganization energy (Extended
Data Fig. 4). Instead, driving forces ~AG° > A, are required to slow
30, formation to benefit '0,. (4) In the electrochemiluminescence
literature, the entropy change is unknown and typically neglected?.
Having data that show the peaks for >0, and 'O, permits us to deter-
mine AGy ;=0.84 eV and with AH}. ;= AG; 5+ TASy ; we obtain
TAS?.;=-0.13eV.Consequently, £ 0,/superoxide =E3 0/superoxide +0.84V
can now be given more precisely, rather than with the typically used
difference of 0.97 V.

Figure 2a establishes aworking curve for an extensive range of AG®,
facilitating an understanding of the behaviour of various important
systems. Lewis-acid- and Brgnsted-acid-driven superoxide dispro-
portionation are two widely relevant cases, examined in the following
sections. More examples of superoxide oxidation, in which an expla-
nation of whether, or not, !0, forms has been unknown, but which
can now be explained, are examined in Extended Data Fig. 4 and the
Methods. These examplesinclude superoxide in contact with CO,and
organic peroxides, with relevance for energy storage and biological
systems"**,

Disproportionationinnon-aqueous systems

10, is known to cause degradation in non-aqueous alkali metal-O,
batteries**'**®, The Li-0, battery, for example, operates by rever-
sibly forming lithium peroxide at the positive electrode, O, +2e™ +
2Li" 2 Li,0,. Initially formed LiO, disproportionates, which always
results in some '0, according to 2LiO, > Li,0, + x*0, + (1-x)'0,
(refs. 13,16-19). Weak Lewis acids such as tetrabutylammonium
(TBA"), or other similar cations from ionic liquid electrolytes, are
often present in these cells. Despite not driving disproportiona-
tion themselves, weak Lewis acids were found to raise the '0, frac-
tion from about 2% in pure Li* electrolyte to around 20% for 1/1 Li*/
TBA" electrolyte. However, to date, it has been unclear why pure Li*
generates 'O, at all and why weak Lewis acids should increase the 'O,
fraction.

Figure 3ashows the thermodynamics of the relevant redox couples
as afunction of the Li* and TBA" salt fractions in glyme electrolyte.
Figure 3bshows the NIR emissionintensities onadding KO, as a super-
oxide sourceinto these electrolytes. The thermodynamics are explored
infurther detail inthe Methods and Extended Data Fig. 5and are sum-
marized here.Li,0,isinsoluble, and the potentialfaoz/uzoz(s), therefore,
fixed (Fig. 3a, black line). However, superoxide is appreciably soluble
innon-aqueouselectrolytes® *:speciesinclude (Li*0,") o1, (simClUStErs
or ion pairs, where (sIn) denotes solvate species. Solld LiO,, has the
lowest Gibbs free energy, and increasingly solvated species are
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Fig.3|Drivingforces, kinetics and '0,formation during Lewis-acid-induced
superoxide disproportionation. a, Thermodynamics of relevant redox
couples for Li*-induced superoxide disproportionation as afunction of the
fractions of Li*and TBA" salt. The gradient boxes and short arrows indicate
increasing superoxide solvation with potentials between values relevant for
solid LiO,, (dark colour), solvated (Li*0,) 5 (sin) Clusters, and solvated

(Li'O, )iy (Faded colour). LiO, isin all relevant electrolytes at least somewhat
solubleas (Li*0,7) 51, (sin) Clusters. The nature of superoxide shifts from

(Li'O5 )ps1, (siny towards (TBA'0, ), as the cation changes from pure Li*
towards pure TBA". Theinclined lines indicate the associated shift of

the potentials. ElOz/superoxide: E302/superoxide +0.84 V.Thedriving force

AG =~(Egyperoxide/Liy0y ™ E302/Supemxide)Fgrows with the shift of the O,/superoxide
and superoxide/Li,0,¢ potentials. Note that the O, reduction potential
changes nonlinearly with the Li*:TBA" ratio®2. b, Normalized 1,270 nm NIR
emissionasafunction of Li* mole fraction, which determines the driving
force. The markers show superoxide disproportionation kinetics as measured
by pressure evolution. The dotted lineis aguideto theeye. Glyme served asthe
electrolyte solvent. Dataare presented asmean +s.d. (n > 3).

increasingly less stable®3*, The *0,/superoxide potentials are, there-
fore, within the upper limit of Es, 1i0,65) and the lower limit of
B3,/ 03 (Fi8- 33, light-blue gradient-coloured box). When TBA"is
present, the lower limitextends to £3, (g KO3ty

The superoxide/Li,0,¢ coupleacts as the oxidant during superoxide
disproportionation. Eqyperoxide/Liy 0, €XC€EAS E1g /g peroxide 3lF€ady in
pureli®electrolyte,inwhichthe superoxide species are solvated, and
therefore explains why an onset of '0, is observed. '0, is detected in
pureLi*electrolyte using more sensitive chemical trapping'®. Addition
of TBA* favours more solvated species, which also explains why TBA*
increases the fraction of '0,. In line with this, Fig. 3b shows steeply
increasing'0, evolution as the TBA* mole fractionincreases, along with
faster kinetics.
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Proton-induced disproportionation

We next investigated how pH-related changes in driving force affect
the'0, formation from proton-induced superoxide disproportiona-
tion. Thisis particularly relevant for living organisms, in which super-
oxideis found in organelles with pH levels ranging between 4.7 and 8
(ref. 35), as well as in aqueous electrocatalysis'. Figure 4a shows the
Pourbaix diagram with the potentials of relevant redox couples as a
function of pH. Again, the driving force for disproportionation is the
difference between the >0,/superoxide and superoxide/peroxide
couple, marked with the vertical arrows. It grows from about 0.5 eV at
pH 14 to about 1.5 eV below pH 4.8 (Fig. 4b). The oxidant potential
exceeds Ef’oz/o, atpHabout10.5,inwhichan onset of 'O, formation can
be expected. ’

Figure 4c shows the '0,-specific NIR signal at 1,270 nm on proton-
induced superoxide disproportionation over a pH range from about
1t010.8. We exposed KO, to various buffer solutions under vigorous
stirring and recorded the NIR signal (Methods). A strongly increasing
NIR signal with decreasing pH is in accord with the increasing driving
force. A pH of around 11 giving low but non-negligible '0, yields is
consistent with reliable theoretical” and experimental works™ on the
reaction HO, + 0; > O, + 03, which found 'O, evolution only about
0.3 eV endoergic and around 0.2%'0, production on exposing KO, to
H,0, as the proton source.

Conclusions

We found that the driving force for superoxide oxidation to >0, and
10, is the common descriptor that determines the spin state, follow-
ing individual Marcus normal and inverted region behaviour.'0, can
become significant only because the kinetics for >0, evolution slows
downinitsinverted region. Theresults help clarify previously inconclu-
sive findings about 'O, formation from superoxide, including through
interaction with chemical oxidants, and proton and Lewis-acid-driven
disproportionation. For disproportionation, the results explain the



increasing 'O, formation with stronger Brgnsted and weaker Lewis
acidity, respectively, because of theirimpact on driving forces. Increas-
ing'0, yield with lower pH aligns with higher driving forces as the pH
decreases. This corresponds with higher and lower pH in respiratory
(mitochondria) and degenerative organelles (lysosomes)*, respec-
tively, in which 'O, must be avoided or may even be beneficial. This
connection between pHand 'O, formation may well have beenaso far
unrecognized evolutionary driver for the pH found in organelles. In
human-maderedox systems, inwhich'0, is, in most cases, detrimental
and damaging, strategies to suppress ‘0, should aim at reducing the
driving forces for superoxide oxidation, increasing the reorganization
energy, or avoiding situations in which superoxide disproportionates.
We discuss the wider relevance for oxygen redox systems in life sciences
and energy, and for the electrogeneration of excited species more
generally in the Methods. The findings offer insights into under-
standing and controlling spin states and kinetics in oxygen redox
chemistry, with implications for fields such as the life sciences and
energy storage.
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Methods

Materials

All chemicals were from Sigma Aldrich unless indicated differ-
ently. Potassium superoxide (KO,), potassium perchlorate (KCIO,,
>99.99%), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI,
99.99%) and tetrabutylammonium bis(trifluoromethanesulfonyl)
imide (TBATFSI, 299.0%) were dried under reduced pressure for
24 hat 100 °C. Decamethylferrocene (DMFc), tris[4-(diethylamino)
phenyllamine (TDPA), N,N,N’,N’-tetramethyl-p-phenylenediamine
(TMPD), ferrocene (Fc), ferrocenium tetrafluoroborate (FcBF,),
9,10-diphenylanthracene (DPA), 1,4-bis(diphenylamino)benzene
(DPAB), thianthrene (ThA), 1,4-dimethoxyanthracene (DMeOA,
Acros Organics), 1,4-di-tert-butyl-2,5-dimethoxybenzene (tMeOB,
BLDpharm) and 5,10-dihydro-5,10-dimethylphenazine (DMPZ, TCI
chemicals) were used as received. N-methyl phenothiazine (MPT),
1,4-diazabicyclo[2.2.2]octane (DABCO) were sublimated. 18-Crown-6
and tetrafluorobenzoquinone (F,BQ) were recrystallized from ethanol.
Tetraethylene glycol dimethyl ether (TEGDME, 299%) was dried over
lithium, distilled under vacuum and further stored over activated 3 A
molecular sieves. Acetonitrile (MeCN, 99.8% anhydrous) was stored
over activated molecular sieves. Both solvents had a water content
below 5 ppmas determined by Karl-Fischer titration (Mettler Toledo).
All non-aqueous experiments were performed in an Ar-filled glove-
box (Vigor) or hermetically sealed setups without air exposure. The
structures of the mediators and their redox potentials are shown in
Extended Data Fig. 2.

Electrochemistry and mediator oxidation

Electrochemistry experiments were performed using a BioLogic poten-
tiostat (SP-300 and MPG-2). Cyclic voltammetry was performed with
aglassy carbon disk as the working electrode and a glassy carbon rod
as the counter electrode in a one-compartment glass cell. Partially
delithiated Li_,FePO, (LFP, MTI), separated by a Vycor glass frit, was
used as the reference electrode. DMFc/DMFc* was used as the inter-
nal standard and converted using ESwreomre = ESt 316V= E
+3.02 V.DMeOA, tMeOB, DPA and ThA were electrochemically oxidi-
zed in an H-cell. The oxidation compartment contained a Pt working
electrode, the reference electrode and 5 ml MeCN containing 2 mM
RMand 10 mMKCIO,. The reduction compartment contained Nifoam
as a counterelectrode with 5 ml of 100 mM 1,4-benzoquinone (sub-
limed) inMeCN. AK" selectiveion-exchange membrane separated the
two compartments. RMs were oxidized galvanostatically to 80% of
their total capacity. DMFc, TDPA, TMPD, DMPZ, MPT and DPAB were
oxidized using 1 equiv. NOBF, in MeCN. After 3 h stirring, they were
precipitated with cold diethyl ether, filtered and dried under avacuum
at30°Cfor12h.F,BQis the oxidized formitself.

Measurements of kinetics

Kinetics of mediated superoxide oxidation were measured using UV-
Vis spectroscopy using an Avantes AvaSpec-HSC spectrometer with
AVALIGHT-DH-S-BAL light source and fibre optics to perform measure-
ments inside the glove box. Pure KO, powder was pressed into about
0.5 mm thick pellets using a7 mm die set and a hand press (PIKE).Ina
10-mm quartz cuvette (Hellma), aKO, pellet was placed ina polytetra-
fluoroethylene frame for alignment, followed by a magnetic stirring
barandthenthe cuvette was sealed with agas-tightinjection lid. RM**
solution containing 10 mM KCIO, was then injected using a gas-tight
syringe (Hamilton). Consumption of RM® was followed except for F,BQ,
inwhich formation of RM™?was followed (Extended Data Fig. 7). Data
and error bars are presented as mean + s.d. (n > 3). Error bars appear
asymmetric on an In(k) scale. Repetitions mean that each time a new
portion of RM* was produced by electrochemically oxidizing aportion
of RM™ or by dissolving the chemically produced oxidized form. Differ-
ences inthe magnitude of the error bars among mediators arise from

their large chemical diversity and specific reactivities. For example, Fc*
andreduced quinones react with O,, or high-voltage RM* shows limited
long-termstability in the electrolyte. For the latter, it was checked that
degradationwas at least several times slower than the oxidation of KO,.

Kinetics of Li*-induced superoxide disproportionation in TEGDME
were measured by placing KO, powder in a closed reaction vessel
equipped with a pressure sensor (Omega, PAA35X) and injecting the
Li*electrolyte using asyringe through aseptum (Extended Data Fig. 8).

30, yields and 1,270 nm emission measurements

%0, yields on mediated superoxide oxidation were measured using
mass spectrometry, as detailed previously*’. The RM* solutions were
injected using agas-tight syringe, and the measurement continued until
the O, signal ceased. We used the'0,-specific NIR emissionat1,270 nm
from the decay of '0, to >0, to determine '0, yields and lifetimes as
detailed previously*®. The signal was recorded from the detector using
anoscilloscope (Pico Technology) and at again of 820 V (control volt-
age).Extended DataFig. 6 shows examples of the recorded signal during
mediated oxidation, aswell as Li*-and H*-induced disproportionation.

From oxidation rates to >0, yields and NIR emission intensities
We use the yields of >°0,/RM® and the normalized NIR intensities in
Fig. 2b,cto prove that the two kinetic parabolas correspond to *0,and
10, evolution. To rationalize their assignment, we use aminimal model
to calculate expected *0,/RM* and NIR emission intensities based on
formation rates and'0, decay processes. We considered the following
processes: (1)*0,and'0, formationrates (k,and k) as given by the two
kinetic parabolas in Fig. 2a; (2) physical and reactive !0, quenching by
the solvent; (3) physical and reactive '0, quenching by the reduced
mediators RM™, Note that the same processes with RM* are typically
negligible in comparison because of the electron demand of these
processes®; and (4) 30, losses ((0,/RM* <1) resulting from reactive
quenching of'0, with solvent or mediator.

Losses in*0,/RM*inFig. 2b result fromincomplete physical quench-
ing of'0,t0°0, due toreactions of 'O, with electrolyte or RM. Hence, we
start by considering the decay routes. There are multiple decay routes,
asshownin Extended Data Fig. 3f,and only asmall fraction of the total
10, canbe detected by the NIR emission at 1,270 nm (refs. 12,37). First,
interactions of 'O, with solvent will result in electronic-to-vibrational
(e-v) deactivation and reactions with the solvent. The first-order 'O,
decay rate constant k, =k, + k;is composed of a reactive fraction kg,
and a non-reactive fraction k4. Second, electron-rich species, such as
reduced mediators, exert charge transfer quenching; however, they
may also react with the electrophilic 'O, along pathways depending
onthe particular chemistry®. The rate constant k, = k. + k, is equally
composed of areactive fraction k,, and anon-reactive fraction k. Third,
radiative decay of'0, to >0, with the emission of a1,270 nm photon.

We measured the rate constants k, and &, using the luminescence
lifetime. An O,-saturated solution containing Rose Bengal (absorbance
of about 0.1in alcm fluorescence cuvette) was illuminated using a
pulsed Coherent OBIS 561 nm laser. The lifetime (7) and the decay con-
stant (k =1/1) of 'O, were measured using the NIR detector. T was
obtained by fitting the decay profile with exp(-¢/7) (Extended Data
Fig.3a).rinthe absence of aquencher relates to the solvent quenching
rate constantkp. Ky is obtained by plotting 1/Tagainst the RM* concen-
tration cgyex (Extended Data Fig. 3b,c). Similar to previously reported
quenchers®, k, decreases with E S joxired following a trendline with
aslope of about -10** V™. The logarithmic dependence of the non-
radiative fraction k, is explicable by the required partial charge trans-
fer from the e"-rich quencher to the '0,, which makes quenchers with
lower redox potentials more efficient'>. We consider that the reactive
fraction k,, depends similarly on redox potential, given that the addi-
tionreactions equally require charge transfer from the substrate to'0,
(refs.12,36). The scattering of k, around the trendline arises from the
large chemical diversity of the used mediators. We used both the



trendline and theindividual values of k, for the prediction of NIR inten-
sities in Fig. 2c. As for the fraction of reactive deactivation, k,,/k, and
k,,/kq, these can be determined from >0, consumption®, which we do
below when simulating values of 2*0,/RM,

The surface area A of the KO, powder, needed for the calculations,
was determined by analysing optical images (Extended Data Fig. 3d).
KO, powder was dispersed in TEGDME, sonicated, a drop was placed
betweenamicroscope slide and acover slip and sealed air-tight. Images
were acquired with transmitted light on aNikon Ti2E-Olinverted micro-
scope using a Plan ApoA 40x/0.95 DIC (Differential Interference Con-
trast) air PFS (Perfect Focus System) objective lens, resulting in a pixel
size of 0.183 pm. Theimages were analysed using theilastik pixel classi-
fication and object classification workflows (https://www.ilastik.org/),
resulting in a histogram of particle sizes (Extended Data Fig. 3e). The
surface area was calculated by assuming spherical particles, yielding
A=0.23+0.04m?g™.

As quantification of absolute 0, yields from NIR emission is not
straightforward, we normalized the values. The NIR intensity at time
tafter bringing KO, in contact with RM* will be proportional to the'O,
concentration, /; 570nm(t) = €14 (). The'O,formationrate by mediated
KO, oxidationisvi 0, (t) =A- k- cpmox(£), with k; being the rate constant
as given in Fig. 2a. A is constant because the experiments were
performed with a large excess of KO, over RM™. cppjox and cpyrea are
given by cpyox(t) = Cppox(0) - e Ktot 4t and Crred (£) = Cryox (0) — Crypox (£) +
Cpmred (0) = Vio,q ((0) -, where ko =k; + ks The termvi,  (¢) isthe
rateatwhich' O2 reacts with RM™as detailed below. 0, formatlon and
decay will balance®, which results in the presence of solvent and medi-
ator quenchinginciy, (¢) =vig, (6)/ (K4t ko Cpyred(t)). ko is either the
measured value for the particular mediator or the trendline in Extended
Data Fig. 3c. Finally, analogous to the experiment where we integrate
the NIR signal until it ceases, we arrive at the expected NIR emission:

= A~k cgpox(2)

0 kD+kQ'CRMred(t) de. (3)

ho70nm,cum™

Tosimulatelosses of 20, (?0,/RM*<1inFig.2b), we used the rate of
reactive '0, decay Vig, (&) = (kq,r + kg - Crprea(D)) - C1, (t) todefinef,
asthereactive fractron of the total 1O2 decay rate

kgt kg p Cpprea(t) @)
T kD+kQ'CRMred(t) '

Vig, . (6) equals the total mediated 'O, formation rate times f;:
Vig, r(t) =f A~ k- Cpyox(t). As some of the RM™’ reacts, its loss is acc-
ounted for usmg Vig, q.r () =Kqr Copprea(t) “Cro (6) =f = A+ Ky - Cryox(t),
wheref kg RMred(t)/(kD+kQ Crured (6)): Calculatronsoff,, rand
CRMred(t) were iterated until convergence was achieved. Finally, 0,
yields are

302/RMOX=1_L ﬁ-A-kI-CRMox(t)dt/IO A+ Koy (Ot (5)

Thefractions of reactive deactivation, k4 ,/k, and k, ,/k, were obtained
by fitting the measured values of ?0,/RM® in Fig. 2b with the simu-
lated ones from equation (5). The simulated *0,/RM® are plotted as
the dashed linein Fig. 2b.

Deviations between simulated and measured values may result from
the simplicity of the model. The main simplification is as follows:
(1) kowas measured inhomogeneous solutions of RM™ and the model
calculates bulk concentrations cgyexand cgyreq, but during the heter-
ogenous KO, oxidation, bulk and surface concentrations of RM** and
RM™ differ. (2) We fitted a common fraction of mediator reactivity
(kq/kq) for allmediators, causing k, . and k, to decrease exponentially
wrth growingEe . es- Asatrend, thisisjustified given that both reac-
tion and charge transferquenchlng require e” transfer, but individual

reactivity will vary because of the large chemical diversity of media-
tors®. (3) We did not account for quenching by O, and O;. (4) Some
RMs show further reactivities, which can cause >0, loss: Fc* reacts with
0, (ref. 38), TDPA gets in contact with O, spontaneously oxidized to
TDPA*and TDPA* (ref. 18), and reduced quinones bind to O, (ref. 39).

Proton-induced disproportionation

Six types of buffers were used for proton-induced superoxide dispro-
portionation. Britton-Robinson (BR) buffers were prepared with0.1M
aceticacid, 0.1Mboricacid and 0.1 M phosphoricacid. NaOH (1 M) and
HCI (1 M) were used to adjust the pH. Phosphate-buffered saline (PBS)
solution and aqueous PBS powder solution (for pH 7.4) were added and
the pH was adjusted using 1 M NaOH or 1 M HCI. Citrate buffers were
prepared using citric acid and trisodium citrate dihydrate. To adjust
the pH, we varied the concentrations of citricacid and trisodium citrate
dihydrate. Acidic buffers of KCland HCI (pH1and 2) were prepared by
mixing 0.2 MKClwith 0.2 M HCl and adjusting the volume. Neutral to
basicbuffers of KH,PO,/NaOH (pH 7.1and 10.8) were prepared by mixing
0.1 MKH,PO,with 0.1 M NaOH and adjusting the volume accordingly.
To trap the hydrogen peroxide (H,0,) produced, to eliminate the pos-
sibility of forming'0, by peroxoacids*’, titanium(IV)oxysulfate solution
(Ti0SO,, 15 wt% in dilute sulfuric acid), 1 M NaOH was used to adjust
the pH of TiOSO, solutions to pH 1.2 and 1.55.

Figure4cshows'0, yieldsstillincreasingwhen the pHis below 4.8, the
pK, of 05.KO, hydrolysisincreases the pHin aqueous media according
to KO, + H,0 > HO, + K" + OH". Buffer capacities were selected so that
the amount of KO, did not significantly affect the resulting pH after
thereaction. However, despite the buffers, thelocal pH at the reaction
site will be higher than the average. The importance of buffering for a
local pH close to the average is evident in control experiments without
abuffer. Even at a pH of 1.5, we could not detect 'O, in an unbuffered
H,SO, solution, whereas we could in the buffered one (Extended Data
Fig. 6e). Therefore, the'0,yields in Fig. 4c result from a higher local pH.

Driving forces on superoxide oxidation

Superoxide experiences a broad range of oxidizing conditions toliber-
ate oxygen, but explanations for why and to what extent certain oxi-
dizing redox couples evolve '0, have been unknown. Extended Data
Fig. 4 shows the driving forces for superoxide oxidation with various
redox couples. The driving forces are shown in comparison with the
Marcus kinetic parabola in ether and acetonitrile solvent from Figs. 1
and 2. Li*- and H*-induced disproportionation are shown in Figs. 3
and 4. The other examples we discuss in Extended Data Fig. 4 arise from
superoxide in contact with CO, or organic peroxides, with relevance
for energy storage and biology***.,

Considering CO, first, we have previously shown that CO, in con-
tact with O; yields '0,, but the energetics were unknown®. CO, in
contact with O; is known to form peroxomonocarbonates and per-
oxodicarbonates by repeated uptake of CO, by O,. Intermediate
peroxocarbonate species may be reduced by O, which releases O,
(refs. 41-44). However, the O, spin state has previously not been
considered. Extended Data Fig. 4c shows likely redox couples of oxi-
dized/reduced peroxocarbonate species, but their redox potentials
are not established experimentally. A previous study has shown,
using density functional theory (DFT), that depending on the cat-
ion present and the solvent, the particular peroxocarbonate redox
couples that oxidize O; to O, differ*, but likely involve CO,/CO,*,
LiCO,’/LiCO;, Li,C,0/Li,C,0; or Li;C,04/Li;C,0,. The calculations
have shown reaction energies relative to the 05/°0, between about
land 1.4 eV. These driving forces, hence, explain 'O, formation from
CO, in contact with O; (Extended Data Fig. 4b).

0, formation has been examined for exposure of superoxide to
organic peroxides, given their occurrence in biological systems®. No
reaction was observed with alkyl peroxides, whereas acyl peroxides
yielded '0, (refs. 45,46); however, this has not been connected with
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driving forces for superoxide oxidation. Nucleophilic attack of O; on
acyl peroxides forms an acyl radical and carboxylate (Extended Data
Fig. 4d). The potential for the acyl radical/carboxylate redox couple
hasbeenreported between1.5Vand1.7 Vcompared with SHE (ref. 23)
(1.95-2.05 V compared with 0,/0,), which explains 'O, formation
according to Extended Data Fig. 4a. Alkyl peroxides (ROOR) such as
di-tert-butyl, dicumyland di-n-butyl peroxide have been reported not
to form'0, (ref. 45). This can be understood by ROOR only breaking
downtoRO and RO at low potentials (-1.31 Vto-1.15 Vcompared with
SHE, thatis,-0.86 Vto-0.70 Vcompared with 0,/0O,") (ref. 47). The RO"/
RO couple (-0.06 Vt0 0.04 Vcompared with SHE, thatis, 0.39-0.49 V
compared with 0,/0,") could, if formed, oxidize O,”, but not to '0,.

Proton-induced disproportionationthat yieldslow but non-negligible
10, yields atahigh pH of about 11is consistent with reliable theoretical
and experimental works. Using a high-level abinitiomethod, a previous
study” found that the reaction HO, + O; > O, + HO, can proceed by
both the singlet and triplet pathways, with the singlet pathway being
onlyabout 0.3 eV endoergic. Equivalent experiments exposing KO, to
H,0, intoluene found about 0.2%'0, production, as measured using a
chemical trap™. In this experiment, H,0, was the proton source to first
formHO, (H,0,+ 0; > HO; + HO,). The conditions in these theoretical
and experimental studies correspondtoa pHof about 11 (pK,=11.7 for
H,0,), in which the reaction to '0, is only weakly driven. Conversely,
10, was not detected with alkyl hydroperoxides ROOH as the proton
source (pK, =12.6) (ref. 45,48), aresult that insufficient driving forces
can now explain.

Relation between 7 2/0; and the'0,fraction
The electrochemllummescence literature refers to energy-sufficient
processes to form the electronically excited species®***. For example,
consider the generic redox couples R/R"™and M*/M (note that these
could be, for example, 20,/0,” and RM>/RM™Y). The process R +
M = R"+Mis considered energy-sufficient to form the excited species
R, lf(E E,‘{/R JF> - AH° (IR* < R). This conditionis fulfilled if the
potentlal ofthe oxidizing redox couple exceeds the redox potential
of the excited species: ES.. e E1R R =EQ e+t AH° (‘R* < R)/F. The con-
notation ofenergy-sufficient processes led to the interpretation that
1R*/R _OorEp /05 establishes athreshold above which the excited species
rather than ground state species forms'™**?, Extended Data Fig. 4a
shows that reaching this threshold potential (or the driving force for
which this is exceeded) gives no indication about the extent to which
!0, rather than >0, forms. An onset of 'O, may be expected at AG 5,
but its formation will become significant only for driving forces
-AG° > A,, for which 30, formation slows down to benefit'0, formation.

Thermodynamics in mixed alkali metal/TBA* electrolytes
Superoxide disproportionation in Li* and Na* containing glyme elec-
trolytes was found to always yield some '0, according to 2MO, >
M,0, +x°0, + (1-x)'0, (refs. 13,16,18,19). Li* yielded small fractions
(about 2%) at large kinetics, and Na* yielded larger fractions (around
12%) at slow kinetics'. Often, electrolytes for non-aqueous metal-O,
batteries contain weakly Lewis acidic cations, such as tetrabutylammo-
nium (TBA") or other cations fromionic liquid electrolytes. Inmixed Li*/
TBA" and Na*/TBA" (1/1) electrolytes, the 'O, yields increased to about
20 and 18%, respectively. The reasons for this behaviour must, hence,
lie in (1) already sufficient driving forces for 'O, formation in pure Li*
andNa' electrolytes; and (2) increasing driving forces on adding TBA".
M,0, (M =Li’, Na’) are insoluble™* and the potential £5, M0~

A¢G°(M,0,))/F=2.96 V compared with M*/M, therefore, fixed to
the value obtained using the formation energy -AG° of solid Li,O,.
Given that the superoxide/M,0,, couple acts as the oxidant during
superoxide disproportionation, the driving force is given by
~AG = (Esuperoxide/My05) ~ E30,/superoxiae)f - NOte that here superoxide
does not denote a particular species, but it could be anything, includ-
ing solid MO, solvated (M"03) .5 (sin) Clusters and ion pairs, or the

weakly coordinated (TBA'O) 4p)- Euperoxide/My0,,) CaNNOL be directly
measuredbutcanbeinferredfrom£sy o, andEsq peroxige USING
AG = -zFE, where zis the number of transferred electrons, it can be
derived that £y peroxide/M,0,) = 2E30,/My0 5 ~ B0, /superoxider FOT the sta-
ble solid compounds (Li,O,, Na,0,, NaO,, K,0, and KO,), tabulated
formation energies A;G° canbe found and the 3002/M202(s)and E;’OZ/MOZ(S)
be calculated as shown in Extended Data Fig. 5a. On the basis of this,
KO, is notexpected to disproportionate to K,0,and the K*-case, hence,
not be further considered.

30, jsuperoxide €QUire further consideration given the electrolyte-
dependent solubilities of superoxide. Theoretical work shows that
solvated (Li*03) 51 (sin) SPecies are less stable in terms of Gibbs free
energy than the bulk solid LiO,, but as the cluster size n grows, the
structure approaches bulk MO, and free energy approachesaconstant
value'®*®%', Aggregation into (Li'03),.1 i) Clusters stabilizes the
solvated species relative to separated (Li'0}) ¢, Species'®.
The Gibbs free energy grows, therefore, in the order of increasing
solvation: LiOy < (Li*0;7) 41 sim) < (Li"O5 ) gin)- Accordingly, the poten-
tials in pure M* electrolyte are in the order and within the limits
Eso, 1056 Boyit 0160 > B30, /1 05) gy If TBA"Is present, the even
weaker association in (TBA'03) g extends the lower potential limit
toEsq /rpa 0sm” The values for these potential limits, as shown in
Fig. 3a, Extended Data Fig. 5¢,d, were estimated from cyclic voltam-
mograms with the salt shifting from pure M* to pure TBA" (Extended
Data Fig. 5b). The largely solvation-independent DMFc/DMFc* redox
couple was used as internal standard. A;G° of solid LiO,, is not
available, but £5 5, may be estimated from cyclic voltammo-
grams in poorly solvatmg electrolytes, in which large (Li*03),, (51
clusters approach the thermodynamics of LiO,,. The shift in
the onset of O, reduction in Li* compared with TBA" electrolyte at
slow scan rates was taken as the difference between b o,
and 30,1180 gy E3 0,/ 03) 1y 35 the lower limit of potentials in
pure Li* electrolyte was estimated from the potential shift between
pure Li* and pure TBA" electrolytes with the highly solvating solvent
1-methylimidazole. These were taken from ref. 32 and show a shift
of 33 mV.

Extended Data Fig. 5d shows the analogous thermodynamics for
Na*/TBA" mixtures as shown in Fig. 3 for Li*/TBA". Considerations as
above for therelative stabilities of the Li superoxides apply analogously
to the relative stability of Na superoxide clusters compared with the
NaO,, bulk. Theoretical work has similarly shown the stabilization by
forming (Na*OZ’)DL(Sm) clusters®**, Extended Data Fig. 5e shows the
NIR emission on adding KO, into glyme electrolyte containing various
Na*/TBA'ratios. The datashow that, eveninapure Na*electrolyte, the
driving force is sufficient for 'O, formation and that added TBA*
increases the driving force and formation.

More generally, the electrolyte properties (solvent(s), salts(s) and
their concentrations) will affect the reorganization energy and hence
the maxima and crossing point of the two kinetic parabolas. The clas-
sicalapproachtoaccounting for thisis the equation given by Marcus**,
which connects the reorganization energy with the effective dielectric
properties of the electrolyte and the separation of the redox centres.
Alower dielectric constantand smaller separation will resultinalarger
reorganization energy. A refined equation by Marcus® further takes
into account theionic environment. These considerations apply well,
for example, to aqueous anionic redox couples and the series of alkali
metal cations fromLi* to Cs* as spectator cations, in whichA decreases*®.
However, cautionis required with non-aqueous, low dielectric constant
media, in which strong ion pairing occurs. Some works suggest an
inverse trend for A among the alkali metals'®>. lon pairing and even
clustering is particularly severe for (su)peroxide as the redox anions
as discussed above. Superoxide forms in non-aqueous Li* and Na*
electrolytes clusters®** and the peroxides are practically insoluble™.
The order and extent to which the reorganization energy changes for
superoxide oxidation in non-aqueous media among the alkali cations



may, therefore, not be predicted straightforwardly and would merit
further investigation. As we observe'0, at low driving force for the Na*
electrolyte, the reorganization energy appears sufficiently low therein.

Wider relevance for life sciences and energy

Our study contributes to understanding how the pH affects the link
between the four important reactive oxygen species (ROS) superox-
ide, peroxide, >0, and '0,. Disproportionation is notably the pathway
to maintainalow superoxide concentration. However, detoxification
from superoxide produces the harmful’0,. Superoxide occursincells
inseveral organelles with different pH levels between 4.7 and 8, but the
superoxide-degrading enzyme superoxide dismutase occurs only in
neutral to basic organelles®. In pathological situations, the pH balance
is known to be affected (typically towards lower pH) and therefore
signalling, redox regulation and defence®**. Our study contributes
to the understanding of how the redox chemistry of superoxide, pH
and 'O, formation are linked. We noted that in non-aqueous media,
superoxide in contact with CO, forms'0,. Given the ubiquity of CO,
in organelles containing superoxide, further investigations into the
aqueous chemistry of CO, and superoxide are warranted.

Forenergy applications, further relevance and future research direc-
tions emerge: (1) For suppressing'0,, generally, the driving force should
be decreased, and the reorganization energy for the superoxide oxida-
tionreaction should be increased. The classical equation by Marcus™,
which connects the reorganization energy with the effective dielectric
properties of the electrolyte and the separation of the redox centres,
applies well to aqueous anionic redox couples®. For non-aqueous, low
dielectric constant media, in which strongion pairing occurs, particu-
larly so with superoxide, the change in reorganization energy among
different cations and electrolytes may not be predicted straightfor-
wardly and would merit further investigation. (2) Oxygen evolution
catalysis from water: metal-superoxo species have been identified as
preceding the O, evolution on, for example, the extensively studied
Ni(Fe)OOH or CoOOH catalysts'. The metal M* V" redox couple is con-
sidered to oxidize the superoxo moiety to O, (refs. 10,60). Some of
the most active M™" metal redox couples are typically a few 100 mV
above the '0,/superoxide potential shown in Fig. 4a and provide, in
principle, enough driving force for '0, evolution. For example, at
PHI4ES o =132V, E uu=125V,Eg un=15V, Egym=152V and
Eqmv=1.6Von the RHE scale (refs. 10,60). Further investigations spe-
cifically on'O, evolution in oxygen evolution catalysis are therefore
warranted. (3) Both Li-stoichiometric® and Li-rich transition metal (TM,
for example, Ni, Mn and Co) oxide*”*"*? intercalation materials used
for positive electrodes in Li- or Na-ion batteries are known to undergo
parasitic lattice oxygen loss at high states of charge. Both the interca-
lation material and the electrolyte degrade, hampering long-term
cyclability. However, non-matching patterns of O,and CO,/COrelease
from electrolyte decomposition (all containing lattice O as shown by
isotopic labelling”®?) and enhanced lattice O loss with surface carbon-
ates present’ remain unexplained and highlight the need for adeeper
understanding of the prevailing ROS and decomposition pathways.
ForLiNiO,,'0,evolution has been suggested to result from the dispro-
portionation of oxide radicals®. More generally, 'O, may evolve from
superoxo species (at the lattice surface, in (su)peroxocarbonates**°)
at the available driving forces. The oxidants could be a combination
of (su)peroxides (for example, coordinated by TMs or carbonates) that
get stabilized by further reduction and TM redox, such as Co™" or
Ni"™", Further investigations into the involvement of !0, evolution in
TM oxide outgassing and surface reactions are therefore warranted.

Theresults expand the current knowledge onthe electrogeneration
of excited species more generally and pose open questions about
the origin. Specifically, the process is more effective than typically
assumed, given that AG;. ;< AH;.; and that Z, > Z,, ;. Electro-
generation of excited ROS has significance ranging from biological
systems to energy storage. Reactive excited species in life are very

broadly associated with pathogenic events*®’, Recombination reac-
tions in redox flow batteries are recognized to cause self-discharge,
but this has so far not been recognized to potentially form extremely
energeticexcited species. Soluble parasitic oxidized and reduced spe-
ciesatthe cathode and anode of Li- and Na-ion batteries may recombine
to form energetic excited species.
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Extended DataFig.1|Kineticsand'0, yields during mediated superoxide
oxidationin TEGDME electrolyte. a, We measured the kinetic constants k for
mediated KO, oxidation with mediators using UV-Vis spectroscopy up to
moderate mediator redox potentials. Higher potential mediators could not be
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upperend of driving forces. Plot of In(k) versus mediator potential (E':Mox/red ,
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Nature Limited.
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Extended DataFig.3|From'0,formation rates to measurable NIR emission
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of measurements asshowninb. d, Segmented optical microscopy image of
dispersed KO, powder. e, Extracted particle size distribution fromd, from
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versus time for the indicated RM* in contact with KO,. b,c,e-m, RM® concentration versus time. For F4BQ (d), concentration versus time for RM".
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Extended DataFig. 8| Measuring>0,yields and disproportionationkinetics.

a, Schematic set-up of the sample vial used for mass spectrometry and sequence
of the solutionaddition during the 30, yield measurement. b, O, evolution
versus time uponimmersing KO, powderin RM**solution. The example shown
iswith DMPZ. ¢, Schematic of the set-up to measure disproportionationkinetics
by pressure changes. d, Pressure evolution from three different cases where
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Li*/(Li*+TBA") mole fractionsare1,0.33and 0.166. e, Evolved moles versus time
for superoxide disproportionation as measured by the pressure p. Fitting is
donewith p(t) =p, + Ap(1-exp(-kt)). The example is shown for the case with

the molefractionLi*/(Li*+TBA") = 0.166. Panel a adapted with permission from
ref. 64, American Chemical Society.
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