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The use of a redox mediator (RM) to chemically decompose Li2O2 is an

efficient approach to improve the efficiency and cyclability of lithium–

oxygen batteries. It has been suggested that RMs can react with the

singlet oxygen (1O2) but no attempt has been made to categorize the

reactivity of different RMs with 1O2, or investigate the impact of this

reaction on the electrochemical behavior of RMs. Herewe show that the

reactivity of RMs with 1O2 depends on the unique chemistry of the RM,

and that the Li2O2 decomposition kinetics of RMs are considerably

affected by their reactivity towards 1O2. We examine changes to the

chemical and electrochemical properties of RMs after exposure to 1O2.

These results suggest that the activity and lifetime of RMs in Li–O2 cells

are affected by their reactivity towards 1O2, and that RMs can be clas-

sified depending on how easily they react with, or physically quench 1O2.
Introduction

Lithium oxygen batteries (LOBs) have been suggested as a next-
generation energy storage device due to their high theoretical
energy density.1 However, the low energy efficiency and irre-
versibility of this system hinder its practical applications.2–5 One
characteristic drawback of LOBs is the high charging over-
potential required to oxidize the insulating discharge product,
lithium peroxide (Li2O2). This simultaneously causes electrolyte
decomposition, therefore the formation of a corrosive solid–
electrolyte interface layer, which lowers coulombic efficiency and
deteriorates cycling performance.6–8 To decrease the charging
overpotential, various approaches, e.g. embedding catalysts in
the cathode,9,10 structural design of porous air electrodes,11,12 and
solvent design13,14 have been proposed. Among them, redox
mediators (RMs) are one of the most promising methods.15–19
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Instead of electrochemically oxidizing Li2O2, RMs themselves are
oxidized rst at a lower potential and the oxidized RMs chemi-
cally decompose Li2O2.20 With this mechanism, RMs can effec-
tively mitigate undesired side reactions at high voltage region
and improve energy efficiency and cyclability. Singlet oxygen
(1O2) has recently been identied as a reactive oxygen species in
LOBs, which inevitably forms during cycling test especially in
LiO2 disproportionation reactions.21–24 The highly reactive 1O2

has been suggested to provoke side reactions by attacking the
cathode, electrolyte and RMs.25–27 For this reason, 1O2 was
pointed out as a major concern, and various approaches for
diminishing 1O2 have been studied.27–31 It has also been reported
that RMs can induce the relaxation of 1O2 into

3O2 by physically
interacting with 1O2, which is called quenching.32,33However, it is
complicated by the possibility of either a reversible (quenching)
or irreversible (trapping) reaction, both of which will scavenge
1O2.34 Contradicting reports raise the question whether the
reaction of RMs with 1O2 truly leads to the deactivation of RMs
and yet, no direct evidence has been presented.27,35 Therefore,
classication of the reactions between RMs and 1O2 is required
alongside clarication on if the reaction between RMs and 1O2

leads to deactivation of RMs.
In this study, we systematically investigated both the chem-

ical and electrochemical properties of RMs aer exposure to 1O2

to fully understand the effect of 1O2 on RMs. We nd that the
reaction of RMs with 1O2 not only affects the chemical proper-
ties but also the electrochemical properties of RMs. Due to the
unique chemistry of RMs towards 1O2, RMs can be put into
three categories: comparatively inactive towards 1O2, chemically
reactive with 1O2, or a physical 1O2 quencher. Moreover,
changes to the electrochemical properties aer exposure to 1O2

have been observed and discussed.
Results and discussion
Observation of reactivity of redox mediators with 1O2

Five RMs with different redox potentials, (tris[4-(diethylamino)
phenyl]amine (TDPA), N,N,N′,N′-tetramethyl-p-phenylenedia
J. Mater. Chem. A, 2023, 11, 16003–16008 | 16003
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Fig. 1 Reactivity with 1O2 and electrochemical redox sustainability of RMs. UV-vis spectra of (a) TDPA, (b) TTF and (c) TEMPO for every 12 hours,
up to 48 hours. Electrolyte consisted of 1 M LiTFSI, 50 mM RM and 0.5 mM TPP in TEGDME, and diluted into 1/1000 scale with acetonitrile. Cyclic
voltammetries (CVs) of (d) TDPA, (e) TTF and (f) TEMPO before and after 48 hours of illumination at 10 mV s−1 using 50 mM RM in TEGDME with
0.5 mM TPP under Ar atmosphere.
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mine (TMPD), tetrathiafulvalene (TTF), 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) and 10-methyl-
phenothiazine (MPT)) were chosen, where each RM has
different reaction kinetics with Li2O2 following Marcus
theory.33,36 We aimed to expose these RMs to 1O2 generated via
photosensitizer, meso-tetraphenylporphine (TPP) dissolved in
the solution.37,38 To determine the 1O2 evolution rate in actual
cell conditions, 1O2 evolved during cycling of a cell was
measured with the well-known 1O2 probe, 9,10-dimethylan-
thracene (DMA).39–41 Aer discharging at 0.1 mA cm−2 for 5
hours, the absorbance of DMA was decreased to 81% compared
to initial absorbance, indicating that DMA was consumed by
1O2 evolved during discharging (Fig. S1†). Several pieces of
literature have used DMA during charging31,32,42,43 but the
oxidation potential of DMA is lower than 4 V (vs. Li+/Li)
(Fig. S2†). Therefore DMA was not used here for charging to
avoid possible ambiguity and instead approximated the amount
of 1O2 during charging following previous reports (more details
on Discussion 1). Typically, cyclability of RMs in LOBs is
measured over 50 cycles, oenmore than 100 cycles (Table S1†).
During cycling, RMs are continuously exposed to and react with
1O2. Therefore, it is necessary that a RM is resistive against 1O2

to maintain its function and the low charging overpotential. In
this respect, we exposed RMs to an amount of 1O2 that fully
simulates the RM's status aer 1O2 exposure.

Fig. 1 and S3† show the reactivity of various RMs with 1O2

aer exposure to 1O2 for 48 hours. TDPA and TEMPO showed
relatively small changes in the absorption spectrum compared
to other RMs. TTF experienced the most drastic changes. The
peak near 300 nm vanished only aer 12 hours of exposure to
1O2, and the peak of TPP near 420 nm kept decreasing, implying
16004 | J. Mater. Chem. A, 2023, 11, 16003–16008
some side reactions between TPP and TTF originated byprod-
ucts. TTF has two ve-membered ring structures with four
sulfur atoms, where the sites near the sulfur atoms can easily
react with electrophilic species, in this case, 1O2.44–46 The other
two RMs, TMPD andMPT showed similar degradation with that
of TTF, implying similarly poor molecular stability. Besides the
chemical reactivity, the electrochemical activities of RMs aer
exposure to 1O2 were also examined by the cyclic voltammetry
(CV) proles of each RM before and aer 48 hours of 1O2

exposure (RMexp). The CV prole of TDPA and TEMPO showed
slight changes aer exposure to 1O2 as shown in Fig. 1d and f. In
contrast, TTF became electrochemically inert (Fig. 1e), in accord
with the vanished peaks in the UV-vis spectrum. The stability of
TPP by itself and in the presence of RMs was also evaluated
(Fig. S4 and S5†), and changes of spectrum were much smaller
than the effect of 1O2 on the degradation of RMs. This indicates
that any changes to the RMs by TPP were negligible and were
affected by 1O2 more (see Discussion 2 for more details). Addi-
tionally, the nuclear magnetic resonance (NMR) spectra of
RMexps (Fig. S6†) were in agreement with the results shown in
Fig. 1 and S3,† further conrming the reactivity aer exposure
to 1O2. TDPA exhibited no apparent changes, with a small
depression or split in the overall chemical shi. For TMPD, TTF
andMPT, the indicative peaks for each RM (located near 7 ppm)
disappeared or were considerably altered aer 48 hours of 1O2

exposure (Fig. S6†). The origin of the different reactivity of RMs
toward 1O2 is mainly related to their molecular structural
differences leading to different energy barriers when RMs react
with 1O2 as previously reported.27 More importantly, the results
obtained from CVs indicate that the reaction of RMs with 1O2

directly deteriorates the redox activity of RMs.
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 1O2 scavenging efficiency of RM and RMexp. Relative absorbance of DMA for 1000 s exposed to 1O2 evolved by 0.3 mM of TPP with the
presence of 30 mM of (a) TDPA and TDPAexp, (b) TTF and TTFexp, and (c) TEMPO and TEMPOexp in TEGDME. 80 mM of DMA was used in initial
solution stirred at 150 rpm and O2 was purged with rate of 1 ml min−1. Absorbance of DMA was measured at 379.5 nm via UV-Vis spectrometer.
(d) 1O2 scavenging rate of RMs and RMexps based on results obtained from measurement of absorbance of DMA. Bars with dark color indicates
RM and bright color indicates RMexp. Dashed lines are error of baseline.
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Effects of 1O2 on interaction between redox mediators and 1O2

The 1O2 scavenging ability is a major characteristic of RMs32,33

but it is ambiguous due to the complication of reactions
between RMs and 1O2 as mentioned above, suggesting that the
exact characterization is still required for a full understanding
of the RM behavior. For this reason, not only the electro-
chemical redox activity, but changes in the chemical behavior of
RMs before and aer 1O2 exposure were also examined. The
route of deactivating 1O2 can be classied into two different
ways, trapping and quenching. Trapping means capturing 1O2

in the irreversible way by chemically reacting with 1O2, while
quenching is the reversible physicochemical reaction, relaxing
1O2 into

3O2.42,47 Trapping and quenching occurs competitively
and it is difficult to investigate their individual effect with
a single method. Therefore, scavenging refers both to trapping
and quenching here. To examine the scavenging ability of each
species, changes of DMA absorbance were measured and
rescaled in relative values as shown in Fig. 2 and S7.† Each
solution contained the same amount of DMA and TPP but with
different RMs, and the baseline is the same solution without
RM. The scavenging rate shown in Fig. 2d was calculated based
on the absorbance of DMA aer 1000 s of 1O2 exposure and it is
detailed in the ESI (Table S2†). In the TDPA-based solution,
DMA maintained a 52.1% absorbance aer 1000 s of exposure.
Indicating the TDPA scavenging about 30% of total 1O2 DMA
scavenged while in TDPAexp, the scavenging ability is lower with
about 20% of 1O2 scavenged. In contrast, the TTF-based solu-
tion showed large uctuations in DMA absorbance because of
This journal is © The Royal Society of Chemistry 2023
changes to the overlapping spectrum of TTF caused by its
reaction with 1O2. However, TTFexp showed nearly the same
results as the baseline, suggesting TTF readily reacted with 1O2

and lost any ability as a trap or quencher. Similarly, TMPD
scavenged over 70% of 1O2 but completely lost its scavenging
ability aer 48 hours of 1O2 exposure (Fig. S7†). TEMPO, which
was expected to have certain scavenging ability, exhibited no
scavenging behavior and this contradicts to some previous
reports.32 Various factors such as charging potential and the
morphology of Li2O2 formed during discharge can be consid-
ered as causes of this contradiction.

However, more importantly, DMA is electrochemically
oxidized below 4 V (Fig. S2†) and therefore it might not be
a suitable 1O2 probe during the charging process. This can
overrate the scavenging effect of a RM and make uncertainty
when scavenging ability of RMs is compared. For above reason,
the 1O2 scavenging ability of RMs in this study were obtained via
chemical simulation. Same with TEMPO, TEMPOexp also gave
none of the effect seen as scavenging, indicating scavenging
ability of TEMPO is barely affected by 1O2. Our results agree with
other conclusions that TEMPO has a comparatively low scav-
enging ability compared to other RMs.32,33 We now combine
these insights with the 1O2 stability against different RMs. TDPA
is relatively stable towards 1O2 and displays signicant scav-
enging behavior, which identies it as a physical quencher of
1O2. TTF, TMPD and MPT showed high reactivity towards 1O2

and showed decreased 1O2 scavenging ability aer exposure to
1O2, thus identifying them as 1O2 traps. TEMPO showed none of
J. Mater. Chem. A, 2023, 11, 16003–16008 | 16005
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Fig. 3 Li2O2 oxidation kinetics of RMs and RMexps. (a)–(c) LSV curves of RMs and RMexps with or without presence of Li2O2 measured by LSV with
rotating ring disk electrode (RRDE). (d) Kinetics of each material plotted as a function of the redox potential of each RM. RMexp indicates that the
RM was exposed to photocatalytically evolved 1O2 for 48 hours. The increased current is calculated for the first oxidation of the RM.
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quenching or trapping ability however had relatively high
durability towards 1O2, implying TEMPO has minimal interac-
tion with 1O2.

Li2O2 decomposition kinetic of redox mediators

Another fundamental characteristic of RMs is their Li2O2

oxidation kinetics. Changes in the kinetics aer exposure to 1O2

were measured by RRDE through linear sweep voltammetry
(LSV) up to 4 V (vs. Li+/Li)48 and increased viscosity by Li2O2

addition was compensated based on Fig. 3, and S8† is the
Fig. 4 Suggested classification of RMs depending on the reaction mecha
oxygen inactive RMs are comparatively less reactive with 1O2, and finally
through quenching mechanism. Moreover, the reaction of RMs with 1O2

16006 | J. Mater. Chem. A, 2023, 11, 16003–16008
corrected increased current plotted versus redox potential of
each RM. The overall trend in the kinetics is an inverted
parabola following Marcus theory, indicating an outer-sphere
electron exchange between RM and Li2O2. This is in agree-
ment with previous reports performing the same experi-
ment.33,48 However, aer exposure to 1O2, the kinetics trend of
the RMexps was altered signicantly. LSV curves of TDPA and
TDPAexp have two steps of Li2O2 decomposition (Fig. S9a†), with
little change aer exposure to 1O2, suggesting that the kinetics
of quencher-type RMs like TDPA are barely affected by 1O2
nismwith 1O2. The trap-type RMs react with 1O2 irreversibly, the singlet
the quencher-type RMs react with 1O2 reversibly relaxing 1O2 into

3O2

commonly depresses the Li2O2 decomposition kinetic.

This journal is © The Royal Society of Chemistry 2023
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evolved during cycling. Generally, trap-type RMs are prone to
react with 1O2 and their Li2O2 oxidation kinetics changed
signicantly. In accord, TMPD, TTF and MPT have moderate
kinetics but aer 48 hours of exposure to 1O2, it decreased
dramatically, reaching nearly zero current. The suppressed
current of trap-type RMs aer 1O2 exposure implies that their
Li2O2 oxidation ability is affected by 1O2 and could lead to poor
charging performance of these RMs in cells. Among trap-type
RMexps, TMPDexp still exhibited some oxidation behavior at
higher potentials even though. TMPD has comparatively high
reactivity with 1O2 (Fig. S9b†). This suggests that a reaction
product of TMPD and 1O2 still possesses an oxidation state
capable of oxidizing Li2O2. Supercially, TEMPOexp has no
signicant changes compared to TEMPO as shown in CV and
UV-Vis data (Fig. 1 and 2). However, the Li2O2 oxidation
kinetics, more closely related to the function of RMs, was
observed to be depressed (Fig. 3). This emphasizes the possi-
bility again that 1O2 can affect to RMs activity regardless of RM
status by environmental change due to parasitic reaction of
electrolyte and electrode with 1O2. It is conrmed that reaction
with 1O2 differs depending on RMs. Certain RMs have a revers-
ible quenching mechanism while others have severely irre-
versible trapping mechanisms with 1O2 to extent of exhibiting
no electrochemical activity. Even though RMs have different
reactions with 1O2, the chemical reactivity of all RMs with Li2O2

is signicantly affected by 1O2 (Fig. 4). What fundamentally
regulates the cycle life of RMs in LOBs is how well RMs
decompose Li2O2. Therefore, this discovery makes a point that
controlling the 1O2 will lead to highly cyclable RMs with sus-
tained activity. It should be noted that the reaction with 1O2 is
the main focus in this work, however, the electrolyte stability
towards other reactive oxygen species should not be ignored. To
achieve highly stable LOBs, not just a single part, but effort with
wider view point is still required.

Conclusion

Here we present chemical and electrochemical properties of
RMs before and aer exposure to 1O2. The reactivity of each RM
with 1O2 differs depending on the molecular structure, as
already reported, and can affect the chemical and electro-
chemical activity of RMs. Following the chemical behavior aer
exposure to 1O2, RMs can be classied into trap-type, quencher-
type, or singlet oxygen durable species. The trap-type RMs react
with 1O2 severely, losing their electrochemical activity and 1O2

scavenging ability. The quencher-type RMs have a reversible
reaction mechanism with 1O2 relaxing into

3O2 and exhibit well-
sustained electrochemical activity. Lastly, the singlet oxygen
durable species have no interaction with 1O2 so that they have
no scavenging behavior but less depressed electrochemical
characteristics. However, the Li2O2 oxidation ability of RMs are
considerably affected by 1O2, even though certain RM showed
quencher-type behavior. This indicates that 1O2 is a concern for
the life-span and managing the evolution of 1O2 is an important
approach to increase cyclability of RMs. From a practical point
of view, not only the 1O2 management but also the high stability
of RM toward 1O2 is important since 1O2 evolution will follow
This journal is © The Royal Society of Chemistry 2023
the capacity increment and can trigger side reactions with
solvent or other components of cell. Such that, using highly
stable quencher-type RM can lead to fewer side reactions by
electrolyte components and high cyclability of the cell. More-
over, the strategy documented here allows for the classication
of RMs and enables an assessment for the stability and func-
tionality of RMs which is important for the development of new
RMs with high effectiveness and durability towards 1O2.
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