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storage technology, the lithium–oxygen 
(Li–O2) battery has attracted exclusive 
attention due to its high theoretical energy 
density.[1–3] However, there are major 
issues with the existing Li–O2 systems 
including degradation of the anode elec-
trode, clogging of the cathode, electrolyte 
instability, and high charge overpoten-
tial.[4–6] In our previous work, we demon-
strated a Li–O2 battery that operates up 
to 700 cycles in an air-like atmosphere 
without any evidence of anode, cathode, 
and electrolyte failure.[7] Yet, the high 
charge potential (>4.0 V vs Li/Li+) for the 
decomposition of discharge product (i.e., 
Li2O2) has remained one of the key obsta-
cles for the practical development of the 
existing Li–O2 systems.[8–10]

While solid catalysts have been the 
subject of much study for catalyzing 
the decomposition of discharge prod-
ucts,[7,11–19] recent studies have reported 
investigations of liquid catalysts based 
on redox mediators. These studies have 
shown that redox mediators (RMs) can 

effectively decompose Li2O2 regardless of their size, shape, 
or thickness, and thereby can improve the energy efficiency 
(reduced polarization gap) and cyclability of Li–O2 bat-
teries.[20–24] The overall reaction mechanisms of RMs are 
summarized in Equations  (1) and (2). During charging of bat-
teries, the RM initially gets oxidized to its higher oxidation 
state (Equation (1)). The oxidized form of RM (RM*) then gets 
involved in oxidizing the discharge product (Li2O2) to form Li+ 
and molecular oxygen (O2).

RM RM e*→ + −
	 (1)

Li O RM O 2Li RM2 2
*

2+ → + ++
	 (2)

Thus far, RMs such as tetrathiafulvalene (TTF),[25] the I3
−/I2  

or I−/I3
− from lithium iodide (LiI),[26–28] tris[4-(diethylamino)

phenyl]amine (TDPA),[29] 2,2,6,6-tetramethylpiperidinyloxyl 
(TEMPO),[30] iron(II) phthalocyanine (FePc),[31] 2-azaadaman-
tane-N-oxyl (AZADO),[32] and ferrocene (FC)[33] in either or both 
dimethyl sulfoxide (DMSO) and tetraethylene glycol dimethyl 
ether (TEGDME) have been reported by various groups. How-
ever, none of these studies have systematically investigated the 
performance of RMs in one specific Li–O2 battery system. In 
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1. Introduction

The electrification of transportation is well-recognized as a 
promising strategy to minimize the dependence on fossil fuels 
and eventually address the concerns with climate change. 
Among all strong candidates for the next-generation energy 
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this study, from cyclic voltammetry (CV), we have examined the 
performance of a wide range of RMs from organometallics, hal-
ides, and organic groups (defined and categorized in Table S1 
in the Supporting Information) in both DMSO and TEGDME 
electrolytes in terms of their electrochemical characteristics 
such as redox potential, separation of cathodic and anodic 
peaks and their current intensities. These measured CV param-
eters were first used to prescreen the “primary” RMs among 
all studied RMs. The selected “primary” RMs were then further 
studied regarding their reversibility from both CV and bat-
tery cycling experiments followed by density functional theory 
(DFT) calculation to provide insight into their stability in Li–O2 
batteries.

2. Results and Discussion

2.1. Integrated CV Results

Figure  1a shows a typical cyclic voltammogram of oxidation–
reduction with FC as a redox mediator. The oxidation reaction 
happens toward higher potentials to obtain the anodic peak 
current (Ip,a) and its corresponding oxidation potential (Ep,a). 
Normally, the Ip,a is given at the potential that all analytes near 
the surface of electrode are oxidized. After reaching its upper 
limit of the potential window, the potential is scanned toward 
a lower value until it reaches the lower limit. This reverse scan 
allows the cathodic peak current (Ip,c) and reduction potential 
(Ep,c) to appear.[34,35] In principle, the performance of RMs for 
Li–O2 batteries is determined by two measures; i) the formal 

reduction potential (also known as redox potential, E0), which 
corresponds to the level that the charge potential could be 
reduced. E0 is calculated from the average of the cathodic and 
anodic potential, E0  = (Ep,a  + Ep,c)/2, and ii) the electrochem-
ical reversibility and stability of RMs that determine the long-
effectiveness for the electrocatalysis and can be measured by 
the peak-to-peak separation, ΔEp  = Ep,a  − Ep,c, and peak cur-
rent ratio, calculated by |Ip,a/Ip,c|. Small voltage gaps between 
cathodic and anodic potentials could reduce the possibility of 
RM decomposition during the battery operation.[4,36] Moreover, 
a preferred RM with high reversibility should ideally have a 
peak current ratio as close as 1.[34] In our analyses, for those 
analytes that reveal more than one oxidation or reduction peaks 
within the tested range, the first oxidation peak and correlated 
reduction peak were used.

Figure  1b–e shows the measured parameters for all the 
tested RMs in 1 m lithium bis(trifluoromethanesulfonyl)imide 
(LiTFSI) with DMSO electrolyte. In Figure  1b, tested RMs 
were arranged according to their redox potentials from low to 
high. We found that several nonhalide RMs such as TDPA and 
TMPD exhibit lower redox potential than the most common 
RMs such as LiI. Moreover, our results for peak-to-peak separa-
tion, ΔEp (shown in Figure 1c) indicate that more than 70% of 
tested RMs, such as TDPA, TEMPO, etc., have ΔEp in the range 
from 0.05 to 0.12  V (within the dashed window in Figure  1c). 
From the same figure, it is noticeable that ΔEp values became 
larger in oxygen-rich electrolytes than those in oxygen-free 
electrolytes for both halide RMs (LiI and LiBr). While for 
the organic and organometallic (nonhalide) RMs, ΔEp values are  
similar for with or without oxygen in the system except for 
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Figure 1.  The electrochemical performances of tested RMs in DMSO solvent; a) schematic CV results, b) measured redox potentials, c) peak-to-peak 
separations, ΔEp, d) peak current ratios, |Ip,a/Ip,c|, e) cathodic peak currents, Ip,c, and f) anodic peak currents, Ip,a. Some RMs like PcCo do not give any 
valuable electrochemical responses, thus are not plotted in this figure.
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Hemin. Figure  1d also shows all tested current peak ratios, 
|Ip,a/Ip,c|. From the CV results, we found half of the tested RMs 
such as TDPA have their |Ip,a/Ip,c| close to one (see dash line in 
Figure 1d), whereas RMs such as AZADO have this ratio much 
greater than one and RMs such as Hemin show values less 
than one. Figure 1e,f gives information about both cathodic and 
anodic peak current densities, respectively. Our results indi-
cate that most RMs with redox potentials lower than that of LiI 
exhibit Ip,a and Ip,c values <0.5 mA cm−2, which are considered 
to be too small for efficient oxidation of Li2O2. However, 80% of 
the measured RMs have their anodic current peaks higher than 
0.5  mA cm−2 and 60% possess cathodic current peaks higher 
than 0.5 mA cm−2 (dashed line in Figure 1e,f).

Based on information obtained from Figure 1b–f, we selected 
a total of 6 “primary” RMs for further reversibility study. 
Selected RMs are as follows: FC group from organometallics 
(FC, DAMFC), LiBr and LiI from halides, and TTF, TMPD 
from organic RMs. These selected RMs have the following 
characteristics: 1) their redox potential is higher than the equi-
librium voltage of Li2O2 and lower than the redox potential of 
3.9 V. 2) In terms of electrochemical stability, for peak-to-peak 
separation, ΔEp, we selected a range from 0.05 to 0.12  V (in 
between the dashed lines in Figure 1c) as most of tested RMs 
fall in this range; for current peak ratios, |Ip,a/Ip,c|, we selected 
RMs to have it one or near one (dashed line near Figure  1d); 
when selecting from the anodic and cathodic peak current 
intensity, the limit was set to be at 0.5  mA cm−2 or above.  3) 
They are highly soluble in the selected solvents (e.g., DMSO 
and TEGDME). 4) They do not get decomposed easily when 
attacked by oxygen radicals or anions such as superoxide or per-
oxide moieties formed during oxygen reduction reaction (ORR) 
and oxygen evolution reaction.[20,37,38] Compared to selected 

preferred RMs, other RMs have either one or more factors that 
are not satisfied with the listed requirements. For example, 
10-isopropylphenothiazine (PPT) and its radical groups show 
redox potentials above 4.0 V, which increases the possibility of 
getting destabilized at higher cycles; FePc from organometallics 
and 5,10,15,20-tetraphenyl-21H,23H-porphine iron(III) chlo-
ride (Tetra) have low solubility (<2 × 10−3 m); AZADO and its 
radical 1-methyl-2-azaadamantane-N-oxyl (MAZO) show sharp 
oxidation current peaks with decent redox potentials, but lack 
of reduction peaks give an exorbitant Ip,a/Ip,c ratio.

2.2. CV Reversibility Test

Figure 2 shows the CV reversibility results for the selected “pri-
mary” RMs tested in DMSO electrolyte. First, we observe neg-
ligible intensity loss from 1st to 40th cycle for both halide RMs 
(shown in Figure 2a,b). This justifies the stability of redox cou-
ples of X−/X3

− and X3
−/X2 with consecutive cycles (X = Br, I). 

While both halide RMs exhibit superb stabilities, organome-
tallic RMs such as DAMFC and FC (shown in Figure 2c,d) lose 
nearly half of their voltammetric currents during oxidation. 
Organic RMs also show differentiated results from the overall 
stable TTF (90% intensity after 40 cycles; Figure 2e) to TMPD 
(30% intensity after 40 cycles; Figure 2f). The stability for tested 
RMs follows the order of halides > organics > organometallics.

Additionally, CV experiments were performed using 
TEGDME as a solvent with the same RMs to screen for the 
solvent effect (Figure 3). Comparing Figures  2 and  3, we first 
noticed the CV patterns obtained from TEGDME electrolyte 
are different than those of DMSO electrolyte. Both organo-
metallic RMs and LiBr from halide group (Figure 3b–d) show 
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Figure 2.  CV result for electrochemical reversibility test from selected “primary” RMs, which dissolved in 1 m LiTFSI in DMSO. They are a) LiI and 
b) LiBr from halides, c) DAMFC and d) FC from organometallics, and e) TTF and f) TMPD from organics. All the electrolyte was prepurged with O2 
before the test; sweep rate was controlled at 10 mV s−1.
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less reversibility for TEGDME compared to DMSO. Moreover, 
in TEGDME, we observed drastically weakened reduction peak 
current for these RMs. For organic RMs, TTF kept its overall 
electrochemical configuration in both DMSO and TEGDME 
(Figure  3e), whereas TMPD revealed better reversibility in 
TEGDME than in DMSO (Figure  3f). Apart from the revers-
ibility, it is noteworthy to mention that the voltammetric poten-
tial of the first anodic peak of most tested RMs in TEGDME 
were shifted to a more positive potential than that in DMSO 
electrolyte. For LiBr (also shown in Figure S3 in the Supporting 
Information), the first oxidation potential of Br−/Br3

− happens 
at 3.97 V in DMSO, where the same oxidation potential revealed 
at 4.05 V in TEGDME electrolyte. In terms of current intensity, 
the first oxidation and reduction peak currents were reduced in 
case of TEGDME, compared to DMSO, from 2.4 and 0.4 to 0.4 
and 0.1 mA cm−2, respectively.

2.3. Galvanostatic Cycling Test

Next, the six selected RMs were tested within the Swagelok 
Li–O2 battery cell for 50 cycles first with DMSO electrolyte. 
Results are shown in Figure 4. We observed that the RMs (e.g., 
TMPD and LiI) with lower redox potentials (3.30–3.60 V vs Li/
Li+) exhibit lower charge potentials than those RMs (e.g., FC 
and LiBr) with greater (3.60  V vs Li/Li+) redox potential. For 
example, TMPD (shown in Figure  4f) with a redox potential 
of 3.43 V revealed a 3.3 V of charge potential, yet LiBr (shown 
in Figure 4b) with a redox potential of 3.84 V showed a charge 
potential of 3.75 V. These results further support the selection 
of RMs that possess closer redox potentials to the oxidation 

potential of Li2O2. Based on battery cycling results, halide RMs 
(Figure  4a,b) exhibit the best stability among all three types 
of RMs since the charging potential remains almost constant 
at 3.4 V for LiI and 3.8 V for LiBr. This is consistent with our 
DFT results that the halide radicals are stable with respect to 
singlet oxygen (see below). For organometallic RMs (shown in 
Figure 4c,d), even though FC showed the best electrochemical 
reversibility in terms of its ΔEp and |Ip,a/Ip,c|, the anodic current 
intensity decreased drastically during CV stability test in both 
DMSO and TEGDME. This trend is further justified from the 
battery cycling test, as FC only offered 10 mediated cycles where 
its charge potential gradually increased from 3.6 to 4.1 V, which 
is considered as noncatalyzed potential for a Li–O2 battery.[39,40] 
Our results indicate that both organometallic RMs are not pre-
ferred to work solely as RM for catalyzing Li–O2 battery. For 
organic RMs such as TTF or TMPD, even though they showed 
remarkable chemical characteristics and stabilities in CV revers-
ibility test, their galvanostatic cycling results revealed a different 
trend. At its earliest stage (1st cycle), superb effectiveness was 
observed for reducing charge potential using both TTF (3.5 V; 
shown in Figure  4e) and TMPD (3.3  V; shown in Figure  4f). 
However, charge potentials keep increasing after each cycle, 
approaching the nonmediated charge potential region (>4.1 V). 
The deactivation of organic or organometallic RMs is likely 
resulting from the interactions between the singlet oxygen 
produced during oxygen reduction reaction and those methyl 
groups that are next to O or N atoms of RMs.[37,41,42]

Like DMSO, in TEGDME electrolyte, our battery results 
(shown in Figure 5) show smaller charge potentials at the ini-
tial stage (1st cycle). For organic RMs like TMPD and TTF, the 
overall curve features also remain similar in both electrolytes. 
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Figure 3.  CV results for electrochemical reversibility test of the same selected RMs with 1 m LiTFSI in TEGDME. They are a) LiI and b) LiBr from halides, 
c) DAMFC and d) FC from organometallics, and e) TTF and f) TMPD from organics. All the electrolyte was prepurged with O2 before the test; sweep 
rate was controlled at 10 mV s−1.
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However, overpotential and curve configuration of organome-
tallic RMs in TEGDME exhibit different trends than those of  
the DMSO electrolyte. The FC and DAMFC with TEGDME 
electrolyte revealed lower charge potentials (both at 3.4  V) for 
the 1st cycle compared to DMSO (3.6  V for FC and 3.9  V for 
DAMFC). In addition, the rate of increase in the cell overpo-
tential in TEGDME electrolyte was faster than in DMSO, as the 
cell with FC in TEGDME took only 5 cycles to increase from 3.4 
to 4.2 V, whereas it ran until 20th cycle to get its charge potential  

to increase from 3.6 to 4.2  V in DMSO electrolyte. When it 
comes to the halide group, however, there are tremendous dif-
ferences in terms of charge–discharge profiles for both LiI and 
LiBr in DMSO and TEGDME (see Figures 4a,b and 5a,b). For 
example, while consistent overpotentials were recorded for both 
halides in DMSO electrolyte, elevated charge potentials along 
with a second plateau were observed in TEGDME, which is 
associated with the undesired X3

−/X2 redox couple.[26] As a polar 
solvent, DMSO with its higher Gutmann acceptor number 
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Figure 4.  Galvanostatic cycling of Li–O2 battery using selected “primary” RMs in 1 m LiTFSI dissolved in DMSO as the electrolyte. They are a) LiI and 
b) LiBr from halides, c) DAMFC and d) FC from organometallics, and e) TTF and f) TMPD from organics. The batteries are tested with limited capacity 
at 1000 mAh g−1.

Figure 5.  Galvanostatic cycling of Li–O2 battery using selected “primary” RMs in 1 m LiTFSI dissolved in TEGDME as the electrolyte. They are a) LiI 
and b) LiBr from halides, c) DAMFC and d) FC from organometallics, and e) TTF and f) TMPD from organics. The batteries are tested with limited 
capacity at 1000 mAh g−1.
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(AN)[43] can better stabilize I−/I3
−, so that I− does not go to its 

highest oxidized form (I2) for assisting the oxidation of Li2O2. 
However, in the case of TEGDME with lower AN number,[44] 
it is more preferred to stabilize molecular Iodine (I2) than its 
ions (I− or I3

−).[45,46] I− can then facilitate the second step during 
charge, that is to its highest oxidation state (I2) but not I3

− like 
in DMSO. Because I2 has no charge, it is not preferred to move 
within the electrolyte, and the I− to I2 ratio next to the cathode 
is then expected to decrease with increasing number of cycles, 
resulting in the elevated charge potential after each cycle. 
In addition, we noticed that the first plateau associated with  
I−/I3

− (I− → I3
− + e−) shows lower potential in TEGDME than in 

DMSO. This can be explained by considering the Nernst equa-
tion (see Equation  (3)). During charge, the half-cell oxidation 
potential variance, ∆EOxi, is determined by the concentration 
of I− (reduced form, αred)/I3

− (oxidized form, αoxi) ratio. The 
higher the ratio is, the lower is the charge potential. Since the 
partial concentration of I3

− in TEGDME is consumed to form 
I2, thus I−/I3

− ratio becomes higher than in DMSO (no I2 for-
mation), resulting in lower charge potential.

RT/ ln /Oxi Red Oxiα α( ) ( )∆ = −E nF 	 (3)

Recently, the parasitic reactions such as redox shuttling 
effect were reported for un-protected anodes during the 
charging of the Li–O2 batteries with redox mediators.[47,48] How-
ever, as shown by Nakanishi et al.,[26] the shuttling effect can be 
prohibited if the mediated reactions between Li2O2 and RM* 
(reduced form of RM) are significantly faster than the diffu-
sion rates of RM* toward the anode side. We argue that even 
though anode protection was not involved in this study, with 
moderate current density (0.5 A g−1) and low concentration of 
each RM (20 × 10−3 m), our results are rationally representa-
tive for a redox-mediated effect associated with Li2O2 formation 
(see Section S4 in the Supporting Information). This is further 
confirmed by our results shown in Figures 4 and 5, as there is 
no evidence for the redox shuttling effect during discharge and 
charge processes. We note that it is possible to observe redox 
shuttling effect at higher cycles, however, the conclusion of this 
paper is valid for the tested 50 cycles using relatively lower RM 
concentrations and moderate current density of 0.5 A g−1.

2.4. Computational Studies

We carried out DFT calculations to further understand the 
experimental results for the studied organic RMs. All the geom-
etries of the RMs, that are of interest in this paper, were opti-
mized in vacuum at the B3LYP/6-31G* level of theory[49,50] using 
the Gaussian16 code[51] except in case of LiI, where I atom was 
treated with the def2svp[52] basis set. These optimized geom-
etries were then subjected to single point computations at the 
B3LYP/6-31+G* level (except in case of I atom, where def2svp 
basis set was used) using the Solvation Model based on Den-
sity (SMD model).[53] Here, DMSO was selected as the solvent 
to be consistent with the experimental studies. Furthermore, to 
compute oxidation potentials, free energy calculations were per-
formed as follows. Single point B3LYP/6-31+G*[54] calculations 
were performed on the optimized geometries to obtain the 

energies of RMs in solvents. Oxidation potentials are then com-
puted by taking the absolute free energy difference between 
neutral species and corresponding cations and subtracting 
1.24  V (the standard electrode potential of Li+/Li+) from those 
values. We note that calculations of the oxidation potentials 
with the ωB97-XD functional are in agreement with the B3LYP 
results for the oxidation potentials (see Section S8 in the Sup-
porting Information).The computed B3LYP oxidation potentials 
for the organic RMs fall within the range of 2.7–3.9  eV with 
the trends in the calculated oxidation potentials being similar to 
experiment. There are slight differences in trends for the thia-
zine type of molecules and inorganic molecules. Overall, both 
experiment and theoretical results suggest that these molecules 
can serve as RMs due to their oxidation potential values that 
are below 3.9 eV, as seen in Figure S8 in the Supporting Infor-
mation. The computed oxidation potentials of the redox media-
tors have listed in Table S2 in the Supporting Information and 
a more detailed description of these calculations is provided in 
Section S8 in the Supporting Information.

To further understand the reason behind their desta-
bilization in batteries, we have performed simulations by 
testing the reaction of six RMs (LiI, LiBr, TTF, TMPD, FC, 
and DAMFC) with singlet and triplet O2 molecules. We car-
ried out our calculations at the B3LYP/6-31G* level of theory. 
Singlet oxygen energies were corrected by adding 0.98 eV to 
account for the DFT error in the singlet energy.[37] The opti-
mized structures and transition states can be seen in Table 1. 
The lower reaction energy barriers between singlet oxygen 
and TTF compared to others, suggests decomposition is 
faster in case of TTF. Also, we observed that TTF prefers to 
undergo ene-type of reaction, which is consistent with the 
results by Kwak et al.[37] However, we also found that an addi-
tional stable TTF–O2 complex can exist. In the case of TMPD, 
singlet oxygen prefers to undergo cycloaddition. In case of 
FC and DAMFC, we observed that singlet oxygen is bonded 
between the cyclopentadiene ring and Fe. In a different reac-
tion, we found that singlet oxygen attacked at the N-site of 
the DAMFC molecule and this has the lowest reaction energy 
barrier. The optimized geometries of LiI and LiBr with singlet 
oxygen are shown in Table 1. As can be seen from the results 
in the table, the interaction of these two RMs is weak, so they 
will be very stable. In addition, we investigated: 1) the interac-
tions of the RMs* (oxidized form of RMs, LiI3, LiBr3, TTF+, 
TMPD+, FC+, and DAMFC+) with singlet oxygen in Table S3 
in the Supporting Information, and 2) the interactions of the 
RMs with triplet oxygen, shown in Table S4 in the Supporting 
Information. All these interactions were found to be compara-
tively weaker, with the exception of TTF+ and singlet oxygen, 
and thus in most cases not likely to result in decomposition 
of the RM or RM*.

These results suggest that TTF, TMPD, FC, and DAMFC 
potentially decompose in the presence of singlet oxygen and 
hence lose their efficiency of being RMs at that point. This 
can be the main reason for experimental observation of such 
low number of battery cycles when these RMs were used. 
Contrary to this, singlet oxygen did not affect number of 
cycles in case of LiI or LiBr. This could be partly due to the 
weak interaction of LiX (X = Br, I) with O, which can be seen 
by these results.

Adv. Energy Mater. 2020, 10, 2000201
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Table 1.  Free energy changes (in eV) for the reactions between LiI, LiBr, TTF, and TMPD with singlet oxygen. Also, barriers (in eV) for these reactions 
are given.

Description RM RM + 1O2 ΔG ΔGǂ

LiI 0.81 Not found

LiBr 1.43 Not found

TMPD

0.43 0.58

0.96 1.04

TTF

-2.37 Not found

-0.88 0.42

FC 0.78 0.82

DAMFC

-0.29 0.31

0.30 0.33
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3. Conclusions

In summary, we comprehensively reviewed 20 RMs via CV 
and galvanostatic cycling tests within identical conditions for 
their possible use as electrocatalysts in Li–O2 batteries. Results 
show various responses of each RMs, where “primary RMs” 
were selected as more preferable choices than others in terms 
of their electrochemical characteristics and stabilities. The sta-
bility for tested RMs was found to follow the order of halides 
> organics > organometallics. Our results indicate that some 
organic and organometallic RMs such as TTF and FC reveal 
better effectiveness than halides for suppressing charge overpo-
tentials during early stage, yet they show instabilities at higher 
cycles. Our DFT calculations suggest that in case of organic 
RMs, the reason for the observed instabilities could be due to 
their dissociation in presence of singlet oxygen, which can be 
liberated in the dissociation step of Li2O2. However, DFT calcu-
lations of LiI or LiBr reactions with singlet oxygen did not give 
any significant change in the bond length of oxygen nor there 
was any strong bond between Li and O. This indicates that LiI 
and LiBr are not susceptible to singlet oxygen. This study pro-
vides a new insight into the activity and stability of different 
classes of RMs.

4. Experimental Section
CV: CV experiments were performed in a single compartment three-

electrode setup. A platinum wire[26,55] with a surface area of 0.4 cm2 was 
used as working electrode and Li foil as counter electrode. An Ag/Ag+ 
was used as a reference electrode (Section S3, Supporting Information). 
1 m LiTFSI was used as a salt. The experiments were performed with 
20 × 10−3 m of RMs in 3 mL of DMSO and TEGDME solvent at the scan 
rate of 10 mV s−1. Each electrolyte was presaturated with both Ar and O2 
before test.

Cathode Preparation: The cathode for the battery experiments was 
fabricated by coating the carbon slurry on top of the air-permeable 
carbon paper (Sigracet GDL 35BC). The carbon slurry was made by 
blending carbon black powders (Ketjenblack EC-600JD) with a diluted 
organic binder (7 wt% polyvinylidene fluoride in N-methyl-2-pyrrolidone) 
and mixed for 5 min to make sure its uniformity. The slurry was then 
film coated on top of carbon paper and dried for 12 h in vacuum oven at 
80 °C before use.

Battery Test: Two-compartment Swagelok cells were used for all 
Li–O2 battery tests. The cells were assembled in an Ar-filled glovebox 
with both oxygen and humidity levels less than 0.1 ppm. The battery 
is composed of Li metal foil anode (MTI Corp), a porous glass-fiber 
separator (Whatman, GF/B), and as-prepared carbon paper cathode. 
A stainless mesh was attached to the back of the cathode and the 
hollow current collector in case of battery deformation during the 
assembly. A dehydration process was applied for both electrolytes 
(molecular sieves, 4 Å, Sigma-Aldrich, H2O in electrolyte <20  ppm) 
and electrode (vacuum oven) to eliminate the parasitic side reactions. 
After assembly, the battery was then taken outside the glovebox 
and flowed with pure O2 for 15 min. Battery tests were performed 
with a galvanostatic battery analyzer (MTI Corp, BST8-MA) at room 
temperature for a limited capacity of 1000 mAh g−1.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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