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A B S T R A C T   

Although redox mediator (RM) strategy can decrease the overpotential in Li-O2 batteries by tuning the elec-
trochemical formation/degradation of Li2O2 from the circumscribed surface pathway to the solution one, the 
redox shuttling causes an unexpected RM degradation and a continuous deterioration of Li anode, finally leading 
to a poor cyclability. This work presents the first report detailing the development of a novel MnxCo3-xO4- 
decorated separator for Li-LiI-O2 batteries. Benefiting from the promotion effect of MnxCo3-xO4 nanocages on I− / 
I3− and I3− /I2 redox coupling, the cell with as-prepared separator maintains a low charge potential of ~3.3 V till 
the death of cell cycling. In addition, as-prepared separator can efficiently restrain the redox shuttling, leading to 
an obvious improvement on cycling stability for the cell. Moreover, the contributions of LiI to the battery per-
formance and the operation mechanism are systematically investigated. These results present a promising 
progress in the development of multi-functional separator materials for RM-involved Li-O2 batteries and the new 
design of hybrid energy storage device.   

1. Introduction 

Li-O2 batteries have been attracting much attentions as a promising 
energy device for electric vehicles (EVs) due to their much higher 
theoretical energy density than that of conventional Li-ion batteries 
[1,2]. The operation for an ideal Li-O2 battery involves an O2 reduction 
to a solid Li2O2 during discharge and the reverse oxidation during 
recharge (2Li+ + O2 + 2e− ⇄ Li2O2) [3,4]. Owing to a limited solubility 
of Li2O2 in most organic solvents, Li2O2 can inevitably deteriorate and/ 
or clog positive electrodes, leading to a premature cell death [5]. Most 
importantly, the oxidation for insulate Li2O2 usually requires a high 
charge potential, resulting in a severe capacity decay and poor round- 
trip efficiency [6]. Moreover, a large overpotential further promotes 
the electrolyte degradation and oxidatively corrodes the positive elec-
trode, which restrains a reversible and sustainable battery operation 
[7,8]. 

Minimizing the polarization, especially in the charge process, is a 
vital step in the development for Li-O2 batteries. Although numerous 
solid-state electrocatalysts including precious and non-precious metals 
[9–11], transition metal oxides [12,13], and carbonaceous materials 

[2,14] have been investigated for Li2O2 decomposition in attempts to 
alleviate this problem, the poor contact between the solid catalyst and 
Li2O2 turns out the key bottleneck, due to its inherent immobile nature 
[15]. Moreover, it has been reported that the solid catalyst can not only 
speed up Li2O2 degradation, but also catalyze parasitic reactions (e.g., 
electrolyte decomposition) [16]. Recently, an alternative approach is to 
use soluble redox mediators (RMs), which act as the electron-hole 
transfer agents between the cathode surface and Li2O2. The charge 
transfer is initiated via a reversible redox reaction of RM + e− ⇄ RM− or 
RM ⇄ RM+ + e− , in which RM is electrochemically reduced to RM− or 
oxidized to RM+ at the electrode, and then RM− or RM+ diffuses via the 
liquid electrolyte and chemically reduces or oxidizes Li2O2 [17–19]. The 
discharge or charging voltage for the Li-O2 cell is determined by the 
redox potential, which possibly leads to a decreased overpotential. An 
ideal RM is expected to have a proper oxidation potential slightly above 
the equilibrium potential of Li-O2 batteries (2.96 V vs. Li/Li+), a fast 
charge transfer kinetics to Li2O2, a considerable electrochemical sta-
bility, and a high diffusion coefficient. A variety of RMs have been 
explored, which can be simply classified into organic RMs (e.g., tetra-
thiafulvalene (TTF) [20,21], 2,2,6,6-tetramethylpiperidinyloxyl 
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(TEMPO) [22], 5,10-dimethylphenazine (DMPZ) [23], and 2,5-di-tert- 
butyl-1,4-benzoquinone (DBBQ) [24], organometallic RMs (e.g., iron (II) 
phthalocyanine (FePc) [25], copper (II) tetra-tert-butyl-phthalocyanine 
(tb-CoPc) [26], iron protoporphyrin (heme)) [27], and halide RMs (e.g., 
LiI, and LiBr) [28,29]. However, one big obstacle for a RM-based Li-O2 
system is the redox shuttling between the diffusible RM− , RM or RM+

and Li anode [30–33], leading to an unexpected RM degradation and a 
continuous deterioration of Li anode. Therefore, it is critical to develop 
an effective way to decrease or inhibit the RM− or RM+ diffusion to Li 
anode. Currently, some efforts have been devoted to exploring solid 
electrolytes into Li-O2 batteries, but the low ion conductivity, poor 
flexibility, and high cost of solid-state electrolytes limit their practical 
applications [34,35]. So far, to develop a novel material and/or to 
explore a facile way to inhibit the redox shuttling is still a big challenge. 
In this respect, using a modified separator to restrain the shuttling effect 
could be considered as an innovative strategy. To the best of our 
knowledge, this has so far only been reported few times [36–39] and 
there is clearly a need for more alternatives. 

It has been recognized that the employment of electrocatalyst and/or 
RMs can lower the activation barriers in the reaction steps associated 
with Li2O2 formation and decomposition, resulting in a decreased 
overpotential. Theoretically, in RM-based battery system, the enhance-
ment in the reaction kinetics linking to the redox pair conversion can 
also be of benefit to ORR and OER. For example, during discharge, if the 
reduction pathway from RM to RM− can be facilitated, the Li2O2 for-
mation via 2Li+ + RM− + O2 → RM + Li2O2 can thus be accelerated. In a 
similar way, during charge, if the oxidation process from RM to RM+ can 
be promoted, the Li2O2 degradation via RM+ + Li2O2 → 2Li+ + RM + O2 
would also be speeded up. Hence, the enhancement in redox conversion 
can be considered as an extra aid to redox usage. However, no attention 
has been paid to this avenue thus far in RM-involving Li-O2 batteries. 

Among reported RMs, LiI has most extensively been studied due to its 
suitable redox potentials for I− /I3− (3.0 V vs. Li/Li+) and I3− /I2 (3.5 V vs. 
Li/Li+) [40,41]. However, recent studies have revealed several funda-
mental issues related to LiI usage, such as controversial reaction 
mechanisms [40] and unclear contributions of redox couples to the 
battery capacity [42]. Herein, we develop a novel MnxCo3-xO4-deco-
rated separator in LiI-containing Li-O2 batteries (Li-LiI-O2 batteries). As- 
prepared separators can efficiently restrain I3− diffusion to Li anode, 
leading to an obvious improvement on cycling stability for the cell. In 
addition, the results confirm that MnxCo3-xO4 nanocages promote both 
I− /I3− and I3− /I2 redox conversion, thus facilitating the reaction kinetics 
linking to Li2O2 oxidation (i.e., 2I3− + Li2O2 → 2Li+ + 6I− + O2 and 3I2 +

Li2O2 → 2Li+ + 2I3− + O2), which also substantially lowers the over-
potential and improves the energy efficiency for the Li-O2 battery. 
Moreover, the contribution of LiI on the battery performance and the 
working mechanism for the cells with and without as-prepared separa-
tors during cycling are investigated. To the best of our knowledge, this is 
the first report detailing the design of a dual functional separator, which 
can work as the redox shuttling inhibitor and the promoter for redox 
conversions in Li-O2 batteries. 

2. Experimentals 

2.1. MnxCo3-xO4 preparation 

All chemicals with analytical grade were used without further puri-
fication. MnxCo3-xO4 nanocages were synthesized via a modified self- 
assemble method and a high-temperature calcination [43]. Manganese 
(II) acetate tetrahydrate (Mn(CH3COO)2⋅4H2O, 0.22 g, Aladdin Re-
agent) and polyvinylpyrrolidone (PVP, K-30, 1.5 g, Aladdin Reagent) 
were dissolved into water/ethanol solution (90 mL, 1:2 v/v). After 
stirring at room temperature for 2 h, potassium hexacyanocobaltate (III) 
solution (K3Co(CN)6, 0.008 M, 60 mL, Aladdin Reagent) was dropwise 
added to the previous solution. After aging for 24 h under ambient at-
mosphere, the resulting white precipitate, Mn3[Co(CN)6]2⋅nH2O 

precursor nanocubes were obtained. Mn3[Co(CN)6]2⋅nH2O precursor 
nanocubes were collected by filtration, washed by water and ethanal for 
several times, and finally dried at 60 ◦C for 12 h. They were annealed to 
200, 400, and 600 ◦C at a heating rate of 5 ◦C/min and kept for 2 h under 
an air atmosphere to form MnxCo3-xO4 samples. The schematic illus-
tration of synthetic procedure is shown in Fig. S1 in Supporting Infor-
mation (SI). The morphologies and the compositions of metal elements 
for as-prepared samples were acquired by scanning electron microscopy 
(SEM) and inductively coupled plasma atomic emission spectroscopy 
(ICP-AES), respectively, as seen in Fig. S2 and Table S1 in SI. In Fig. S2a, 
Mn3[Co(CN)6]2⋅nH2O precursor has a nanocube shape. Although the 
sample obtained at 200 ◦C maintains the cube-like morphology (Fig. S2b 
in SI), few pores on its surface are generated. In Fig. S2c, it can be seen 
that the one treated at 400 ◦C exhibits the uniform nanocubes with the 
porous surface. Such a porous structure can be beneficial to the elec-
trolyte permeability and the electrochemical reactions [44]. In addition, 
a sample with high porosity normally possesses a high surface area, 
which is favorable for its promotion effect on I− /I3− and I3− /I2 redox 
coupling (to be discussed in the following part). However, cube-like 
morphology cannot be preserved for the sample treated at 600 ◦C 
(Fig. S2d in SI). Equally, ICP-AES analysis was applied for the quanti-
fication of Mn and Co ratio for as-prepared samples, as seen in Table S1 
in SI. X in MnxCo3-xO4 decreases within the raising treatment tempera-
tures. Based on these results, we chose 400 ◦C as a proper annealing 
temperature and the corresponding Mn1.64Co1.36O4 as a representative 
sample. Considering that x is tunable through the synthesis, we still 
adopt MnxCo3-xO4 to mark the representative sample of Mn1.64Co1.36O4. 

2.2. Assembly of Li-LiI-O2 cells and electrochemical tests 

2.2.1. Preparation of porous O2 electrode 
Super P carbon (lithium battery grade, SP TIMCAL) and poly-

vinylidene fluoride (PVDF, Solef@5130, Solvay) were mixed at a weight 
ratio of 9:1 in n-methyl-2-pyrrolidone (NMP, 99.5%, Aladdin Reagent) 
to make a slurry, which was then coated onto a carbon paper (N1S1007, 
CeTech Co., Ltd.) with a diameter of 1.2 cm. After NMP evaporation, the 
prepared O2 electrode was further dried at 120 ◦C for 12 h in a vacuum 
oven (DZF6050, Shanghai Yiheng Instruments Co., Ltd.) and then 
transferred to a glove box in Ar atmosphere to be used. The mass loading 
for each O2 electrode was 0.2 ± 0.05 mg. 

2.2.2. Preparation of MnxCo3-xO4-decorated separator 
Super P carbon, MnxCo3-xO4 and PVDF were mixed at a weight ratio 

of 4:3:3 in NMP by high energy ball-milling for 8 h to make a slurry, 
which was then coated onto a commercial polypropylene (PE) separator 
(Celgard 2400, Liaoyuan Hongtu LIBS Technology Co., Ltd.) with a 
diameter of 1.6 cm. After NMP evaporation, the obtained separator was 
further dried at 80 ◦C for 12 h in a vacuum oven and then transferred to 
an Ar-filled glove box to be used. The MnxCo3-xO4-decorated separator 
was thus obtained. For comparison, the pristine PE separator (bare) and 
the one without MnxCo3-xO4 additive (SP-based separator, Super P car-
bon:PVDF = 7:3 w/w) were also prepared as references. Additionally, to 
further study the influence of MnxCo3-xO4 amount on the battery per-
formance, we also prepared separators via adjusting the weight ratio, 
which were named as MnxCo3-xO4-based separator-1 (Super P carbon: 
MnxCo3-xO4:PVDF = 6:1:3 w/w/w), MnxCo3-xO4-based separator-2 
(Super P carbon:MnxCo3-xO4:PVDF = 2:5:3 w/w/w), and MnxCo3-xO4- 
based separator-3 (MnxCo3-xO4:PVDF = 7:3 w/w). The mass loading for 
each separator was about 2 ± 0.2 mg. 

2.2.3. Assembly of the Li-LiI-O2 cell 
All Li-LiI-O2 cells were assembled in the form of a modified 2025 coin 

cell inside an Ar-filled glove box (H2O and O2 <1 ppm). To avoid the 
direct contact between Li anode and O2 cathode, the decorating com-
ponents on separators was sandwiched between a Celgard layer and a 
glass fiber filter. The battery was assembled as follows: a Li metal anode, 
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as-prepared separator (with decorating-material-side facing away from 
Li), a one-layer-glass-fiber filter (GF/D, whatman) presoaked with 160 
μL electrolyte of 0, 25, or 50 mM lithium iodide (LiI, Aladdin Reagent) 
dissolved into 1 M lithium bis(trifluoromethylsulphonyl)imide (LiTFSI, 
Sigma-Aldrich, >99.99%)/tetraethylene glycol dimethyl ether 
(TEGDME, Aladdin Reagent, >99.7%), and the porous O2 cathode 
mentioned above. 

2.2.4. Electrochemical tests 
All galvanostatic measurements were performed in an ultra-high 

purified O2-filled glove box (H2O < 1 ppm) using a LAND battery 

testing system (CTA2001A, Wuhan Land Electronic Co., Ltd.). The 
electrochemical oxidative stability of as-prepared electrolyte of 50 mM 
LiI in 1 M LiTFSI/TEGDME was firstly studied via linear sweep vol-
tammetry (LSV) test, which was carried out by a potentiostat (PARSTAT 
4000) using a cell with a Li foil | a glass fiber filter presoaked with 160 μL 
electrolyte of 50 mM LiI in 1 M LiTFSI/TEGDME | a stainless steel 
electrode, at a scan rate of 0.1 mV/s within a potential range from open 
circuit voltage (OCV) to 5.0 V vs. Li/Li+, as seen in Fig. S3a in SI. The 
cyclability of as-prepared cells at a constant current density of 200 mA/g 
(based on carbon weight in the O2 cathode) was studied in a potential- 
controlled (voltage range from 2.3 to 4.0 V vs. Li/Li+) and specific 

Fig. 1. (a) XRD pattern, (b, c) SEM images of as-prepared MnxCo3-xO4, EDS elemental mapping of (d) Co, (e) Mn, and (f) O in (c), (g) TEM image of MnxCo3-xO4, (h) 
HRTEM image enclosed by the square in (g), SEM images of (i) bare, (j) SP-based, and (k) MnxCo3-xO4-based separators, and (l) the cross section of SEM image of a 
MnxCo3-xO4-based separator. 
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capacity-limited (to 1000 mAh/g) mode. CV tests were performed on a 
potentiostat (PARSTAT 4000) in a three-electrode system, consisting of 
a glass carbon electrode as a working electrode (WE, GC: φ 5 mm, Gaoss 
Union Technology Co., Ltd.) coating with and without MnxCo3-xO4, a Pt 
wire as a counter electrode (RE, Pt0537, Gaoss Union Technology Co., 
Ltd.), and a Ag wire as a reference electrode (CE, R4038, Gaoss Union 
Technology Co., Ltd.) at a scan rate of 50 mV/s within a potential range 
of − 0.5–1.8 V vs. Ag/Ag+. In order to study the effect of as-prepared 
MnxCo3-xO4 on the redox conversion of I− /I3− /I2 in a Li-LiI-O2 system, 
we employed the same electrolyte (50 mM LiI in 1 M LiTFSI/TEGDME) 
and flowed Ar into the three-electrode system for 30 min before CV tests 
to eliminate O2 influence. In addition, to investigate the electrochemical 
stability of redox reactions and as-prepared electrolyte in the Li-LiI-O2 
cells, we also performed CV measurements in the cells (i.e., in a two- 
electrode mode) with different separators at a scan rate of 3 mV/s 
within a potential range of 2.2–4.0 V vs. Li/Li+. 

2.3. Characterizations 

ICP-AES was conducted on ICP-AES Prodigy instrument (Teledyne 
Leeman Labs, America) for the quantification of metal elements ratio for 
as-prepared MnxCo3-xO4 samples obtained via different annealed tem-
peratures. XRD analysis of MnxCo3-xO4 powder was performed using a 
Rigaku-Dmax 2500 diffractometer, operating at 40 kV and 30 mA and 
using Cu Kα radiation (λ = 1.5406 Å). Thermogravimetric analysis 
(TGA) was performed in air atmosphere from 35 to 499 ̊C at a heating 
rate of 10 ̊C min− 1 using a thermogravimetric analyzer (HENVEN T15- 
114) to study the carbonization process of Mn3[Co(CN)6]2⋅nH2O pre-
cursor. The BET surface area and porosity of MnxCo3-xO4 were obtained 
by a nitrogen adsorption–desorption apparatus (Micromeritics ASAP 
2020). The zeta potenital for as-prepared MnxCo3-xO4 powder was 
measured by a zeta potential analyzer (NanoBrook Omni). The mor-
phologies, particle sizes and element analyses of MnxCo3-xO4, Li anode, 
and O2 cathode at different electrochemical states were examined 
through SEM coupled with energy dispersive spectroscopy (Hitachi S- 
5500 with EDS AMETEK). Detailed particle and crystal information of 
Mn3[Co(CN)6]2⋅nH2O precursor and MnxCo3-xO4 were obtained via high 
resolution transmission electron microscopy (HRTEM, JEOL 2100F). 
The contact angles of 50 mM LiI-containing electrolyte on various sep-
arators were recorded by KRUSS DSA100. X-ray photoelectron spec-
troscopy (XPS) measurement was carried out to investigate the surface 
composition of as-prepared MnxCo3-xO4 and Li anode at different elec-
trochemical states with an ESZALB 250XL spectrometer using Al Kα 
radiation (hν = 1486.7 eV) at an emission angle of 90◦. The binding 
energy was calibrated using C 1s peak assigned to C–H bond at 284.5 
eV. Infrared spectroscopy was conducted on a Nicolet 6700 FT-IR 
spectrometer and Raman spectra was recorded on a LabRAM HR 
Evolution-HORIBA spectrometer (λ = 488 nm) for O2 electrodes. The 
quantification of Li2O2 formation and decomposition was achieved via 
UV–Vis spectrometry (Cary50, VARIAN) using a TiOSO4-based Li2O2 
titration method [36,45]. The cathodes without washing were directly 
immersed into a TiOSO4-based solution containing a known amount of 
H2O. The discharge product Li2O2 reacted with H2O to generate H2O2, 
and H2O2 further reacted with Ti4+ to form a yellowish complex [Ti 
(O2)]2+, which could be identified by an absorption peak (λmax = 412 
nm) in a UV–Vis spectrum. Li2O2 amount can be quantified via a com-
parison to a calibration curve, which was obtained using a series of 
known amounts of commercial Li2O2. In addition, to further track I− /I3−

conversion during cell cycling, UV–Vis absorption measurements for the 
TEGDME-based solution after soaking the glass fiber separators were 
also conducted. The electrolyte stability was studied through testing the 
collected electrolyte from a three-electrode system after 5 cycles via 
NMR and FT-IR techniques. 

2.4. Computational methods 

Density functional theoretical (DFT) calculations were performed 
using the Vienna ab initio Simulation Package (VASP) code [46,47]. The 
projector-augmented-wave (PAW) pseudopotential and the generalized 
gradient approximation with the Perdew-Burke-Ernzerh (PBE) of 
exchange–correlation function were used to study the electron–ion 
interaction and the electronic exchange correlation effect [48,49]. The 
electron wave function was expanded using plane waves with an energy 
cut-off of 400 eV. The geometry optimizations were performed with 
convergence criteria of 10− 4 and 10− 2 eV/Å for the total energy and 
ionic force, respectively. 

3. Results and discussion 

MnxCo3-xO4 nanocages were prepared by a simple thermal treatment 
of Mn3[Co(CN)6]2⋅nH2O nanocubes as the precursor. The TG curve of 
Mn3[Co(CN)6]2⋅nH2O calcination, and the N2 adsorption–desorption 
isotherm curves of as-prepared MnxCo3− xO4 can be seen in Fig. S4. As 
shown in Fig. S4b, MnxCo3− xO4 has a mesoporous structure (typical type 
IV shape in N2 adsorption/desorption isotherm curves) and a surface 
area of 67.2 m2/g. The pore size distribution of MnxCo3-xO4 locates in a 

Fig. 2. (a) The time-resolved photos of homemade V-type devices, where the 
left chamber (without I3− in the electrolyte) was isolated by bare and MnxCo3- 

xO4-based separators from the right one (I3− -containing electrolyte), and (b) the 
contact angles of 50 mM LiI-containing electrolyte on different separators. The 
insets are the photos for different separators after 30s aging with the 
electrolyte. 
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range of 2–80 nm. Fig. 1a displays the XRD pattern of as-prepared 
sample. All diffraction peaks are perfectly indexed to the tetragonal 
spinel structure MnxCo3-xO4 with the I41/amd space group (JCPDS card 
No. 77-0471) [43]. In Fig. 1b and c, it can be seen that MnxCo3-xO4 
shows uniform “cube-like” morphology with a side length of 400 nm. 
MnxCo3-xO4 surface is quite rough, containing numerous primary par-
ticles with tens of nanometers, implying that the pores can be generated 
during annealing process. From EDS elemental mapping, as shown in 
Fig. 1d-f, MnxCo3-xO4 is composed of well-dispersed Co, Mn and O ele-
ments. Additionally, the x value obtained from the EDS analysis (x =
1.79) is in good accordance with theoretical value from its synthesis (x 
= 1.88) and the result from ICP-AES (x = 1.64). Furthermore, the 
chemical states and surface compositions of MnxCo3-xO4 were also 
studied by XPS, as shown in Fig. S5 in SI. The x value obtained from XPS 
is 2.01, which is closed to the EDS and theoretical contents. In Fig. 1g, 
the obvious contrast between inner center and outer edge suggests the 
generation of hollow structure of MnxCo3-xO4 nanocages. The HRTEM 
image (Fig. 1h) displays well-defined lattice fringes with the interplanar 
distances of 0.246 and 0.489 nm, corresponding to the (211) and (101) 
lattice planes of MnxCo3-xO4 [50], respectively. Fig. 1i–k show the SEM 
images of bare, SP-based and MnxCo3-xO4-based separators. The 
MnxCo3-xO4 morphology is well preserved in MnxCo3-xO4-based sepa-
rator (Fig. 1k), and the MnxCo3-xO4-based layer with a thickness of ~8 
μm is tightly adhered on the bare separator, as seen in Fig. 1l. 

To investigate the influence of as-prepared separators on restraining 
the I3− diffusion, a permeation resistance experiment was carried out by 
using a simple homemade V-type device, where the left chamber 
(without I3− in the electrolyte) was isolated by a bare or MnxCo3-xO4- 
based separator from the right one (with I3− in the electrolyte. The I3− - 
containing electrolyte was prepared by adding 9 mg I2 powder into 10 
mL of 50 mM LiI-containing electrolyte to form dark yellow solution.), as 
shown in Fig. 2a. As compared to the device with the bare separator, 

there is a distinct boundary between the chamber pair within 48 h in a 
device with a MnxCo3-xO4-based separator, indicating that the I3− shut-
tling diffusion can be effectively restrained and/or inhibited. Louis acid- 
base theory is proposed to explain this prevention phenomenon. I3− is 
Louis base and MnxCo3-xO4 acts as Louis acid, which inevitably attract 
each other. This leads to an obvious difference between the time- 
resolved photos of the homemade V-type device where the left cham-
ber was isolated by the MnxCo3-xO4-based separator from the right one. 
In addition, DFT calculations were performed to further investigate the 
interaction between MnxCo3-xO4 and I3− . According to the XRD result, a 
super-cell model for Mn2CoO4 with 2× 2 surface and four layers was 
used as a representative MnxCo3-xO4 for the calculations, and the crea-
tion of surface (211) was based on the optimized bulk unit cell. A 3× 3×

1 Monkhorst-Pack k-point mesh was adopted in the calculations, and 
the vacuum layer was set to 20 Å to avoid interaction between slabs. The 
binding structure between I3− and Mn2CoO4 (211) surface is shown in 
Fig. S6a in SI. The binding energy (Eb) was calculated, according to the 
following equation: 

Eb = EI−3 − slab − Eslab − EI−3  

where EI−3 − slab, Eslab, and EI−3 
represent the energies of I3− on the slab, the 

(221) surface slab of Mn2CoO4, and free I3− , respectively. The calculated 
Eb was − 76.27 kcal/mol, providing a solid evidence for a strong inter-
action between I3− and the surface slab. In addition, the zeta potential of 
as-prepared MnxCo3-xO4 powder in the electrolyte was measured to be 
+2.87 mV (Fig. S6b in SI), confirming that it can attract the negative ion 
I3− . Fig. 2b shows the contact angles of 50 mM LiI-containing electrolyte 
on the different separators. The contact angle for the MnxCo3-xO4-based 
separator is much smaller than that on the bare one, indicating that the 
separator permeability was improved by surface modification, which 
could be beneficial to the electrochemical reactions. 

Fig. 3. (a) CV curves for three-electrode systems using 50 mM LiI containing electrolyte with and without MnxCo3-xO4 nanocages in an Ar atmosphere at a scan rate 
of 50 mV/s within a potential range of − 0.5–1.8 V vs. Ag/Ag+, cycling responses of Li-O2 cells with (b) bare and (c) MnxCo3-xO4-based separators at a current density 
of 200 mA/g under a limited capacity of 1000 mAh/g within a potential range of 2.3–4.0 V vs. Li/Li+, SEM images of Li anodes after (d and f) 5 cycles and (e and g) 
the “cell death” (Inset: the photos of Li anodes), and (h) XPS spectra of Li 1s, C 1s, O 1s, and I 3d for Li anodes after 5 cycles corresponding to (d and f). 
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The stability of the solvent is an important issue, and should be 
considered when using iodine based RM. The electrochemical stability 
of the electrolyte containing 50 mM LiI in 1 M LiTFSI/TEGDME was 
tested using LSV, CV, NMR, and FT-IR techniques, as seen in Fig. S3 in SI. 
Fig. 3a shows the CV curves for a three-electrode system using 50 mM 
LiI-containing electrolyte with and without MnxCo3-xO4 nanocages in an 
Ar atmosphere at a scan rate of 50 mV/s within a potential range of 
− 0.5–1.8 V vs. Ag/Ag+. Similar overall appearance of two pairs of 
cathodic and anodic peaks is observed for both curves, which are 
assigned to the redox of I− /I3− and I3− /I2 at the lower and higher poten-
tials, respectively [42]. The system with MnxCo3-xO4 nanocages exhibits 
a higher onset reduction potential and a lower onset oxidation potential 
as well as significantly larger cathodic and anodic currents than those of 
the system without MnxCo3-xO4, indicating that MnxCo3-xO4 nanocages 
can enhance the reaction kinetics in I− /I3− and I3− /I2 conversions. The 
better stability for a cell with a MnxCo3− xO4-based separator than that 
for a cell with a bare separator was also proved by the CV results in an Ar 
atmosphere (Fig. S7 in SI). The influence of MnxCo3-xO4 amount on 
battery performance was systematically investigated by evaluating the 
cyclability of the cells with separators containing different amounts of 
MnxCo3-xO4 nanocages, as shown in Fig. S8 in SI. The results show that 
the cell with a certain composition separator (Super P carbon: MnxCo3- 

xO4: PVDF = 4:3:3 w/w/w) exhibits the best electrochemical stability. 
Therefore, we select it as the representative sample in the following 
studies. The cycling responses for the cells using 50 mM LiI-containing 
electrolyte with bare and MnxCo3-xO4-based separators at a constant 
current density of 200 mA/g under the limited capacity of 1000 mAh/g 
within a potential range of 2.3–4.0 V vs. Li/Li+ are shown in Fig. 3b and 
c. For both cells, there are obvious differences between the potential 
profiles for the first discharge process and subsequent ones. While the 
first discharge displays a plateau at 2.7 V, subsequent profiles initially 
show shoulders. One corresponding to a potential range from the initial 
discharge potential to ~3.0 V can be assigned to a reduction of I2, which 
was obtained via a disproportionation reaction (I3− ⇆ I− + I2) at the end 
of charge [51,52]. The other one locates at a potential range of 3.0–2.8 
V, attributed to I3− + 2e− → 3I− . The Li2O2 formation occurred during the 
rest discharge plateau. Note that the contribution of I2 → I3− and I3− → I−

for a cell with bare separator is much smaller than that for a cell with a 
MnxCo3-xO4-decorated separator (Fig. 3b and c). This indicates that the 
shuttling effect (i.e., the attack of I3− to Li anode) did exist in the cell with 
a bare separator, leading to the consumption of LiI. However, LiI utili-
zation can be well maintained using a MnxCo3-xO4-decorated separator. 
In Fig. 3c, the capacity corresponding to I3− → I− increases with the 
raising cycle number. This is because the amount of generated Li2O2 
would decrease after discharge with cell cycling, due to the parasitic 
reactions identified in all known Li-O2 systems. Thereby, less and less 
Li2O2 needs to be decomposed, and more and more I3− would be formed 
after charge, which was then converted to I− during the subsequent 
discharge. The detailed reaction process will be described in the 
following part. 

Compared to the cyclability of 18 cycles for a cell with a bare 
separator (Fig. 3b), a cell with a MnxCo3-xO4-based separator exhibited a 
much better cyclability of 461 cycles (Fig. 3c). Interestingly, the “death” 
for the cell with a bare separator is due to the high charge potential (i.e., 
reaching the potential limit), while the charge potential for the cell with 
a MnxCo3-xO4-based separator finally maintained a low charge potential 
of ~3.3 V and the “cell death” resulted from an abnormal discharge. 
These different electrochemical behaviors were investigated by post- 
mortem measurements on Li anodes. Compared to the pristine Li foil 
(Fig. S9 in SI), the Li surface in a cell with a bare separator after 5 cycles 
suffered from severer corrosion and some Li dendrites (Fig. 3d), and 
“dead” Li can be observed after the “cell death” (Fig. 3e). However, the 
Li anode in a cell with a MnxCo3-xO4-based separator kept the smooth 
surface after 5 cycles and even after the “cell death” (after 461 cycles), as 
shown in Fig. 3f and g. This provides an evidence that using a MnxCo3- 

xO4-based separator can effectively protect Li anode by decreasing and/ 

or suppressing the diffusion of I3− to Li metal. Equally, the surface 
compositions of Li anodes for both cells after 5 cycles were also exam-
ined by XPS, as seen in Fig. 3h. The Li 1s spectra can be de-convoluted 
into four peaks at 54.1, 55.0, 55.7, and 56.1 eV, which represent the 
Li2O, Li2O2/LiOH, lithium carboxylates/carbonates, and LiF, respec-
tively [53,54]. The electrochemistry involves multiple elementary re-
actions in Li-O2 batteries. It has been commonly accepted that O2 
dissolved into the electrolyte is firstly reduced to a super oxide ion (O2

− •) 
during discharge, which combines with Li+ to generate LiO2. LiO2 can be 
partially dissolved in the electrolyte and further converts to Li2O2. 
Therefore, Li2O2 inevitably deposits on the Li anode via the solvation 
pathway, which thereafter reacts with Li metal to form Li2O [36,55]. 
This is proved by the Li 1s core level spectrum of Li anode for a cell with 
a bare separator using pure electrolyte (i.e., without LiI additive into the 
electrolyte) after 5 cycles, as shown in Fig. S10 in SI. It can be seen that 
Li2O2/LiOH and Li2O are observed on the Li anode in a cell even without 
LiI presence. Note that the amounts of Li2O2/LiOH and Li2O observed on 
Li metal in a cell using 50 mM LiI containing electrolyte with a MnxCo3- 

xO4-based separator are much less than those in a cell with a bare 
separator, as seen in Fig. 3h. This could be explained that O2

− • as the 
Louis base was attracted by the Louis acid MnxCo3-xO4, suppressing the 
Li2O2 formation though the solvation reaction on the Li anode, leading 
to the less formation of Li2O. This is also confirmed by the deconvolu-
tions of O 1s spectra. Five different chemical states of C are present in the 
C1s spectra, which are ascribed to lithium carbide species (283.7 eV), 
hydrocarbon (284.8 eV), alkoxides (288.3 eV), carboxylates (289.0 eV), 
and carbonates (290.1 eV), respectively [56]. The different amounts of 
lithium carbide species for both anodes further indicate that using a 
MnxCo3-xO4-based separator could restrain the parasitic reactions of the 
electrolyte and Li anode. The I 3d spectra show that the peaks at 630.3 (I 
3d3/2) and 619.1 eV (I 3d5/2), which are attributed to I- generation via 
the redox shuttling [57,58]. Note that detected I− on Li anode in a cell 
with a MnxCo3-xO4-based separator is 0.12 wt%, which is much lower 
than that of 0.87 wt% in a cell with a bare separator, further confirming 
the shuttling suppression by the MnxCo3-xO4-based separator. Therefore, 
we speculate that the poor cycling stability for a cell with a bare sepa-
rator resulted from the deterioration of Li anode via the shuttling in-
fluence from I3− . For a cell with a MnxCo3-xO4-based separator, dual 
functions could contribute to the enhanced cyclability. One was the 
promotive contribution of MnxCo3-xO4 towards the reversible conver-
sion of I− /I3− , facilitating the Li2O2 degradation, lowering the charge 
potential and improving the cycling stability. The other was the pro-
tection of Li anode via blocking the diffusive I3− . To explore the reason for 
“cell death” of the cell with a MnxCo3-xO4-based separator after 461 
cycles, we disassembled the cell and noticed that the separator still 
maintained well, but was totally dry (Fig. S11 in SI). This is because the 
“coin-type” cell was tested in an O2-filled gloved box, which made the 
electrolyte gradually evaporated after the long-term cycling. 

The effects of LiI concentration on battery performance were also 
studied by comparing the cyclability for the cells with MnxCo3-xO4-based 
separators using 0, 25, and 50 mM LiI containing electrolyte (Fig. S12 in 
SI). The cycle capacity was calibrated according to the theoretical ca-
pacity for I− /I3− redox couple conversion, keeping the same capacity for 
Li2O2 formation/decomposition. For example, for a cell with 50 mM LiI, 
the limited specific capacity was set to 1000 mAh/g (including 700 
mAh/g for I− /I3− redox conversion and 300 mAh/g for Li2O2 formation/ 
decomposition). Based on this, the limited specific capacities for cells 
with 0 and 25 mM LiI were set to 300 mAh/g (i.e., only for Li2O2 for-
mation/decomposition) and 650 mAh/g (i.e., 350 mAh/g for I− /I3− redox 
conversion and 300 mAh/g for Li2O2 formation/decomposition), 
respectively. In Fig. S12, it can be seen that the cell with 50 mM LiI 
exhibited a better cycling stability (461 cycles) than those for the cells 
without LiI (60 cycles) and with 25 mM LiI (127 cycles). The difference 
in the cycling performance can be partly ascribed to the unsatisfied 
dynamics at low LiI concentration. Moreover, LiI would eventually be 
consumed. This means the cell with low LiI concentration run out of LiI 
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Fig. 4. Segment study of different electrochemical states in a 
cell with a MnxCo3-xO4-based separator using 50 mM LiI 
containing electrolyte cycled at a current density of 200 mA/ 
g under a limited capacity of 1000 mAh/g within a potential 
range of 2.3–4.0 V vs. Li/Li+. (a) The 1st and 5th dis-
charge–charge profiles for the cell, (b) Li2O2 yields obtained 
from TiOSO4-based titration and UV–Vis spectroscopic 
analysis of the used cathodes (Inset: The photographs of 
titration solutions after soaking the cathodes with TiOSO4- 
based solution, (c) SEM images, (d) XRD patterns, and (e) 
FTIR spectra for O2 cathodes at different electrochemical 
states corresponding to (a), and (f) the UV–Vis spectra for the 
TEGDME-based solutions after soaking the glassfiber sepa-
rators from different electrochemical states corresponding to 
(a).   
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firstly. This might be another reason for the cyclability differing between 
the cells using different amounts of LiI. However, if a high LiI concen-
tration (e.g., > 50 mM) was used, the capacity contribution of redox 
coupling would be much bigger than that of the main reaction for Li-O2 
batteries (the detail discussion on capacity contributions of redox 
coupling and Li2O2 generation/degradation can be found in the 
following part), which means that a cell cycles would be based on the LiI 
self-cycling instead of the Li2O2 formation and decomposition. There-
fore, 50 mM LiI usage in the electrolyte was considered as a proper 
amount here. Furthermore, the MnxCo3-xO4-based separator exhibited a 
good electrochemical stability during cell cycling, as seen in Fig. S13 in 
SI. 

In order to explore the battery operation mechanism, segment 
analysis was performed at different electrochemical stages (at the ends 
of the 1st DCH (A), the 1st CHA (B), the 1st potential plateau during the 
5th DCH (C), and the 5th DCH (D), in the middle of the 5th CHA (E), and at 
the end of the 5th CHA (F)) for a cell with a MnxCo3-xO4-based separator, 
as shown in Fig. 4. Fig. 4a shows the potential profiles with the selected 
stages, being marked by different points. The amounts of Li2O2 at the 
corresponding points are illustrated via TiOSO4-based quantitative 
titration, as shown in Fig. 4b. It exhibits a considerable Li2O2 formation 
efficiency of 86.3% after the 1st DCH (Point A) and an expected Li2O2 
decomposition (~0% residual) after 1st CHA (Point B). Little Li2O2 was 
formed at Point C, indicating that I2/I3− and I3− /I− reactions, instead of 
Li2O2 formation, contributed to the potential plateau from initial 
discharge to 2.78 V in the 5th DCH. After the complete the 5th DCH (Point 
D), a Li2O2 formation efficiency of 48.2% was detected, which agrees 
well with the capacity contribution from Li2O2 formation during the 
second potential plateau of the 5th DCH. During charge, 28.4% and ~0% 
Li2O2 residual ratios were obtained at Points E and F, respectively. In 
Fig. 4c, it can be seen that Li2O2 displayed a film-like morphology 
(Points A and D), which then disappeared after recharge (Point F). In 
Fig. 4d and e, XRD and FTIR spectra further confirm that Li2O2 domi-
nated the discharge product and then was decomposed during recharge. 
To study the contribution of I3− /I− redox conversion during cell cycling, 

the cell was dissembled, and the glassfiber containing the electrolyte 
was immersed into pure TEGDME to make a solution (see inset in 
Fig. 4f). Since the color changing from colorless I− to yellowish I3− is a 
typical indicator in iodine-containing redox flow battery, the visual 
observation of the electrolytes at different stages and the UV–Vis spectra 
for them are shown in Fig. 4f. I− maintained well at Point A and an 
occurrence of yellow I3− was observed at Point B. Although I3− is capable 
of oxidizing Li2O2 via a chemical reaction of I3− + Li2O2 → 2Li+ + 6I− +

O2, a redox charge transfer of I− → I3− (3.0 V vs. Li/Li+) via an electro-
chemical reaction is quicker. In addition, even if Li2O2 formed at the end 
of the 1st discharge had been completely decomposed during the 1st 

charge, there would have been 13.7% (100% – 86.3%) of capacity to 
oxide I− to I3− during the 1st charge. Therefore, it was observed that the 
yellow I3− existed when the 1st charge was over (Point B). Although an 
electrochemical reaction of I3− → I2 cannot undertake at a relative low 
potential of 3.15 V at Point B, I2 could still exist via a disproportionation 
reaction of I3− ⇆ I− + I2 [51,52]. The yellow color largely diminished at 
Point C, resulting from I2 → I3− and I3− → I− , which can be confirmed by 
UV–Vis spectra (Fig. 4f). This also agrees with little Li2O2 formation 
(Fig. 4b). The solution became colorless at Point D, and the UV–Vis 
spectrum shows that all iodine in the system existed as I− at the end of 
the 5th discharge. During recharge, I3− was generated when the potential 
reached 3.0 V, and then changed back to I− by oxidizing Li2O2 (Point E). 
All Li2O2 was decomposed, and the rest of charge capacity was used to 
convert I− to I3− (Point F). Considering that I− /I3− redox conversion made 
a considerable contribution to the observed capacity during cell cycling, 
we therefore name this new type of battery as a Li-LiI-O2 battery. The 
reaction steps associated with the cycling process for the cells with bare 
and MnxCo3-xO4-based separators are shown in Fig. 5. Compared with 
the bare separator, there are two advantages gained from as-prepared 
MnxCo3-xO4-based separator. One is inhibiting an internal shuttling ef-
fect, which not only maintains the active mass of I3− , but also protects the 
Li anode. This endows the cell with a quite stable cycling performance. 
The other is promoting I− /I3− and I3− /I2 redox conversion, thus facili-
tating the reaction kinetics for Li2O2 oxidation, which substantially 
lowers the overpotential and improves the energy efficiency. 

4. Conclusion 

In summary, for the first time, we develop a novel MnxCo3-xO4- 
decorated separator in Li-LiI-O2 batteries. The MnxCo3-xO4 nanocages 
can promote both I− /I3− and I3− /I2 redox conversion, facilitating the re-
action kinetics linking to Li2O2 oxidation, which substantially lowers the 
overpotential and improves the energy efficiency for the battery. The 
cell with a MnxCo3-xO4-decorated separator can maintain a charge po-
tential of ~3.3 V until 461 cycles. In addition, as-prepared separator can 
efficiently restrain the redox shuttling effect, which benefits to the full 
utilization of I3− for Li2O2 oxidation and the protection of Li anode via 
restraining the parasitic reaction between I3− and Li metal. This can 
improve the electrochemical stability and the reversibility for a cell with 
as-prepared separator. Moreover, the contributions of LiI to the battery 
performance and the battery operation mechanism were systematically 
investigated. These results can provide an insight into the development 
of multi-functional separators for RM-containing Li-O2 batteries, and 
even contribute to the new design of hybrid energy storage devices. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This work was financially supported by the following entities: 
Fundamental Research Funds for the Central Universities 

Fig. 5. The schematic illustration of Li-O2 cycling processes in the presence of 
(a) bare and (b) MnxCo3-xO4-based separators using 50 mM LiI-containing 
electrolyte. 

D. Li et al.                                                                                                                                                                                                                                        



Chemical Engineering Journal 428 (2022) 131105

9

(2412020FZ007); National Natural Science Foundation of China 
(21805030); and Swedish Energy Agency (50674-1). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cej.2021.131105. 

References 

[1] J. Liu, M. Roberts, R. Younesi, M. Dahbi, K. Edström, T. Gustafsson, J. Zhu, 
Accelerated electrochemical decomposition of Li2O2 under X-ray illumination, 
J. Phys. Chem. Lett. 4 (23) (2013) 4045–4050, https://doi.org/10.1021/ 
jz402230s. 

[2] J. Liu, Z. Wang, J. Zhu, Binder-free nitrogen-doped carbon paper electrodes derived 
from polypyrrole/cellulose composite for Li–O2 batteries, J. Power Sources 306 
(2016) 559–566, https://doi.org/10.1016/j.jpowsour.2015.12.074. 

[3] J. Liu, S. Renault, D. Brandell, T. Gustafsson, K. Edström, J. Zhu, An organic 
catalyst for Li–O2 batteries: dilithium quinone-1,4-dicarboxylate, ChemSusChem 8 
(13) (2015) 2198–2203, https://doi.org/10.1002/cssc.201500381. 

[4] B.D. McCloskey, R. Scheffler, A. Speidel, G. Girishkumar, A.C. Luntz, On the 
mechanism of nonaqueous Li–O2 electrochemistry on C and its kinetic 
overpotentials: some implications for Li–Air batteries, J. Phys. Chem. C 116 (45) 
(2012) 23897–23905, https://doi.org/10.1021/jp306680f. 

[5] W. Yao, Y. Yuan, G. Tan, C. Liu, M. Cheng, V. Yurkiv, X. Bi, F. Long, C.R. Friedrich, 
F. Mashayek, K. Amine, J. Lu, R. Shahbazian-Yassar, Tuning Li2O2 formation routes 
by facet engineering of MnO2 cathode catalysts, J. Am. Chem. Soc. 141 (32) (2019) 
12832–12838, https://doi.org/10.1021/jacs.9b05992. 

[6] S. Feng, M. Huang, J.R. Lamb, W. Zhang, R. Tatara, Y. Zhang, Y. Guang Zhu, C. 
F. Perkinson, J.A. Johnson, Y. Shao-Horn, Molecular design of stable sulfamide- 
and sulfonamide-based electrolytes for aprotic Li-O2 batteries, Chem 5 (10) (2019) 
2630–2641, https://doi.org/10.1016/j.chempr.2019.07.003. 

[7] Z. Li, S. Ganapathy, Y. Xu, Q. Zhu, W. Chen, I. Kochetkov, C. George, L.F. Nazar, 
M. Wagemaker, Fe2O3 nanoparticle seed catalysts enhance cyclability on deep (dis) 
charge in aprotic Li-O2 batteries, Adv. Energy Mater. 8 (18) (2018) 1703513, 
https://doi.org/10.1002/aenm.201703513. 

[8] X. Luo, L. Ge, L. Ma, A.J. Kropf, J. Wen, X. Zuo, Y. Ren, T. Wu, J. Lu, K. Amine, 
Effect of componential proportion in bimetallic electrocatalysts on the aprotic 
lithium-oxygen battery performance, Adv. Energy Mater. 8 (20) (2018) 1703230, 
https://doi.org/10.1002/aenm.201703230. 

[9] W.-B. Jung, H. Park, J.-S. Jang, D.Y. Kim, D.W. Kim, E. Lim, J.Y. Kim, S. Choi, 
J. Suk, Y. Kang, I.-D. Kim, J. Kim, M. Wu, H.-T. Jung, Polyelemental nanoparticles 
as catalysts for a Li–O2 battery, ACS Nano 15 (3) (2021) 4235–4244, https://doi. 
org/10.1021/acsnano.0c06528. 

[10] K. Song, J. Jung, M. Park, H. Park, H.-J. Kim, S.-I. Choi, J. Yang, K. Kang, Y.-K. Han, 
Y.-M. Kang, Anisotropic surface modulation of Pt catalysts for highly reversible 
Li–O2 batteries: high index facet as a critical descriptor, ACS Catal. 8 (10) (2018) 
9006–9015, https://doi.org/10.1021/acscatal.8b02172. 

[11] M. Zhang, L. Zou, C. Yang, Y. Chen, Z. Shen, C. Bo, An all-nanosheet OER/ORR 
bifunctional electrocatalyst for both aprotic and aqueous Li–O2 batteries, 
Nanoscale 11 (6) (2019) 2855–2862, https://doi.org/10.1039/C8NR08921C. 

[12] J. Cheng, Z. Wang, L. Zou, M. Zhang, G. Zhang, Y. Dong, Y. Jiang, Y. Huang, 
N. Nakashima, B. Chi, Doping optimization mechanism of a bi-functional 
perovskite catalyst La0.8Sr0.2Co0.8Ni0.2O3-δ for Li–O2 battery cathode, J. Alloys 
Compd. 831 (2020) 154728, https://doi.org/10.1016/j.jallcom.2020.154728. 

[13] G. Wang, S. Zhang, R. Qian, Z. Wen, Atomic-Thick TiO2(B) nanosheets decorated 
with ultrafine Co3O4 nanocrystals as a highly efficient catalyst for lithium-oxygen 
battery, ACS Appl. Mater. Interfaces 10 (48) (2018) 41398–41406, https://doi.org/ 
10.1021/acsami.8b15774. 

[14] X. Meng, K. Liao, J. Dai, X. Zou, S. She, W. Zhou, F. Ye, Z. Shao, Ultralong cycle life 
Li–O2 battery enabled by a mof-derived ruthenium-carbon composite catalyst with 
a durable regenerative surface, ACS Appl. Mater. Interfaces 11 (22) (2019) 
20091–20097, https://doi.org/10.1021/acsami.9b05235. 

[15] N. Feng, P. He, H. Zhou, Enabling catalytic oxidation of Li2O2 at the liquid–solid 
interface: the evolution of an aprotic Li–O2 battery, ChemSusChem 8 (4) (2015) 
600–602, https://doi.org/10.1002/cssc.201403338. 

[16] S.H. Lee, J.-B. Park, H.-S. Lim, Y.-K. Sun, An advanced separator for Li-O2 batteries: 
maximizing the effect of redox mediators, Adv. Energy Mater. 7 (18) (2017) 
1602417, https://doi.org/10.1002/aenm.201602417. 

[17] X. Gao, Y. Chen, L.R. Johnson, Z.P. Jovanov, P.G. Bruce, A rechargeable 
lithium–oxygen battery with dual mediators stabilizing the carbon cathode, Nat. 
Energy 2 (9) (2017) 17118, https://doi.org/10.1038/nenergy.2017.118. 

[18] T. Liu, J.T. Frith, G. Kim, R.N. Kerber, N. Dubouis, Y. Shao, Z. Liu, P.C.M. 
M. Magusin, M.T.L. Casford, N. Garcia-Araez, C.P. Grey, The effect of water on 
quinone redox mediators in nonaqueous Li-O2 batteries, J. Am. Chem. Soc. 140 (4) 
(2018) 1428–1437, https://doi.org/10.1021/jacs.7b11007. 

[19] A.G. Tamirat, X. Guan, J. Liu, J. Luo, Y. Xia, Redox mediators as charge agents for 
changing electrochemical reactions, Chem. Soc. Rev. 49 (20) (2020) 7454–7478, 
https://doi.org/10.1039/D0CS00489H. 

[20] H. Yang, Q. Wang, R. Zhang, B.D. Trimm, M.S. Whittingham, The electrochemical 
behaviour of TTF in Li–O2 batteries using a TEGDME-based electrolyte, Chem. 
Commun. 52 (48) (2016) 7580–7583, https://doi.org/10.1039/C6CC01120A. 

[21] Y. Chen, S.A. Freunberger, Z. Peng, O. Fontaine, P.G. Bruce, Charging a Li–O2 
battery using a redox mediator, Nat. Chem. 5 (6) (2013) 489–494, https://doi.org/ 
10.1038/nchem.1646. 

[22] B.J. Bergner, A. Schürmann, K. Peppler, A. Garsuch, J. Janek, TEMPO: a mobile 
catalyst for rechargeable Li-O2 batteries, J. Am. Chem. Soc. 136 (42) (2014) 
15054–15064, https://doi.org/10.1021/ja508400m. 

[23] H.-D. Lim, B. Lee, Y. Zheng, J. Hong, J. Kim, H. Gwon, Y. Ko, M. Lee, K. Cho, 
K. Kang, Rational design of redox mediators for advanced Li–O2 batteries, Nat. 
Energy 1 (6) (2016) 16066, https://doi.org/10.1038/nenergy.2016.66. 

[24] X. Gao, Y. Chen, L. Johnson, G. PeterBruce, Promoting solution phase discharge in 
Li–O2 batteries containing weakly solvating electrolyte solutions, Nat. Mater. 15 
(8) (2016) 882–888, https://doi.org/10.1038/nmat4629. 

[25] D. Sun, Y. Shen, W. Zhang, L. Yu, Z. Yi, W. Yin, D. Wang, Y. Huang, J. Wang, 
D. Wang, J.B. Goodenough, A Solution-phase bifunctional catalyst for lithium- 
oxygen batteries, J. Am. Chem. Soc. 136 (25) (2014) 8941–8946, https://doi.org/ 
10.1021/ja501877e. 

[26] K.P.C. Yao, J.T. Frith, S.Y. Sayed, F. Bardé, J.R. Owen, Y. Shao-Horn, N. Garcia- 
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