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ABSTRACT: Redox mediators (RMs) are solution-based additives that have
been extensively used to reduce the charge potential and increase the energy
efficiency of Li−oxygen (Li−O2) batteries. However, in the presence of RMs,
achieving a long cycle-life operation of Li−O2 batteries at a high current rate is
still a major challenge. In this study, we discover a novel synergy among InX3
(X = I and Br) bifunctional RMs, molybdenum disulfide (MoS2) nanoflakes as
the air electrode, dimethyl sulfoxide/ionic liquid hybrid electrolyte, and LiTFSI
as a salt to achieve long cycle-life operations of Li−O2 batteries in a dry air
environment at high charge−discharge rates. Our results indicate that batteries
with InI3 operate up to 450 cycles with a current density of 0.5 A g−1 and 217
cycles with a current density of 1 A g−1 at a fixed capacity of 1 A h g−1. Batteries
with InBr3 operate up to 600 cycles with a current density of 1 A g−1. These batteries can also operate at a higher charge rate of 2 A
g−1 up to 200 cycles (for InBr3) and 160 cycles (for InI3). Our experimental and computational results reveal that while X3

− is the
source of the redox mediator, LiX at the MoS2 cathode, In

3+ reacts on the lithium anode side to form a protective layer on the
surface, thus acting as an effective bifunctional RM in a dry air environment. This evidence for a simultaneous improvement in the
current rates and cycle life of a battery in a dry air atmosphere opens a new direction for research for advanced energy storage
systems.
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1. INTRODUCTION

Lithium−oxygen (Li−O2) batteries are considered a possible
alternative to Li-ion batteries as the energy storage systems of
the future because of their high specific energy density.1,2 Li−
O2 batteries are conceptually different from basic Li-ion
batteries in that Li ions react with reduced oxygen molecules at
the cathode side to form Li−O covalent bonds rather than
intercalation cathodes. Because the energy is stored in covalent
bonds, these batteries can achieve much higher amounts of
energy compared to intercalation-based energy storage
systems.3−10 The theoretical energy density of Li−O2 batteries
(3500 W h/kg) is about one order of magnitude higher than
that of commonly used Li-ion batteries (∼400 W h/kg).
However, major challenges with Li−O2 batteries are the
undesirably large charge overpotential and low rate capability
of the batteries. The high charge overpotential can reduce the
round trip efficiency and can cause parasitic reactions, side
products, and electrolyte and cathode degradation.11,12 More-
over, an incomplete removal of Li2O2 during charge could
passivate and clog the cathode surface, which eventually causes
early failure and poor cyclability. These obstacles have
prevented further development of Li−O2 batteries so far.
To address the overpotential issue, using suitable redox

mediators (RMs) is an effective way to decompose the Li2O2

product and lower the high charge overpotential.13−19 During
charging, first, the RMs oxidize on the surface of the cathode
electrochemically and the oxidized form of RMs then
chemically reacts with Li2O2 to generate Li+ and oxygen
molecules as well as regenerating the reduced form of the RM.
Two of the most studied classes of RMs are organic ones such
as tetrathiafulvalene (TTF),20,21 5,10-dihydro-5,10-dimethyl-
phenazine (DMPZ),22 and 2,2,6,6-tetramethyl-1-piperidiny-
loxy (TEMPO)23−25 and Li-halides such as LiI26−33 and
LiBr.34−36 Overall, halides are more effective than organic RMs
for suppressing charge overpotentials.37 However, there are
two major issues with using the Li-halides as a RM. The first
one is the formation of a discharge plateau because of the
reduction of the (X3

−/X−) couple (X− = I− and Br−). X3
− is

formed during the charging process and reacts to decompose
Li2O2. However, an excess amount of X3

− can remain in the
electrolyte, which can reduce during the next discharge to form
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X− rather than being used for Li2O2 decomposition. This leads
to Li2O2 capacity loss of the battery.

33 The second problem is
the redox shuttling effect during charge, which is the diffusion
of the oxidized form of the RM (X3

−) through the electrolyte
toward the Li anode and back to the cathode after it is reduced
to X−.38−41 A third problem is the reaction of LiX or LiX3 with
the anode if it is not protected.42

In this study, we found that indium iodide (InI3) and indium
bromide (InBr3) RMs are extremely effective in a system
comprised of a hybrid electrolyte of dimethyl sulfoxide
(DMSO) and 1-ethyl-3-methylimidazolium tetrafluoroborate
(EMIM-BF 4 ) i o n i c l i q u i d w i t h l i t h i um b i s -
(trifluoromethanesulfonic)imide (LiTFSI) salt along with a
molybdenum disulfide (MoS2) cathode that exhibit high
exchange current densities during oxygen reduction and
evolution reactions (ORR/OER).43 Previous studies44,45 have
used InI3 and InBr3 next to multiwalled carbon nanotube
cathodes, in a pure oxygen environment. In the case of InBr3, it
was reported that the battery cycled up to 206 cycles with a
small current density of 0.25 A g−1, while for the InI3 case, only
50 and 40 cycles were achieved with current densities of 0.5
and 1 A g−1, respectively. Here, we report a novel synergy with
a new combination of materials that enable Li−O2 batteries to
operate in a dry air environment with a much longer cycle life
and higher current densities using the indium halides (InI3 and
InBr3). It is shown that these RMs act as bifunctional additives
to simultaneously reduce the charge potential on the cathode
side without the problems of loss of capacity during discharge
and protect the anode surface.

2. EXPERIMENTAL SECTION
2.1. Synthesis of MoS2 Nanoflakes (NFs). To synthesize MoS2

NFs, a liquid-phase exfoliation technique was used by dissolving 0.3 g
of MoS2 in 60 mL of isopropyl alcohol (IPA) followed by sonication
for 20 h using the probe sonicator (Vibra-Cell Sonics 130 W). Next,
the MoS2 dispersion was centrifuged at a high speed of 2000 rpm for
1 h and roughly the top 70% of the centrifuged supernatant was

collected for further experiments. Later, MoS2 NFs were coated on a
gas diffusion layer (GDL, Fuel cell etc., 25 BC) to reach the loading of
0.1 mg/cm2.

2.2. Characterization Technique. 2.2.1. Transmission Electron
Microscopy Measurements. A discharged cathode to 1 A h/g in a
Li−O2 cell was analyzed using transmission electron microscopy
(TEM) (FEI Titan) to characterize the discharge product. TEM
samples were prepared by sonicating the discharged cathode for 1 h in
the CH3CN solution. The resulting solution was then drop casted
onto copper-supported amorphous carbon TEM grids (Ted Pella
Inc.).

2.2.2. X-ray Photoelectron Spectroscopy. X-ray photoelectron
spectroscopy (XPS) was performed using a Thermo Scientific
ESCALAB 250Xi instrument. All spectra were calibrated based on
the C−C bond binding energy located at 284.8 eV.

2.2.3. Energy-Dispersive X-ray Spectroscopy. The top-view
scanning electron microscopy (SEM)−energy-dispersive X-ray spec-
troscopy (EDX) data were obtained using the FEI Quanta 650 ESEM
in high vacuum with excellent beam stability. The system is integrated
with the Oxford AZtec EDS and EBSD systems. SEM imaging was
performed using an acceleration voltage (EHT) of 12 kV. The cross-
sectional EDX analysis of the anode was performed using a scanning
electron microscope (Hitachi S-4700-II HR-SEM). The anode was
prepared by first cycling a cell at a rate of 0.1 mA/cm2 to a capacity of
1000 mA h/cm2 for five continuous cycles. The lithium disc was then
removed from the cell and rinsed with acetonitrile in a glove box. The
cross section of the lithium anode was exposed by cutting the disc
using a doctor-blade, before inserting the sample into the SEM.

2.2.4. X-Ray Diffraction. X-ray diffraction (XRD) experiment was
conducted using a Rigaku Smart Lab instrument operated at 45 kV
and 160 mA in the 2θ range of 20−60° using a scan step size of 0.03°
and a scan speed of 4° min−1.

3. RESULTS AND DISCUSSION
3.1. Galvanostatic Cycling Results. The battery

assemblies were carried out in an Ar-filled glovebox using a
custom-made Swagelok cell with MoS2 nanoflakes (NFs) as
the cathode, a Li chip as the anode, a hybrid electrolyte, and a
glass microfiber filter as the separator. To synthesize MoS2
NFs, we used our previously developed liquid phase exfoliation

Figure 1. Discharge/charge voltage profiles. (a) 25 mM InI3 and a current density of 0.5 A g−1. (b) 25 mM InI3 and current density of 1 A g−1. (c)
25 mM InBr3 and a current density of 1 A g−1. (d) 25 mM InBr3 and current densities of 1 A g−1 discharging and 2 A g−1 charging. (e) Polarization
gap versus number of cycles for InI3 and InBr3. (f) Comparison of this work with the results in the literature.31,32
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technique (details of the exfoliation process are provided in the
Experimental Section).46−48 To prepare the electrolyte, 25 mM
InI3 (InBr3), 0.1 M LiTFSI, and a mixture of 9:1 by volume
DMSO/EMIM-BF4 were used (Section S1, Supporting
Information). Cyclic voltammetry (CV) experiment was
performed to find the exact oxidation and reduction peaks of
the (X−/X3

−) and (X3
−/X2) redox couples in an Ar

environment. (Section S2, Supporting Information).
Figure 1a,b demonstrates the battery performance contain-

ing 25 mM InI3, 0.1 M LiTFSI, and hybrid electrolyte of
DMSO/EMIM-BF4. Figure 1a shows a stable discharge/charge
at 2.75 and 3.5 V after the first cycle with a current density of
0.5 A g−1. After 150 cycles, a plateau appears during discharge
that is attributed to the reduction of the excess amount of
nonreacted I3

− during charge to I−.33 The capacity loss is
remarkably small (∼10%) after 150 cycles and during the
operation of the battery, this plateau starts moving forward
resulting in a capacity loss of ∼30% after 450 cycles. Also, after
∼200 cycles, a second plateau during charging occurs, which is
attributed to the second redox couple (I3

−/I2).
33 This plateau

gradually increases starting at ∼300 cycles. Overall, the cell is
cycled up to 450 with the cut-off potential between 2.5 and 4.0
V. Figure 1b shows the performance of the battery with the
increased current density of 1 A g−1. By doubling the current
density, both ORR and OER potentials, respectively, show a
stable trend at around 2.75 and 3.50 V after the first cycle. The
cell fails after 217 cycles because of a sudden drop in the
discharge potential (Figure S2). Moreover, we evaluated the
fast charge of the battery with a current density of 2 A/g charge
and 1 A/g discharge, which could operate up to 160 cycles
(Figure S2).
In the next step, we assessed the performance of the battery

with 25 mM InBr3, 0.1 M LiTFSI, and DMSO/EMIM-BF4

electrolytes. Figure 1c represents the voltage profiles with a
current density of 1 A g−1. The battery shows a stable
discharge/charge at 2.75 and 3.75 V after the first cycle with no
plateau. During cycling, the charge plateau becomes evident
after 150 cycles meaning that the second redox couple (Br3

−/
Br2) appears.34 The charge potential increases gradually after
∼200 cycles because of the consumption or deactivation of
InBr3 when the voltage becomes greater than 4.0 V. However,
the battery with InBr3 still operates up to 600 cycles at a 1 A
g−1 discharge/charge rate compared to 200 cycles achieved
using InI3. Figure 1d shows a faster charge (2 A g−1) of the
battery containing InBr3. The discharge/charge potentials are
2.75 and 3.8 V, respectively, after the first cycle. After 200
cycles, the charge potential increases to 4.1 V and the discharge
potential remains constant at ∼2.75. However, the battery fails
after 200 cycles because of the sudden drop in the discharge
potential (Figure S2). Figure 1e summarizes the polarization
gap versus cycle numbers for both RMs at different rates. Our
results indicate that iodide reduces the overpotential more than
bromide. On the other hand, InBr3 can cycle much better than
InI3 at high rates, but with a larger polarization gap. Figure 1f
represents a comparison of this work with two other
studies,44,45 indicating that the cyclability and the current
density have improved significantly. For InI3, the cycling with a
current density of 0.5 and 1 A g−1 is, respectively, nine and four
times longer compared to the earlier report.44 For InBr3, the
achieved current density was increased by a factor of 4 along
with three times higher cyclability.45

To study the discharge products, various characterization
techniques have been employed. The surface structure and
morphology of the discharge product were studied using
Scanning Electron Microscopy (SEM). SEM was carried out
on the cathode surface after the fifth discharge and charge

Figure 2. Characterization of cathode in InI3 based system at the rate of 1 A/g. (a,b) SEM images of cathode surface after the fifth discharge and
charge cycle, respectively (scale bars: 200 nm). (c,d) Low- and high-resolution TEM images of the discharged cathode showing crystalline Li2O2
deposited on the MoS2 cathode (scale bars: 100 and 10 nm, respectively). Inset shows the electron diffraction pattern of discharged product
showing polycrystalline Li2O2 and (1,1,1) and (0,0,2) MoS2 surfaces. (e) Raman spectroscopy of the cathode after fifth discharge and charge cycles.
(f) X-ray diffraction pattern of the cathode after fifth discharge. (g) XPS of the cathode including O 1s and Li 1s regions after the fifth discharge.
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cycles. The SEM image after the fifth discharge cycle indicates
a cloudy-like morphology (Figure 2a) of the Li2O2 products on
the cathode surface. Subsequently, during the fifth charge cycle
(Figure 2b), the discharge product is decomposed exposing the
catalyst. Figure 2c,d represents TEM characterization in which
low- and high-resolution imaging and electron diffraction were
performed. The electron diffraction patterns obtained from the
cathode (inset of Figure 2d) confirm the Li2O2 discharge
product to be polycrystalline, and deposited on (1,1,1) and
(0,0,2) MoS2 nanoflakes. Raman spectra obtained on the
cathode sample after the fifth charge and discharge cycles
contain bands at 250 and 788 cm−1 corresponding to the Li2O2

peak (Figure 2e). All other observed Raman peaks indicate the
Raman modes of the exfoliated MoS2 nanoflakes on the GDL
substrate. After the fifth charge cycle, there is no Li2O2 peak at
250 cm−1. Furthermore, the Raman signal intensity at 788
cm−1, which has an overlap with the Raman peak of the
pristine cathode,12,49 decreases as expected because of the
decomposition of Li2O2 in the charging cycle. XRD experiment
performed on the discharged cathode provides additional
evidence for the Li2O2 product. The XRD patterns indicate
two distinct peaks at 32 and 34° corresponding to the
crystalline (100) and (101) facets of the Li2O2 product,
respectively (Figure 2f).6 All other observed peaks are
attributed to the catalyst and the substrate. Moreover, we
used XPS to investigate the elemental composition of the
products on the discharged cathode after the fifth cycle. The
main peaks of Li 1s and O 1s appearing at 54.8 and 531.3 eV

confirm the formation of Li2O2 after the discharge process
(Figure 2g).12

To characterize the Li anode, SEM was carried out on the
pure Li anode and Li surface after the fifth discharge cycle and
the images are shown in Figure 3. Figure 3a,b shows a top-view
SEM image of the pristine and cycled anodes. Also, the top-
view SEM−EDX composition map of the indium element is
shown in Figure 3c. These results indicate that a uniform layer
of indium is formed on the anode surface. Also, the cross-
sectional SEM image of the anode is shown in Figure 3d,e.
Details of the sample preparation are provided in the
Experimental Section. The cross-sectional SEM−EDX compo-
sition mapping of the anode reveals the presence of ∼26 wt %
indium, shown by green color, in the surface region of the
lithium (Figure S3). XPS was also carried out on the surface of
the cycled Li anode to identify the chemical compositions.
Figure 3f shows the distinctive peaks of the indium 3d
spectrum (at 444.2 and 451.7 eV), consistent with the EDX
characterization results.
Moreover, electrochemical impedance spectroscopy (EIS)

measurements were performed on the fresh and cycled (5, 10,
15, and 20 cycles) anodes to measure the SEI film resistance
(RSEI) upon the battery cycling (Figure 3g). The plating-
stripping cycling test of a symmetric Li|Li cell containing the
InI3 electrolyte was performed at a constant current density of
0.5 mA cm−2 with a limited capacity of 0.5 mA h cm−2. Our
results indicate an increase in the SEI film resistance (RSEI)
from 129.97 to 151.10 Ω after 20 cycles, which is attributed to

Figure 3. Characterization of the Li anode in the InI3-based system. (a) Top-view SEM image of the fresh anode (scale bar: 500 nm). (b) Top-view
SEM image of the anode after the fifth discharge (scale bar: 500 nm). (c) Top-view SEM−EDX composition mapping of the anode for the Indium
element (scale bar: 500 nm). (d) Cross-sectional SEM image of the anode after the fifth discharge (scale bar: 10 μm). (e) Cross-sectional SEM−
EDX composition map of the anode after the fifth discharge for the Indium (green) element showing its presence in the surface, but not in the
interior (scale bar: 10 μm). (f) XPS results of the Li anode showing indium 3d after the fifth discharge cycle. (g) Nyquist plots of the Li|Li
symmetric cell containing the InI3 electrolyte after cycles at a constant current density of 0.5 mA cm−2 with a limited capacity of 0.5 mA h cm−2.
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the formation of the indium layer on the Li anode surface upon
cycling (Section S5, Supporting Information).
3.2. Computational Studies. The mechanism by which

the InX3 forms a layer on the lithium surface was investigated
by density functional theory (DFT) using the B3LYP
functional50 and the LANL2DZ51 basis set. In this
investigation, we assumed that the addition of In to the
surface of the Li anode as observed in the SEM, EDX, and XPS
studies predominantly occurs during the first discharge cycle.
The calculated oxidation potentials of the InI3 and InBr3,
including solvent effects, are 6.07 and 7.13 eV, respectively.
This means that these species will not be oxidized at the anode
during discharge, but rather chemically react as shown in the
DFT calculations described below. Furthermore, the calculated
reduction potentials of the InI3 and InBr3 (<2.6 eV) are less
than the discharge potential so they will not likely be involved
in the discharge process at the cathode. A possible chemical
reaction between InX3 and the chemically lithium surface is
given by

InX Li(s) InLi(s) 3LiX3 + → +

We investigated this chemical reaction for both InI3 and
InBr3, with a (100) lithium surface using DFT periodic
calculations. In these calculations, the halides are in a mixed
electrolyte of 18 DMSO molecules, one EMIM-BF4 (9:1
volumetric ratio), and LiTFSI salt. All molecules were initially
randomly arranged in the simulation box. The results of ab
initio molecular dynamics (AIMD) simulations at the
electrolyte/anode interface are shown in Figure 4. They
indicate that for both InI3 and InBr3, the indium dissociates
from the trihalide and moves into the Li surface with the halide
ions reacting with the Li to form LiX species on the surface
(Figure 4a,b). The pair distribution function g(r) for In atoms
with respect to Li atoms from the surface is shown for InI3 and

InBr3 (Figure 4c,d). When InX3 reacts and dissociates (shown
by our DFT calculations) on the surface, In3+ picks up three
electrons from the Li anode because indium is more
electronegative than Li. Three Li from the surface can then
form LiX where Li+ (formed by loss of the electrons to
Indium) reacts with X−. The reaction of InX3 with the Li
surface is consistent with the experimental results from SEM,
EDX, and XPS that there is indium on the lithium surface.
The mechanism by which the InX3 additive acts as a redox

mediator is that it acts as a source for LiX. The DFT
calculations described above indicate that during the reaction
of InI3 and InBr3 with the lithium surface, LiI and LiBr are
likely products and, thus, a source of the redox mediator that
can then act during charge at the cathode by oxidizing at the
lower charge potential than required for Li2O2 decomposition.
This results in the lower charge potential as evidenced from
the voltage profiles in Figure 1 in this work. We have
previously reported on DFT calculations of how LiI3 resulting
from oxidation of LiI can effectively chemically decompose
Li2O2 during charge.52 The barrier for the removal of a Li+

cation from Li2O2 was found to be ∼0.5 eV. The bifunctional
properties of InX3 as an additive for both redox mediation and
lithium anode protection are illustrated in the schematic in
Figure 5.

4. CONCLUSIONS

In summary, we found a new combination of materials
comprised of bifunctional InX3 (X = I and Br) RMs, MoS2
cathode material, DMSO/EMIM-BF4 hybrid electrolyte, and
LiTFSI salt that enable Li−O2 batteries to operate in a dry air
atmosphere and at a high current density of 1 A g−1 with
highest reported cyclability of 600 cycles for InBr3 and 217
cycles for InI3. The batteries can also operate at a higher charge
rate of 2 A g−1 up to 200 cycles for InBr3 and 160 cycles for

Figure 4. AIMD simulations of the Li(100) interface with the DMSO/IL electrolyte with an InX3 molecule added to the electrolyte. (a) Initial
(left) and optimized (right) structures for InI3, arrow indicates the initial and final positions of the In atom; (b) pair distribution function g(r) for
In atoms with respect to Li atoms from the surface for InI3, final results (red color) indicate that In atoms are in Li; (c) initial (left) and optimized
(right) structures for InBr3, arrow indicates the initial and final position of In atom; and (d) pair distribution function g(r) for In atoms with respect
to Li atoms from the surface for InBr3; final results (red color) indicate that In atoms are in Li.
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InI3. Moreover, we found that the InX3 additives serve as a
redox mediator to lower the charge potential and meanwhile to
protect the lithium anode. DFT calculations were used to
investigate the formation mechanism of the indium protection
layer on the lithium anode. This work has made significant
progress in advancing the development of Li−O2 batteries
operating in the air atmosphere. Future research will be aimed
at enabling efficient (low charge potential) operation of the
Li−O2 batteries with the presence of a humidity component in
the atmosphere.
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