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Carbon is essential for the oxygen electrode in non-aqueous 

lithium oxygen (Li-O2) batteries for improving the electron 

conductivity of the electrode. But it also brings some side-

reactions when exposed to the Li2O2 product and the 10 

electrolyte, limiting the round-trip efficiency and coulombic 

efficiency of the batteries. In this paper, a carbon embedded 

αααα-MnO2@graphene nanosheet (αααα-MnO2@GN) composite was 

introduced as a highly effective catalyst for Li-O2 batteries. 

X-ray photoelectron spectroscopy (XPS) analysis showed that 15 

the Li2CO3 by-product was significantly reduced due to the 

isolation of the carbon with the electrolyte and Li2O2. It thus 

could deliver a reversible capacity of ~2413 mAh/g based on 

the total mass of the composite with extremely high discharge 

voltage of ~2.92 V (only 40 mV lower than the 20 

thermodynamic potential) and low charge voltage of ~3.72 V 

at the current density of 50 mA/g. The round-trip efficiency is 

calculated to ~78% with a coulombic efficiency of almost 

100%. 

Introduction 25 

Efficiency utilization of the clean energy, such as the solar and 

wind power, is becoming more and more urgent due to the 

greenhouse effect resulted from the increasing consumption of 

unrenewable fossil fuels.1 Owing to the intermittent nature of the 

solar and wind power, electrochemical energy storage devices 30 

were widely used in green grid.2, 3 Recently, the rechargeable 

non-aqueous Li-O2 battery have attracted numerous attentions 

owing to its extremely high theoretical energy density of 5200 

Wh/Kg based on the reaction Li + O2 → Li2O2 (E
0=2.96 V).4-8 In 

a typical non-aqueous Li-O2 battery, the oxygen molecular is 35 

reduced to Li2O2 by combining with the lithium ions and 

electrons at the discharging process (oxygen reduction reaction, 

ORR), and recovered at the subsequent charging process (oxygen 

evolution reaction, OER). A catalyst is necessary for Li-O2 

batteries due to the sluggish kinetics of the oxygen cathode that 40 

would result in poor rate capability and low round-trip energy 

efficiency.9-11 Numerous efforts have been paid to design and 

synthesize highly effective catalysts for both ORR and OER 

processes.12-20 

Carbon is the most important material for the oxygen electrode 45 

due to that it can act as both the conductive matrix and catalyst 

for the electrochemical reactions.21-23 Various carbon materials, 

such as carbon nanotubes (CNTs), graphene et al., have been 

investigated as the oxygen catalyst for Li-O2 batteries.15, 24-26 

They exhibited excellent catalytic activity for ORR with an 50 

overpotential of ~0.2 V, but poor catalytic activity for OER with 

an overpotential larger than 1 V.15, 27,25 In the past few years, 

transition metal oxides (TMOs) have also been intensively 

investigated as the oxygen electrode catalyst for Li-O2 batteries 

since Bruce and co-workers found the catalytic activity of 55 

manganese oxides.28-33 Among them, α−MnO2 is considered as 

the most promising catalyst for Li-O2 batteries due to its low cost, 

environmental friendliness, and moderate activity.29, 34 But the 

round-trip efficiency of the TMO catalysts is still less than 70%.  

Furthermore, Li2CO3 by-product generated from the side 60 

reactions and electrolyte decomposition on the carbon surface 

may increase the OER overpotential and lead to the cycle 

deterioration.22, 35, 36 To improve the round-trip efficiency, 

precious metal or metal oxides, such as Au, Pd, Ru and RuO2, 

have demonstrated excellent catalytic activity for OER with ultra-65 

low charge overpotential, but they may suffer from the high cost 

and scarce resources in long term.37-40 To avoid the formation of 

Li2CO3, some oxygen cathodes without carbon or with carbon 

defects coated demonstrated significant improvement of the 

electrochemical performance by alleviating the side reactions. By 70 

coating the carbon defects with Al2O3, Amine et al. developed a 

Pd/Al2O3/Super P nanostructured cathode with a charge  

overpotential of only 0.2 V.41 Carbon-free catalysts, such as 

porous Au, (Co, Mn)3O4 nanowires@Ni, Ru/ITO and Ru/STO 

cathodes, also exhibited high round-trip efficiency and improved 75 

cycle stability. 37, 42-44 

Herein, a carbon embedded α-MnO2@GN composite was 

developed and investigated as the oxygen electrode catalyst for 

Li-O2 batteries. The α-MnO2@GN composite was synthesized by 

the reaction between KMnO4 and graphene. Only 8% mass 80 

content of graphene was introduced in the composite and was 

fully covered by MnO2 particles, which would prevent the side 

reaction on the surface of graphene. Resulting from the 

significant reduction of Li2CO3 formation, the α-MnO2@GN 

composite exhibited superior catalytic activity for both ORR and 85 

OER processes. It could deliver a reversible capacity of ~2413 

mAh/g based on the total mass of the composite at the current 

density of 50 mA/g with a round-trip efficiency up to ~78%. The 

average discharge voltage was as high as 2.92 V with an 
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overpotential of only 40 mV, and the onset voltage of charge 

process was significantly reduced to 3.0 V. 

Results and discussion 

The structure and morphology of the α-MnO2@GN composite 

was characterized by X-ray diffraction method and scanning 5 

electron microscopy (SEM). Fig. 1a exhibits the XRD pattern of 

the α-MnO2@GN composite. The peaks can be indexed well to 

tetragonal α-MnO2 phase (space group I4/m, JCPDS 01-072-

1982), which is consistent with our previous work.28 The urchin-

like α-MnO2@GN composite with ~500 nm in diameter is 10 

composed of uniform MnO2 nanorods with ~100 nm in length 

and 10 nm in width, as shown in Fig. 1b, implying a large 

specific surface area of the composite. The MnO2 nanorods are 

connected with each other and no graphene is observed in the 

SEM images. The SEM and HRTEM images of α-MnO2 15 

nanorods are provided in Fig. S1 (†ESI). The clear lattice fringes 

illustrate that the interlayer space is about 0.698 nm, 

corresponding to the [110] plane of α-MnO2 which is the 

crystallographic direction of the MnO2 nanorod.45 

As mentioned above, the α-MnO2@GN composite was 20 

synthesized by the reaction between KMnO4 and graphene. The 

thermogravimetric analysis (TGA) result shown in Fig. S2 

demonstrates a carbon content of ~8% in the composite. Energy 

dispersive X-ray spectroscopy (EDS) analysis was carried out to 

confirm the elemental component and distribution of the 25 

composite. Fig. 2 show the EDS spectra of the α-MnO2@GN 

composite, revealing that the composite contains Mn, O, C 

elements, and the contents of Mn, C, O are 56.01%, 5.35% and 

38.64%. The EDS elemental mapping confirms the homogeneous 

distribution of Mn, C, O elements throughout the composite,  30 

 
Fig. 1 a) X-ray diffraction pattern of the α-MnO2@GN composite. b) An 

SEM image of the α-MnO2@GN composite, inset image distinctly 

displays the detail structure of the urchin-like composite. 

 35 

Fig. 2 SEM-EDS mapping result of the α-MnO2@GN composite and the 

corresponding elemental distributions of C, Mn and O. 

which is also confirmed by a high-angle annular dark-field 

(HADDF) image and the corresponding EDS linear scanning 

result obtained by a Tecnai F30 transmission electron microscope  40 

shown in Fig. S3. These suggest that the graphene is fully 

covered by the α-MnO2 nanorods and embedded in the composite 

due to the uniformly growth of the α-MnO2  nanorods 

on the surface of graphene. The pore structure of the α-

MnO2@GN composite was characterized by nitrogen adsorption-45 

desorption isotherm, as shown in Fig. S4. The BET surface area 

and pore volume are calculated to be 124.4 m2/g and 0.732 cm3/g, 

respectively, both of which are about twice as large as that of the 

MnO2 nanorods. The larger surface area of the α-MnO2@GN 

composite would reduce the reaction resistance and the 50 

introduction of the embedded graphene would increase the 

electronic conductivity of the composite, which would improve 

the electrochemical performance. Furthermore, the pore size of 

the α-MnO2@GN composite is as large as ~20 nm, which would 

facilitate the diffusion of the oxygen and electrolyte in the 55 

electrode. 

The electrochemical performance of as-prepared α-MnO2@GN 

composite was evaluated by the galvanostatic discharge/charge 

method and compared with that of the α-MnO2 nanorod and 

pristine graphene cathodes. The cells were measured between 2.2 60 

V and 4.2 V (vs. Li /Li+) at the current density of 50 mA/gcathode, 

as shown in Fig. 3a. The α-MnO2@GN composite can deliver the 

highest capacity of 2413 mAh/g based on the total weight of the 

catalyst among the three as-prepared cathodes, which is ~30125 

mAh/g based on the mass of carbon. It is slightly higher than that 65 

of the pristine graphene cathode (2142 mAh/g), but significantly 

larger than that of the α-MnO2 nanorod cathode (1560 mAh/g). It 

should be noted that the α-MnO2@GN composite cathode also 

exhibits the best catalytic activity with the lowest overpotentials 

for both ORR and OER processes. The average ORR voltage of 70 

the α-MnO2@GN composite cathode at the current density of 50 

mA/g is about 2.92 V, which is evidently higher than 2.75 V for 

the pristine graphene and 2.56 V for the α-MnO2 nanorod. Noted, 

it is only ~40 mV lower than the thermodynamic equilibrium 

potential based on the reaction 2Li+ + O2 + 2e- → Li2O2 (E
0=2.96 75 

V). To the best of our knowledge, it is also the lowest ORR 

overpotential among the currently reported catalysts.29, 43, 46 The 

α-MnO2@GN composite also exhibits the best catalytic activity 

for OER process with an average charge potential of 3.72 V, 

which is ~0.16 V and 0.33 V lower than that of the pristine 80 

graphene and the α-MnO2 nanorod, respectively. Moreover, the 
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Fig. 3 a) A comparison of the discharge/charge voltage profiles of the α-MnO2@GN composite, α-MnO2 nanorods and the pristine graphene electrodes at 

the current density of 50 mA/g. Inset is the enlarged image of the selected yellow box area. b) Voltage profiles of deeply discharged/charged Li-O2 

batteries with the α-MnO2@GN composite under different current densities from 50 mA/g to 300 mA/g (based on the total catalyst), within the voltage 

window of 2.2-4.2 V. c) Cyclic performance of a Li-O2 battery utilizing the α-MnO2@GN composite at 100 mA/g with a cut-off capacity of 1000 mAh/g. 5 

d) Voltage profile of the selected cycles in Figure 3c. 

coulombic efficiency of the α-MnO2@GN composite is measured 

to be 99.8% with the charge capacity of 2409 mAh/g at the cut-

off voltage of 4.2 V, which is similar to that of the α-MnO2 

nanorods cathode, implying no obviously side reaction occurred 10 

on the MnO2 surface. As comparison, the coulombic efficiency of 

the pristine graphene is only 71.1 % with the charge capacity of 

1500 mAh/g. It suggests that the irreversible side reaction mainly 

occurs on the carbon surface and it is an effective strategy to 

reduce the side reaction by avoiding the direct contact of the 15 

carbon with electrolyte and Li2O2 through the α-MnO2 covering. 

Benefit from the high catalytic activity and high coulombic 

efficiency, the round-trip efficiency of the α-MnO2@GN 

composite is up to 78%, which is the best value among the 

precious-metal free catalysts.29, 46-48 In particular, the onset 20 

potential of the α-MnO2@GN composite during the OER process 

is ~3.0 V shown in the inset image of Fig. 3a, which is 

significantly lower than ~3.4 V of the α-MnO2 nanorod and the 

pristine graphene, and only ~40 mV higher than the 

thermodynamic equilibrium potential, indicating the superior 25 

OER catalytic activity. 

To further investigate the rate performance of the α-MnO2 @GN 

composite, it was tested at various current densities from 50 

mA/g to 300 mA/g. As shown in Fig. 3b, the α-MnO2@GN 

composite exhibits excellent rate capability with the discharge 30 

capacities of 2153 mAh/g, 1886 mAh/g and 1632 mAh/g at the 

current density of 100 mA/g, 200 mA/g and 300 mA/g, 

respectively, corresponding to the capacity retentions of 89.3%, 

78.3% and 67.7%. The average discharge/charge voltages of the 

cathode are 2.92/3.72 V, 2.89 /3.88 V, 2.79/3.93 V and 2.7/3.98 35 

V at the current densities of 50 mA/g, 100 mA/g, 200 mA/g and 

300 mA/g, respectively. All the coulombic efficiency at the 

various current densities is ~100%, indicating the excellent 

stability of the α-MnO2@GN composite. It should be noted that 

the charge/discharge time at the current density of 300 mA/g is 40 

only ~5 hours, which is possible to meet the needs for the 

practical application in electric vehicles. The cycle performance 

of the α-MnO2@GN composite was evaluated at the current 

density of 100 mA/g with a cut-off capacity of 1000 mAh/g, 

which was about half of the discharge depth. As depicted in Fig. 45 

3c, the α-MnO2@GN composite exhibits superior cycle stability 

with no capacity decay being observed over 47 cycles, as well as 

with the coulombic efficiencies of ~100%. The selected 

discharging-charging voltage profiles of the 1st, 2nd, 10th, 20th 

cycles are shown in Fig. 3d. No increasing polarization could be 50 

observed on the voltage profiles during the cycles, confirming the 

superior cycle stability of the α-MnO2@GN composite. The 

average discharging/charging voltages are ~2.95 V and ~3.75 V, 

respectively. The overpotentials of both the ORR and OER 

processes are even slightly lower than that of the full 55 

discharging/charging curves at the same current density due to 

the controlled discharge depth.  

To identify the component of the product on the surface of the as- 
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Fig. 4 Li1s spectra of the discharged/charged α-MnO2@GN composite, 

α-MnO2 nanorod and pristine graphene electrodes. 

prepared cathodes during the discharging/charging processes, X-

ray photoelectron spectroscopy (XPS) analysis was explored. The 5 

α-MnO2@GN composite, the α-MnO2 nanorod, and the pristine 

graphene cathodes were discharged/charged between 2.2 V and 

4.2 V at the current density of 50 mA/g. Fig. 4 shows the Li 1s 

XPS spectra of  the cathodes at 2.2 V (discharged state) and 4.2 V 

(charged state). Only one peak at about 55.4 eV assigned to Li-O 10 

bond of Li2O2 was observed in the spectra of all three cathodes 

after being discharged to 2.2 V.46 It suggests that Li2O2 is the 

main discharge product on either the surface of MnO2 or carbon, 

and no obvious side reaction occurred during the discharging 

process in the DMSO based electrolyte. The Li 1s peak in the 15 

spectrum of the α-MnO2@GN composite disappeared when the 

cathode was charged back to 4.2 V, as well as in that of the α-

MnO2 nanorod cathode, implying the full decomposition of Li2O2 

on the surface of both the α-MnO2@GN composite and the α-

MnO2 nanorod. Meanwhile, no other peaks appeared in the 20 

spectra of the α-MnO2@GN composite and the α-MnO2 nanorod 

cathodes, implying no evident side reaction occurred. As a 

comparison, a new peak at about 54.5 eV appeared in the 

spectrum of the charged pristine graphene cathode, which can be 

assigned to the Li-O bond in Li2CO3, although the Li2O2 peak 25 

also disappeared.46 It demonstrates that Li2O2 is 

electrochemically reversible, and the Li2CO3 side product is 

formed mainly at the charging (or OER) process due to the 

reaction between Li2O2 and carbon, resulting in the irreversible 

capacity loss of the cathode and low round-trip efficiency.22  It is 30 

consistent with the results of the galvanostatic discharge/charge 

results. All the above results indicate that (1) the side reactions of 

the oxygen cathode take place mainly at the OER process on the 

surface of carbon; (2) the side reaction could be significantly 

reduced by preventing the direct contact of carbon from the 35 

electrolyte and Li2O2; (3) the graphene supported MnO2 cathode 

with carbon embedded exhibited improved and superior 

electrochemical performance as the side reaction depressed. The 

Mn 2p XPS spectra of α-MnO2@GN composite were also 

collected and displayed in Fig. S5. The location of Mn2p peaks 40 

(641.8 eV for Mn 2p3/2 and 653.6 eV for Mn 2p1/2), as showing 

in the discharged state, show almost no shift in comparison with 

that of the charged state, although its intensity is significantly 

reduced due to the deposition of Li2O2 on the surface. Noted, the 

intensity of Mn 2p peaks recovered when the cathode was 45 

charged back to 4.2 V, indicating the full decomposition of Li2O2 

and the stability of the MnO2 during the ORR/OER processes. 

Conclusions 

In summary, a carbon embedded α-MnO2@GN composite was 

developed as the oxygen electrode catalyst for non-aqueous Li-O2 50 

batteries. XPS analysis showed that no obvious side reactions 

took place on the surface of the α-MnO2@GN composite due to 

the graphene being fully embedded in the composite. Owing to 

the side reaction depressing and the high conductivity of 

graphene supporting, the α-MnO2@GN composite exhibited 55 

superior catalytic activity for both ORR and OER processes. It 

could deliver a capacity of 2413 mAh/g with a high round-trip 

efficiency up to ~78%, which is only reported by using the 

precious metal based catalysts. The average ORR potential of the 

composite at 50 mA/gcomposite is measured to be ~2.92 V at the 60 

current density of 50 mA/g, which is the best value to date, and 

the onset OER potential is as low as 3.0 V. The α-MnO2@GN 

composite also exhibited excellent rate capability with the 

capacity of 1632 mAh/g at the current density up to 300 mA/g, 

and the excellent cycle stability with almost 100% capacity 65 

retention after 47 cycles. The superb performance of the α-

MnO2@GN composite along with its low cost and environmental 

friendliness would promote the practice application of Li-O2 

batteries. 
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