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ABSTRACT

An effective and cheap way to optimize the oxygen electro-catalyst of the cathode for Li-O2 battery 

is to control the growth of a low amount of nano-sized transition metal oxides on the surface of 

the carbon electrode. This approach combines the advantages of surface, interface, and nano-size 

engineering. In this work, a MnO2 content of about 9 wt% is deposited on reduced graphene oxide 

(MnO2@rGO). The MnO2 particles grow uniformly on the rGO surface with a particle size smaller 

than 20 nm. The MnO2@rGO composites were applied as cathode catalysts in Li-O2 batteries, 

demonstrating an initial discharge capacity of 5139 mAh g-1 and a high capacity of 4262 mAh g-1 

(80% capacity retention) after 15 full discharge-charge cycles at a current density of 100 mA g-1. 

The outstanding performance can be attributed to the strong synergistic effect between the rGO 

framework and the nano-sized MnO2 particles on its surface. The rGO framework possesses a 

porous multilayer structure, which provides an excellent electrical conductivity, promotes oxygen 

and ion diffusion, and provides storage space for the discharge products. The nano-sized MnO2 

possesses a high exposed surface, which enhances surface transport of LiO2 species and avoids the 

accumulation of discharge products on electrode surface. Furthermore, a transition between 

lithiated and non-lithiated manganese oxide during discharge and charge process was observed. 

This transition apparently helps to promote electron transfer between discharge products and the 

catalyst and thereby to reduce the overpotential of the oxygen evolution reaction.

1. INTRODUCTION

Porous air electrodes play different roles in the Li-O2 battery system: (ⅰ ) it acts as an active 

catalyst material for the oxygen reduction/oxygen evolution reaction (ORR/OER).1 (ⅱ) it serves 

as conductive framework for electron transfer.2 (ⅲ) it provides as a matrix to deposit discharge 
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products.3,4 ( ⅳ ) it forms a porous network that supports oxygen diffusion.5,6 Therefore, it is 

important to develop suitable oxygen electrode materials to improve the electrochemical 

performance of Li-O2 batteries. Intensive research efforts have been devoted to the design and 

synthesis of appropriate oxygen electrode materials in recent years. Graphene stands out either as 

a metal-free catalyst or as support for metal or metal oxides catalysts, due to its good electronic 

conductivity, low cost, and large surface area.7,8 Due to the limited catalytic effect of pure graphene 

electrodes to the oxygen reduction reaction and oxygen evolution reaction9, heteroatom 

hybridization (N10, S11 and B doping), and combination with metals or metal oxides have been 

widely explored in recent years.12 Although noble metals (Ru13, Au12, Sr14, Pd15 and etc.) exhibit 

decent electrochemical performance toward the ORR and OER, their scarcity and price have 

doomed them not to be widely used.

Manganese oxides are considered as promising catalysts due to their high abundance, low cost, 

environmental friendliness and excellent catalytic performance for both ORR and OER.16-17 

Recently, different manganese compounds (α-MnO2, Mn3O4, ε-MnO2, MnOx, MnCoO4 and etc) 

with different morphologies and crystalline structures have been reported to have efficient catalytic 

activity for the OER/ORR of Li-O2 batteries.18-19 Metin’s group in situ grew one-dimensional (1D) 

MnO2 nanowires on 2D mesoporous carbon nitride (MnO2@mpg-C3N4). Benefiting from the 

effective stabilization of Mn3+ species in the electrocatalyst via the help of nitrogen functional 

groups, MnO2@mpg-C3N4 exhibited a high electrocatalytical efficiency for the OER.20 Cao’s 

group synthesized α-MnO2 nanorods on graphene nanosheets (GNs) and applied it as cathode for 

Li-O2 battery.16 The mass percent of α-MnO2 in the composite is 80%. The battery cycled 25 times 

with the cut-off capacity of 3000 mAh g-1 (based on the mass of GNs). Han et al. reported a MnO2 

composite with hierarchically porous carbon (HPC) through the reaction of KMnO4 and carbon 
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(90 min at 50°C).21 The weight percentage of MnO2 was about 46%. The composite was applied 

in a Li-O2 battery, which exhibited low charge overpotential, good rate capacity and long cycle 

stability up to 300 cycles with a cut-off capacity of 1000 mAh g-1.21 However, the complex 

synthesis process of HPC makes it an expensive cathode material. Hwang’s team developed an 

effective chemical way to optimize the electrocatalytical properties of α-MnO2 nanowire by 

surface anchoring of highly oxidized selenate (SeO4
2-) clusters.22 The battery could be cycled 70 

times with a cut-off capacity of 1000 mAh g-1. Hwang’s team also synthesized holey 2D Mn2O3 

nanosheets by thermally induced phase transition of exfoliated layered MnO2 nanosheets.23 The 

Li-O2 battery with holey 2D nanosheets exhibited a cycleability of 33 cycles with a cut-off capacity 

of 1000 mAh g-1. Bi et al. obtained a 3D hollow α-MnO2 framework (3D α-MnO2) by a template-

induced hydrothermal reaction and subsequent annealing treatment.24 A very good cycling stability 

of 170 cycles with a cut-off capacity of 1000 mA hg-1 (33% α-MnO2 in catalyst material) was 

obtained with the 3D hollow α-MnO2 framework catalyzed cathode. Surface morphologies and 

compositions of materials greatly influence their functional properties. In Li-O2 batteries, the 

catalytically active part of the air electrode is its surface.25 Hence the modification of electrode 

material surface becomes an efficient and cheap way to enhance the catalytic activity. As we 

mentioned above, graphene has many advantages when applied as air electrode material for Li-O2 

batteries. However, the low ORR/OER catalytic activity significantly limits its electrochemical 

performance as air electrode for Li-O2 batteries. Depositoin of catalysts on the graphene surface 

provides a way to improve the catalytic activity while preserving the advantages of graphene. Gao 

et al. reported a facile synchronous reduction strategy to fabricate a yolk-shell Ag-decorated Co3O4 

(Co3O4@Co3O4/Ag hybrid).26 It has been cycled stably for 80 times with the cut-off capacity of 

1000 mAh g-1. It has also been reported that nano-sized catalysts can result in more exposed 
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effective catalytic surface for ORR/OER.27 Hence loading of nano-sized catalysts on graphene 

surface can further optimize its catalytic activity.28

The combination of transition metal oxides and carbon have been widely explored as the cathode 

for Li-O2 battery. However, the detailed catalytic mechanism of the composite is unclear so far. 

Black’s group explored the electrochemical performance of Co3O4 grown on reduced graphene 

oxide (Co3O4@RGO) when applied in Li-O2 battery.29 They found an improvement of mass 

transport in both OER and ORR process by Co3O4@RGO.

Scheme 1. Schematic structure of Li-O2 battery catalyzed by MnO2@rGO. Nanosized MnO2 

uniformly grows in situ on a rGO surface and the composite catalyzes the reversible formation and 

decomposition of LiOH.

In this work, we assembled a novel kind of MnO2@rGO nanocomposite material, consisting of a 

super low amount of nano-sized MnO2 grains on the surface of rGO (reduced graphene oxide, 

Dasheng Ltd.), which is highly efficient for the ORR/OER of Li-O2 batteries (Scheme 1). The 

MnO2@rGO composite material is composed of 88 wt% of rGO and 9 wt% MnO2. We also studied 

in details the catalytic mechanism of the MnO2@rGO composite in a Li-O2 battery. The catalytic 

mechanism combines the promotion of mass transport of LixO2 species and electron transfer.
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2. EXPERIMENTAL

2.1 MnO2@rGO Material Preparation

MnO2@rGO was prepared by mixing 100 mg rGO with 500 ml 1mM KMnO4/5 mM Na2SO4. The 

mixture was stirred for 1h. This procedure relies on the chemical reaction between KMnO4 and 

graphitic carbon to generate MnO2 (C+2KMnO4 → K2MnO4+MnO2+CO2↑). The multilayer rGO 

served as reactive template to grow the MnO2. This constrains the MnO2 growth rate and thereby 

the aggregation of MnO2 nanoparticles is avoided. Na2SO4 can increase the solubility of CO2 in 

solution and thereby slows down the chemical reaction, which is beneficial to obtain small 

particles. The obtained suspension was collected by suction filtration and washed with distilled 

water several times. The resulting product was dried at 80°C for 12 h in the oven.

2.2 Cell Preparation and Eelectrochemical Measurement

The catalyst material was first mixed with PVDF (PVDF6020, Solvay) in N-methyl pyrrolidone 

(NMP, Merck KGaA) solvent with a mass ratio of 7:3 (MnO2@rGO:PVDF). Then the slurry was 

coated on carbon paper (H23 I2, QUINTECH). Li-O2 cells were assembled using a Swagelok® 

cell construction. Li-O2 batteries consisting of a metallic Li foil, a glass fiber separator 

(Whatmann® GF/B), MnO2@rGO and the electrolyte were assembled inside an Ar-filled glove 

box (<0.1 ppm of both oxygen and H2O). As electrolyte 0.25 M lithium bis(trifluoromethane)-

sulfonamide (LiTFSI) in tetra(ethylene) glycol dimethyl ether (TEGDME) was used. According 

to the Stokes-Einstein equation, lower Li salt concentration of 0.25 M decreases the electrolyte 

viscosity and thereby increases the oxygen diffusion coefficient. This leads to high oxygen 

concentration and thereby contributes to a higher discharge capacity and rate capability (the rate-

determining step of the oxygen reduction reaction depends first order on the concentration of 
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oxygen). The gas environment used for the electrochemical test was oxygen with trace water. The 

determination of the exact amount of water in the gas stream or taken up by the cell during 

operation was not possible. However, it has been demonstrated by many other research groups that 

traces of water  improve the electrochemical performance of Li-O2 batteries.30,31 Electrochemical 

measurements were carried out on a VSP (Bio-Logic, France) multichannel potentiostat test 

system at room temperature. Galvanostatic discharge/charge tests were operated at room 

temperature in the range of 2.3-4.5 V. The cyclic voltammograms (CV) were tested at 0.1 mV s-1. 

Current densities and specific capacities specified in this paper were calculated based on the total 

catalyst weight (MnO2+rGO).

2.3 Characterization of the Raw Materials and the Discharged/Charged Electrodes

SEM (scanning electron microscope, Zeiss Supra 55) was applied to characterize the morphology 

of the raw catalyst materials and the pristine/discharged/charged electrodes. N2 adsorption and 

desorption isotherms were measured with a Micromeritics instrument at 77 K. X-ray diffraction 

(XRD) patterns of the raw catalyst materials and the pristine/discharged/charged electrodes were 

examined on STOE STADI P with Ag Kα radiation (λ=0.559407Å) or Co Kα radiation (λ=1.78896 

Å) at room temperature in Debye-Scherrer geometry (the capillary diameter: 0.5 mm). XRD with 

Ag Kα radiation has higher energy and stronger penetration than Co Kα radiation, which makes it 

superior to analyze structures of metallic compounds. Hence we applied XRD with Ag Kα radiation 

to analyze the structure of raw catalyst materials. Due to its lower energy Co Kα radiation is more 

strongly scattered by compounds with low electron density, which makes it superior to analyze the 

structure of discharge products. Rietveld refinement was employed to analyze the diffraction data 

of the discharge products using the FullProf software package.32 The discharged and charged 

electrodes was disassembled and washed in a glovebox. Then the discharge products were 
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removed from the electrode surface and filled in a glass capillary (D=0.5 mm) and sealed to avoid 

air contact during measurement. For Raman measurements, a Labram Evolution HR from Horiba 

was used, which was equipped with HeNe-Laser (633 nm, 17 mW) and a CCD detector (Horiba). 

Besides, a 600 grating was used to split the measurement signal. For the raw material, a ×100 

objective lens was used for the measurements and the data was collected for 30 seconds with the 

laser power set to 4.25 mW. For better signal-to-noise ratio, five measurements were added. A ×50 

objective lens was used for the measurements of the pristine/discharged/charged electrodes. The 

data was collected for 60 seconds with the laser power set to 4.25 mW. Again five measurements 

were added. The discharged and charged electrodes were mounted in a sealed cell with a quartz 

window inside a glovebox to protect them against air contact.  Thermal analysis (TG) of 

MnO2@rGO was carried out in air atmosphere with a heating rate of 5 °C min-1 to 1000 °C using 

a Netzsch STA 449 C Jupiter. The surface elemental compositions and oxidation state of elements 

in the MnO2@rGO were determined by X-ray photoelectron spectroscopy (XPS). XPS was 

performed using a K-Alpha spectrometer (ThermoFisher Scientific, East Grinstead, UK) equipped 

with a microfocused, monochromated Al Kα X-ray source (400µm spot size). A glovebox with 

argon atmosphere directly attached to the spectrometer enabled an air free insertion of the samples 

into the load lock. The kinetic energy of the electrons was measured by a 180° hemispherical 

energy analyzer operated in constant analyzer energy mode (CAE) at 50 eV pass energy for 

elemental spectra. The K-Alpha charge compensation system was employed during analysis, using 

electrons of 8 eV energy, and low-energy argon ions to prevent any localized charge build-up. 

Data acquisition and processing using the Thermo Avantage software is described elsewhere.33 

The spectra were fitted with one or more Voigt profiles (BE uncertainty: ± 0.2 eV) and Scofield 

sensitivity factors were applied for quantification.34 All spectra were referenced to the C 1s 
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graphitic peak at 284.4 eV binding energy controlled by means of the well-known photoelectron 

peaks of Cu, Ag and Au respectively. X-ray absorption near edge structure (XANES) 

measurements were carried out at PETRA-III beamline P65 at DESY in Hamburg and recorded in 

quick-XAS (7 min/spectrum) mode in fluorescence geometry using a PIPS diode. The Mn K-edge 

of MnO2@rGO was measured at room temperature with a Si (111) crystal monochromator. The 

energy was calibrated by the absorption edge of a Mn foil, which was measured in parallel with 

other samples. Standard materials were MnO, Mn2O3, and MnO2. The XAS spectra were processed 

with the DEMETER software package.35 To further characterize further the morphology and 

structure of the samples, transmission electron microscopy was employed. Sample preparation for 

TEM consisted in the dispersion of the sample in high purity ethanol and depositing a droplet on 

a carbon-coated gold grid. The TEM analysis was performed on a Titan 80–300 electron 

microscope (FEI), equipped with a CEOS image aberration corrector, high angle annular dark field 

(HAADF) and a scanning transmission electron microscopy (STEM) detector as well as a Tridiem 

863 Gatan image filter (GIF). The microscope was operated at an accelerating voltage of 300 kV. 

Elemental analysis measurements were carried out to determine the MnO2 loading by inductively 

coupled plasma mass spectrometry (ICP-MS, 7500ce, Agilent) after MnO2 was completely 

dissolved in acid.

3. RESULTS AND DISCUSSION

The obtained MnO2@rGO sample was analyzed by SEM to investigate the morphology. SEM of 

the templated rGO sample (Figure 1a) clearly shows 3D multilayer structure. After MnO2 

deposition, this 3D multilayer structure is preserved (Figure 1b), assuring a high surface area to 

hold the discharge products. To determine the morphology, distribution and crystal structure of 
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the MnO2 particles, STEM and high resolution TEM analyses were carried out. STEM image of 

the sample show that the MnO2 nanoparticles have diameters smaller than 20 nm and are uniformly 

dispersed on the rGO surface (Figure 1c and d). For a more detailed investigation of the 

MnO2@rGO composite, STEM-EDX elemental mappings (Manganese, Oxygen and Carbon) were 

recorded (Figure. S1a-d). The mappings confirm the uniform distribution of MnO2 particles on the 

rGO surface. The HRTEM imaging presented in Figure 1e further confirms that nano-sized 

crystalline MnO2 particles are grown on rGO. The uniform distribution can be attributed to the 

presence of reactive sites on the rGO surface, which aid the MnO2 formation and it will be partially 

consumed by the chemical reaction with KMnO4. Since the rGO template constrains the MnO2 

growth rate, the aggregation of MnO2 nanoparticles is avoided. Further the low KMnO4 

concentration of the solution leads to a low amount of MnO2 deposited on the rGO surface. All 

these factors promote the formation of the unique structure of the MnO2@rGO composite.  

Figure 1. SEM images of raw rGO (a) and MnO2@rGO composite (b); (c) and (d) STEM images 

of MnO2@rGO; (e) Composed HRTEM image from the inverse FFT of MnO2@rGO catalyst. The 

purple part is rGO substrate and the green part is MnO2 particle.
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                                        Figure 2. TG curve of MnO2@rGO composite.

TG was used to examine the MnO2 content of the MnO2@rGO composite (Figure 2). A slight 

weight loss of about 4 wt% which occurs below 300 °C is ascribed to the removal of adsorbed and 

crystalline water. The followed weight loss is caused by the oxidation of rGO into CO2 and the 

decomposition of MnO2 into Mn2O3. Based on the residual mass of Mn2O3, the mass percentages 

of MnO2 in MnO2@rGO composite was estimated to ~ 9 wt%.36 In addition to the TGA analysis, 

the Mn content of the MnO2@rGO was determined to be 4.88 wt% (the content of MnO2 was ~8 

wt%) by ICP-MS analyses after dissolving the sample in 35 wt% HCl.                         

As shown in Figure 3, the nitrogen adsorption-desorption isotherms of rGO and MnO2@rGO 

resemble a type II adsorption isotherms, which indicates a wider distribution of pore diameters.37 

The corresponding BET (Brunauer-Emmett-Teller) specific surface area for rGO and MnO2@rGO 

were calculated to be 317 m2 g-1 and 186 m2 g-1. The porous structure provides sufficient space for 

the deposition of discharge products and facilitate the rapid transport of O2 and Li+.38 Moreover, 

the high specific area contributes to a large catalytic active region with high number of exposed 

MnO2 active sites.
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Figure 3. N2 adsorption-desorption isotherms of rGO and MnO2@rGO.

XRD measurements were carried out to characterize the crystallinity and phase purity of the 

samples. Both rGO and MnO2@rGO samples possess two broad diffraction reflections (9.2° and 

15.3°) in XRD patterns (Figure 4a). These reflections are similar to those observed for highly 

disordered graphitic structures. The d-spacing of the first diffraction corresponds to the (002) 

reflection of graphite and therefore most likely originates from small domains of stacked rGO 

sheets. The first diffraction position yields a mean inter graphene spacing of 0.35 nm, which is 

substantially larger than that of graphite (c/2 = 0.3354 nm). The XRD pattern of MnO2@rGO 

shows an additional broad and weak diffraction peak at about 7.6°,  which could be assigned to 

the (101) crystal plane of MnO2 (JCPDS Number: 39-0375). However, due to the presence of just 

a single broad diffraction signal a clear crystallographic assignment is not possible. Nevertheless, 

the weak and broad peak confirms to the low amount of deposited manganese oxide and a rather 

small particle size (smaller than 20 nm). 

Raman spectroscopy was applied to further investigate the structural evolution of the MnO2@rGO, 

rGO and MnO2 samples (Figure 4b). Raman spectra of MnO2@rGO and rGO specimens both have 

the typical bands of carbon materials, which are located at 1335 cm-1 (D-band) and 1592 cm-1 (G-
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13

band).39 The two peaks are composed of four bands: D1, D3, D4 and G. The G-band is assigned 

to the E2g phonon of sp2-bonded carbon atoms, which is a characteristic feature of graphitic 

layers.40,41 The D1-band is assigned to the breathing mode of κ-point phonons with A1g symmetry, 

which corresponds to disordered carbon or defective graphitic structures.40,41 The D3 peak shows 

the existence of fragments or functional groups in the amorphous phase which may also change 

the C–C and C=C stretching vibrations of the polyene-like structure (D4).41 The area ratio of G 

band and D1 band (named as IG/ID) is generally used as an indicator for the graphitization degree 

of carbon materials. The IG/ID value is 0.37 and 0.30 for rGO and MnO2@rGO, respectively. This 

indicates a rather low graphitization degree of both samples. In addition to the G-band and D-band, 

MnO2@rGO sample also presents a distinct band at around 650 cm-1, which corresponds to the 

symmetric stretching vibration M-O of [MnO6] groups.42

Figure 4. (a) XRD (λ=0.559407Å) patterns of rGO and MnO2@rGO. (b) Raman spectra of rGO, 

MnO2 and MnO2@rGO.

XPS analysis was applied to determine the oxidation state and elemental composition of the 

prepared MnO2@rGO. Figure. S2 shows a survey scan of MnO2@rGO which verifies the presence 

of the elements Mn, O and C. The high-resolution Mn 3s spectrum shows two peaks with a 

separation of 5.2 eV due to spin-orbit splitting (Figure 5a). This value lies between the spin-orbit 

5 10 15 20 25 30 35

rGO
 MnO2@rGO

2 

In
te

ns
ity

 (a
.u

.)

a

200 400 600 800 1000 1200 1400 1600 1800 2000

MnO2

MnO2@rGOIn
te

ns
ity

 (a
.u

.)

Raman shift (cm-1)

D

G

rGOb

rGO

MnO2

Page 13 of 35

ACS Paragon Plus Environment

ACS Applied Energy Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



14

splitting for Mn4+ and Mn3+ of 4.6 and 5.5 eV, respectively, indicating the presence of both 

oxidation states. The high-resolution Mn 2p3/2 spectrum was further explored to confirm this 

conclusion (Figure 5b). The absence of a shake-up satellite, which is typical for Mn2+ at ~ 646 eV, 

confirms the absence of Mn2+ in the sample. The multiplet fitting approach of Biesinger et al. was 

applied here and adapted as in the work of Azmi et al.43,44 Two multiplets could be evidenced, 

which supports the presence of manganese in the oxidation state of Mn4+ and Mn3+ with a slightly 

higher concentration of Mn3+ (Mn3+:Mn4+ = 3:2).

Figure 5. High-resolution Mn 3s (a) and Mn 2p3/2 (b) XPS spectra  for MnO2@rGO; (c) 

Normalized Mn K-edge XANES spectra of the obtained MnO2@rGO materials together with 

reference spectra of Mn foil, MnO, Mn2O3 and MnO2. 

Since the information depth for XPS is only a few nanometers, we employed XANES spectroscopy 

to obtain more detailed information about the electronic structure of the bulk. Mn K-edge position 

of the MnO2@rGO composite overlaps with that of standard MnO2 (Figure 5c), which indicates 
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that the oxidation state of Mn in the composite is mainly Mn4+. Combining the information of the 

XPS and XANES measurements it can be concluded that Mn3+ and hence oxygen vacancies are 

mostly enriched on the MnO2 particle surface.

Figure 6. Galvanostatic discharge-charge curves of MnO2@rGO (a), (b) Galvanostatic discharge 

curves of the MnO2@rGO cathode at current densities from 100 to 800 mA g-1; (c) Comparison of 

the initial discharge-charge profiles of MnO2@rGO and rGO; (d) Variation of discharge capacity 

and capacity retention with cycle number for MnO2@rGO and rGO;

Galvanostatic discharge-charge measurements were carried out to investigate the catalytic effect 

of the MnO2@rGO composite. rGO and MnO2@rGO based batteries were operated in a voltage 

range of 2.3-4.5 V vs. Li+ /Li at a current of 100 mA g-1 for 15 full cycles (Figure 6a and S3). The 

MnO2@rGO based battery exhibits a very good reversibility with almost no capacity decay within 

the initial 11 cycles. The charging voltage of the MnO2@rGO based battery increases by about 

0.15 V from the first to the fourth cycle. Then it stays stable for the following 11 cycles. In contrast, 
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the rGO based battery shows poor capacity retention with a continuous decay after the first cycle. 

Also the charging voltage of the rGO based battery continues to increase from the first to the 

fifteenth cycle. Moreover, the presence of trace water leads to an increase of discharge capacity 

for the MnO2@rGO based battery (Figure. S4.) Meanwhile, the discharge voltage plateau is also 

slightly increased. This is because water is a strong Lewis acid and increases the solubility of LiO2 

in the electrolyte solution.31 Therefore, the surface mechanism for the formation of discharge 

products is converted into a solution based mechanism.31 To test the rate capability galvanotatic 

cycling experiment at current densities from 100-800 mAh g-1 where carried out (Figure 6b). The 

discharge capacity of the  MnO2@rGO based battery decreases with the cycling rate but is still 

capable to deliver a fairly high discharge capacity of 2025 mA h g-1 at a current density of 800 mA 

g-1.

The voltage profiles during the first discharge-charge of the rGO and MnO2@rGO based Li-O2 

batteries are displayed in Figure 6c. The MnO2@rGO based Li-O2 battery shows a 0.2 V lower 

charge voltage compared to the rGO based battery. Hence, the lower charge voltage can be 

attributed to the catalytic effect of MnO2 for the OER process.7,45 The MnO2@rGO based battery 

delivers an initial discharge capacity of 5139 mAh g-1. Even after the fifteenth cycle a discharge 

capacity of 4262 mAh g-1 is still obtained (Figure 6d). This corresponds to a capacity retention of 

about 80% after 15 cycles. 

When compared to some selected important works related to the use of metal/metal oxide catalysts 

in Li-O2 batteries, MnO2@rGO exhibits a higher discharge capacity or capacity retention (Table 

1) although it has a much lower catalyst content loading. For instance, in comparison to the 

NiO/rGO composite described by H. Wang et al, which has a similar catalyst content, our 
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17

MnO2@rGO based battery presents much higher capacity (~4 times higher) and capacity 

retention.27 There are also some reported works (MnO2/HPC, δ-MnO2@MWCNTs and 

Fe2O3/CNT) showing better performance.21,46,47 However, the catalyst content of these materials 

(46, 34, and 75% wt%) is much higher than that of our material (9 wt%). In addition, the synthesis 

process of the HPC (hierarchically porous carbon) template is complex, and the electrolyte used 

in the work about the δ-MnO2@MWCNTs based Li-O2 battery is special and complex.21,46 The 

Fe2O3/CNT based Li-O2 batteries present longer cycle life and higher capacity retention, but the 

capacity is much lower than that of our battery (4~5 times lower).47 The pure rGO based battery 

presents a maximum discharge capacity of 4866 mAh g-1 and a discharge capacity of 2597 mAh 

g-1 (53% capacity retention) after 15 cycles (Figure 6d). This value is much lower than the capacity 

retention of the MnO2@rGO based battery. This demonstrates that the MnO2 nanoparticles 

effectively support the OER and hence restrain the accumulation of discharge products at the 

electrode surface. The good catalytic activity of the MnO2 particles may be attributed to their small 

particle size and high number of oxygen vacancies at their surface.

Figure 7. (a) Charge and discharge profiles of MnO2@rGO at the 1st, 10th, 20th, 30th, 40th, 50th and 

60th cycles with a specific capacity limit of 1000 mAh g-1 at a current density of 200 mA g-1. (b) 

Discharge/charge capacity and discharge terminal voltage vs. cycle number at a current density of 

200 mA g-1.
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Table 1. Selected works related to the use of Metal/Metal oxides as catalysts in Li-O2 cells.

Catalysts

Content

(wt%)
Electrolyte Initial capacity 

(mAh g-1
cathode)

Cycle 
Num.

End capacity 
(mAh g-1

cathode)
Capacity 
retention (%) Ref.

NiO/rGO 8 1 M LiTFSI in TEGDME 1023 10 697 68 27

MnO2/HPC 46 1 M LiTFSI in TEGDME 5000 60 2000 40 21

MoSSe 100 1 M LiClO4 in DMSO 708 30 725 102 48

δ-MnO2@

MWCNTs
34 0.8/0.5 M LiTFSI LiNO3 

in PYR14TFSI/DMSO 28517 46

Fe2O3/CNT 75 0.5 M LiTFSI in 
TEGDME 951 50 1295 136 47

CNF@Pt 50 1 M LiNO3 in DMAc 2955 24 1138 39 49

Graphene/

α-MnO2

50
1 M LiPF6 in NMP with       

PeO/Al2O3                  
(0.05 M/0.01 M)

2850 10 1000 35 50

NiCo2O4 30 1 M LiTFSI in TEGDME 4386 3 3552 81 51

CoO/C 45 1 M LiTFSI in TEGDME 3132 8 1999 64 52

Co/Mn/O 
Nanocube 44 1 M LiTFSI in TEGDME 3836 5 2072 53 53

IrO2/MnO2 100 1 M LiClO4 in TEGDME 2600 247 701 27 54

CoMn2O4 44 0.5 M LiTFSI in 
TEGDME 3255 15 1667 51 55

Mn3O4/RGO 80 0.1 M LiPF6 in DME 2300 20 920 40 7

Low-valent 
Mn3O4/RGO 47 1 M LiTFSI in TEGDME 4500 23

    C/α-MnO2 10 1 M LiTFSI in TEGDME 1400 10 500 36 18

rGO-Ni3Pd7 33 0.1 M LiPF6 in DMSO 2512 10 750 30 56

    CoFe2O4 16 0.1 M LiPF6 in DMSO 7510 10 500 7 57

rGO-Co48Pt52 33 0.5 M LiPF6 in DMSO 9896 4 6000 61 58

This work 9 0.25 M LiTFSI in 
TEGDME 5139 15 4262 83
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The cycling stability of the MnO2@rGO based battery was further explored by galvanostatic 

cycling at a current density of 200 mA g-1 and a cut-off capacity of 1000 mAh g-1. Batteries based 

on MnO2@rGO showed a constant discharge capacity over 60 cycles (Figure 7a). During the first 

seven cycles the discharge end voltage decays slightly from 2.65 V to 2.55 V and then keeps stable 

at 2.55 V until the 60th cycle (Figure 7b).

Figure 8. SEM images of pristine rGO electrode (a), after full discharge to 2.3 V (b), and recharge 

to 4.5 V (c); SEM images of pristine MnO2@rGO electrode (d), after full discharge to 2.3 V (e), 

and recharge to 4.5 V (f);

The morphologies of the discharge products were investigated by SEM. SEM images of the 

pristine MnO2@rGO electrode, after the first discharge to 2.3 V and after recharge to 4.5 V are 

shown in Figure 8. After discharge to 2.3 V, the porous multilayer structure of the MnO2@rGO 

electrode is covered with a fine grained mossy deposition product (Figure 8e). After recharging to 

4.5 V, the discharge products disappear and the original multilayer porous structure of 

MnO2@rGO becomes visible again (Figure 8f). In contrast, the discharge products on the pure 

rGO electrode form a smooth film, which covers the electrode surface (Figure 8b). This film 

possibly obstructs the free transportation of electrolyte, oxygen, and electrons, leading to the 
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reduced capacity of pure rGO. Moreover, the discharged MnO2@rGO electrode cycled without 

water shows smaller grained mossy deposits when compared to the discharge products of 

MnO2@rGO cycled with trace water (Figure S5). Since O2 supply is unlimited, the capacity 

limitation of Li-O2 batteries highly depend on availability of catalytic active sites. This means that 

the capacity is limited by the occupation of catalytic active sites by the deposition of discharge 

products. Thus, the morphology of deposited discharge products during discharge is closely related 

to discharge capacity.31 The very small grained mossy deposition will huddle together and leave 

limited space for oxygen and ion to diffuse to active sites.

Based on these SEM results, we conclude that the mass transport of LiO2 species is enhanced by 

MnO2. This enhancement may be attributed to the weakening of bindings between the intermediate 

(LiO2 species) and the substrate by MnO2.21 Moreover, the large exposed surface of the MnO2 

nano-particles will lead to a higher interfacial current density, which reduces the reaction time to 

form discharged products. The enhancement of surface transport and the reduction of reaction time 

act together synergistically and lead to the formation of a fine grained and uniform discharge 

product.21

To identify the crystalline discharge products, XRD with Co radiation was applied. The XRD 

pattern clearly demonstrates that peaks corresponding to LiOH emerge after the discharge process 

(Figure 9b and S6). These peaks completely disappear in the subsequent charge process (Figure 

9b), which indicates a complete decomposition of LiOH. Furthermore, the phase purity of the 

discharge products was studied by Rietveld refinement. Figure 9a confirms that the main 

reflections are in good agreement with the tetragonal phase of LiOH (space group: P4/nmm (129)). 

Satisfactory agreement factors (Rwp = 2.4%, Rp = 1.7%) with the cell parameter a = b = 3.5487(1) 
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Å, c = 4.3511(1) Å, α = β = γ =90°, and cell volume = 54.795(3) Å3 are determined in this crystal 

refinement.

Figure 9. Rietveld refinement of the proposed LiOH structure model based on the XRD 

(λ=1.78896 Å) of discharged MnO2@rGO electrode (a), XRD patterns of pristine MnO2@rGO 

electrode, after discharge to 2.3 V and recharge to 4.5 V (b).

To further elucidate the nature of the discharge products, Raman measurements were carried out. 

The pristine electrode shows only the characteristic bands of rGO and MnO2. After discharge to 

2.3 V the appearance of new bands indicates the formation of discharge products (Figure 10a). 

These bands disappear again after charge (Figure 10a), indicating a reversible and almost complete 

decomposition of the discharge products. Most changes in the Raman spectrum of the discharged 

electrode occur in the range between 300 and 750 cm-1. Despite some overlap, seven different 

bands labeled A, B, C, D, E, F and G can be distinguished in the enlarged view of this region 

(Figure 10b). The frequencies of the six bands labeled as B, C, D, E, F and G in Figure 10b are 

located at about 407, 431, 501, 566, 610 and 650 cm-1, which agrees well with the vibrational 

bands of Li2MnO3.59,60 Given the rather strong intensity of the Li2MnO3 bands if compared to the 

pristine sample and the small size of the original MnO2 particles, it seems most likely that MnO2 

transforms into a lithiated manganese oxide during discharge. The Raman spectrum of the charged 
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electrode reveals that this lithiated manganese oxide is transformed back into MnO2 again during 

charge. This transition between lithiated and non-lithiated manganese oxide may therefore at least 

be partially responsible for the catalytic activity of MnO2 in Li-O2 batteries by reducing the 

electron transfer resistance and O2 desorption energy.61 The discharged electrode also shows 

another prominent band (labeled as A) at 320 cm-1 which can be attributed to LiOH (Figure 9b) 

based on referenc  e measurements (Figure S7).

Figure 10. Raman spectra of pristine MnO2@rGO electrode, after discharge to 2.3 V and recharge 

to 4.5 V (a). (b) The magnified Raman spectra in the range 300-800 cm-1 of pristine MnO2@rGO 

electrode, after discharge to 2.3 V and recharge to 4.5 V.

As outlined above, the Raman spectrum from rGO exhibits two distinct peaks located at 1335 cm-1 

(D-bands) and 1592 cm-1 (G-bands). To study changes of the rGO during the discharge and charge 

process the Raman spectra in the range between 800-2000 cm-1 were deconvoluted into four 

component bands (D1, D3, D4 and G) (Figure S8). ID3/IT values were calculated from the area 

ratio of D3 band and the total integral intensity of all four bands (IT). This ratio reflects the amount 

of fragments or functional groups in amorphous phases.62 ID3/IT values for both rGO and 

MnO2@rGO electrodes increase after discharge. This indicates an increase of fragments or 

functional groups in the amorphous phase, which is ascribed to the side reactions during battery 
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cycling with the electrolyte or the rGO itself. It can be seen that ID3/IT value of rGO electrode 

increases much more than that of the MnO2@rGO electrode, indicating more side reactions for the 

rGO electrode. After charge, the ID3/IT value of MnO2@rGO electrode decreases back to 0.12, 

which indicates an almost complete removal of side products from electrode surface. In contrast, 

the ID3/IT value of rGO electrode after charge (0.14) stays elevated compared to its initial value 

(0.11). This suggests an incomplete removal of side products in case of the rGO electrode, which 

will result in a gradual accumulation of side products on the oxygen electrode and early cell death.

4. CONCLUSION

An MnO2@rGO composite with a low amount of nano-sized MnO2 (9 wt%) uniformly deposited 

on the rGO surface has been synthesized and was investigated as oxygen electrode for Li-O2 

batteries. Though the amount of MnO2 is very low in the composite, the composite still possesses 

a high catalytic activity. Batteries catalyzed by MnO2@rGO delivered an initial discharge capacity 

of 5139 mAh g-1 and retained about 80% of their capacity (4262 mAh g-1) after 15 full discharge-

charge cycles at a current density of 100 mA g-1. Moreover, the charge voltage is reduced by 0.2 

V compared to pure rGO based battery. The remarkable improvement of the electrochemical 

performance is due to the unique structure of MnO2@rGO and the strong synergistic effect 

between the nanosized MnO2 particles and the rGO support. Firstly, the high rGO content assures 

a good electron conductivity, which facilitates electron transfer. Secondly, the 3D porous graphene 

frameworks made of multiple layers provides a matrix with high surface area for the deposition of 

discharge products. Thirdly, the porous structure also promises good transport properties for ionic 

and oxygen diffusion inside the electrode. Fourthly, the nano-sized MnO2 (smaller than 20 nm) 

improves the catalytic activity of the surface which leads to higher interfacial current densities and 
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shorter reaction times. Further, the surface transport of LixO2 species is enhanced by MnO2. Both 

aspects contribute to the formation of a thin film of uniformly distributed discharged products of 

small particle size, which can be easily decomposed during charge. Further, we found evidence 

for the reversible transition of manganese oxide into lithiated manganese oxide during discharge. 

This transition, which involves the incorporation of lithium and oxygen, seems to play an 

important role for the catalytic activity of MnO2 and hence the reduction of the electron transfer 

resistance of the OER.
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