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Gradient Mn-La-Pt Catalysts with 
Three-layered Structure for  
Li-O2 battery
Kedi Cai1, Rui Yang1, Xiaoshi Lang1, Qingguo Zhang1, Zhenhua Wang2 & Tieshi He3

Gradient Mn-La-Pt catalysts with three-layered structure of manganese dioxide (MnO2), lanthanum 
oxide (La2O3), and Platinum (Pt) for Li-O2 battery are prepared in this study. The mass ratio of the 
catalysts is respectively 5:2:3, 4:2:4, and 3:2:5 (MnO2: La2O3: Pt) which is start from the side of the 
electrolyte. The relationship between morphology structure and electrochemical performance of 
gradient catalyst is investigated by energy dispersive spectrometry and constant current charge/
discharge test. The Li-O2 battery based on gradient Mn-La-Pt catalysts shows high discharge specific 
capacity (2707 mAh g−1), specific energy density (8400 Wh kg−1) and long cycle life (56 cycles). The 
improvement of the Li-O2 battery discharge capacity is attributed to the gradient distribution of 
MnO2 and Pt and the involvement of La2O3 that can improve the energy density of the battery. More 
important, this work will also provide new ideas and methods for the research of other metal-air 
battery.

Li-O2 battery is a kind of metal–air battery that employs lithium as the anode electrode and oxygen in the air as 
the cathode electrode reactant. The Li-O2 battery has received worldwide attention because of its higher theoreti-
cal specific capacity for a rechargeable battery1–5. The advantage of the Li-O2 battery with existing battery technol-
ogy is the higher energy density of lithium metal (3860 mAh g−1), as a result of its electrochemical reaction with 
oxygen in the air6–8. The Li-O2 battery is consisted of three main parts which are lithium metal anode, electrolyte 
and porous carbon cathode.

In fact, the actual specific energy of the Li-O2 battery, which is far from the theoretical value, is restricted by 
many factors9–11. The cathode air electrode can greatly affect the many performance issues of entire battery, there-
fore, the study of the cycle ability and stability of Li-O2 battery is mainly focused on the research of cathode cat-
alysts12–16. To find an efficient cathode catalyst that can enhance the activity of oxygen reduction reaction (ORR) 
and oxygen evolution reaction (OER) is essential17–21. In the Li-O2 battery, the porous cathode electrode is utilized 
to store the solid products formed by the reactions of lithium ion and O2 during the discharge22–26. The catalyst 
can open the solid reactant, thereby promoting the discharge and cycle of the battery. Metal oxide catalyst plays 
a major role in discharge of battery, a noble metal catalyst at the time of charging shows good electrochemical 
activity27 and lanthanide catalyst can increase the voltage plateau of battery.

Up to now, a lot of work is focused on cathode structure and electrolyte material for Li-O2 battery. The catalyst 
is the key component of the battery, which have not been studied in detail. We proposed the gradient catalysts 
with three-layered structure of manganese dioxide (MnO2), lanthanum oxide (La2O3), and Platinum (Pt) for 
Li-O2 battery in this work. The influences of the novel catalyst on the performance of battery were also investi-
gated. The surface morphologies and structure of the electrodes were observed by scanning electron microscopy 
(SEM) and energy dispersive spectrometry (EDS). The mass transfer resistances and the charge and discharge 
performances of the battery were characterized by electrochemical impedance spectra (EIS) and constant current 
charge/discharge tests, respectively.

Results and Discussion
The characterization of catalysts.  Figure 1a–c show the XRD patterns of the three catalysts respectively. 
Compared with the standard cards, the diffraction peaks of the samples are in completely agreement with the 
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characteristic peak of the standard card, and three kinds of homemade catalysts are determined as manganese 
dioxide, lanthanum oxide and carbon supported platinum. The SEM image of the cathode electrode of the Li-O2 
battery with the gradient catalyst is shown in Fig. 1d. Figure 1d shows that the three catalysts are uniformly 
distributed to surface of this carbon paper. The rod-like structure is considered manganese dioxide (MnO2), the 
scale-like structure is regarded as lanthanum oxide (La2O3) and the granular structure is carbon supported plati-
num (Pt/C). This condition is in favor of ORR and OER.

Figure 2 shows the energy dispersive spectrometry (EDS) images of the gradient cathode material. A compre-
hensive analysis of the samples is carried out here. The three spectrograms of sample content represent morphol-
ogy of the first-layer, the second-layer and the third-layer catalyst layer, respectively. It can be seen from the three 
figures that the content of Mn is increased, but the content of Pt is reduced. In Fig. 2b, the La content is much less 
than the other two components of Mn and Pt. It indicates that the content of the three elements of each layer is 
approximately the same as the content of the prepared. So, the sprayed slurry is relatively uniform on the carbon 
paper.

The sectional scanning images of SEM are shown in Fig. 3. It can be clearly seen that the three layer structures 
of the cathode from the Fig. 3a. Figure 3b shows the peak intensities of the Mn, La and Pt three elements for the 
underlined part from left to right. The red line, green line and blue line represent Mn, Pt and La respectively 
which indicates the trend of peak intensities for three elements. Mn shows a downward trend in the whole trend 
of Mn and La appears trend of lower in both sides and higher in the middle, but there is no change in the trend of 
Pt. In the first-layer catalyst layer, peak intensity of Pt is reduced, and there is a possible reason that Pt is actually 
Pt/C and is close to the carbon paper. Owing to there is much interspace among the carbon paper. Pt is likely to 
enter the interspace of carbon paper, so the peak intensity of Pt is relatively low.

Electrochemical test of gradient Mn-La-Pt catalysts.  It can be seen the initial discharging curves 
of the Li-O2 batteries with gradient and conventional catalysts at 0.01 mA cm−2 and 25 °C from the Fig. 4a. The 
initial discharge time of the Li-O2 battery with the gradient Mn-La-Pt catalysts is 270.7 h (2707 mAh g−1) higher 
than 200.5 h (2005 mAh g−1) of the conventional catalyst. The constant current charge/discharge curves of the bat-
teries with gradient and conventional catalysts are shown in Fig. 4b,c at different cycle times. Long time work can 
be up to 56 cycles for the battery with gradient catalyst. Compared with traditional Li-O2 battery, the Li-O2 bat-
tery with a gradient catalyst exhibits a relatively excellent discharge performance because the gradient Mn-La-Pt 
catalyst is applied in the design of the Li-O2 battery. The mass ratio of the catalysts is 5:2:3 (MnO2: La2O3: Pt), 

Figure 1.  XRD patterns of catalysts: (a) MnO2, (b) La2O3, (c) Pt/C and (d) SEM image of the catalysts.
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4:2:4, and 3:2:5, which is start from the side of the electrolyte. In the gradient catalyst structure, MnO2 plays an 
important role in the discharge process and Pt/C has great effects on the charging process. The MnO2 shows good 
catalysis property for ORR, and Pt is a good catalyst for OER. La2O3 can improve the discharge plateau. In the 
discharge and charging processes, the Li-O2 battery using a gradient catalyst can effectively provide a special site 
for electrochemical reaction. MnO2, La2O3, and Pt/C distribute orderly on the catalyst layer of the cathode that is 
advantageous to cycle performance and long-time operation of Li-O2 battery.

AC impedance test is performed on the gradient catalyst and conventional catalyst at the voltage of 2.4 V and 
25 °C. Nyquist diagrams of the batteries can be seen from the Fig. 5, the high-frequency region is a half arc and 
the low-frequency region is almost a straight line. The internal resistance of the battery can be obtained from the 
intersection of high frequency on the real axis, and the mass transfer resistance of the batteries can be obtained 
from the low frequency region of the Nyquist diagram, with the increase of the high frequency radius, and the 
resistance of mass transfer increases. Figure 5 shows that the mass transfer resistance of porous cathode is lower 
than that of traditional cathode. The Li-O2 battery using the gradient catalyst is beneficial to the electrochemical 
reaction and the mass transfer of oxygen.

Power and energy density test of gradient Mn-La-Pt catalysts.  Figure 6a,b show the power and 
energy density curves of the Li-O2 batteries with gradient catalyst and conventional catalyst at different current 
densities at 25 °C. As shown in the Fig. 6a, the power density increases with the increase of the current density, 
and the power density of the gradient catalyst is slightly higher than that of the traditional catalyst. These results 
show that the discharge platform of assembled battery is stable and the structure of the cathode has a little influ-
ence on the Li-O2 battery power density. Figure 6b shows the curve graph of the energy density changes with the 
current density in the batteries. The two curves are undulating at 0.01–0.1 mA cm−2 and the curves decrease with 
current density at 0.1–0.5 mA cm−2. The phenomenon is attributed to the high severity of electrode polarization 
at a high current density. Results show that the energy density of Li-O2 battery with a three-layered composite 
gradient catalyst as the cathode was 8400 Wh kg−1, and the battery with a conventional catalyst is 6300 Wh kg−1. 
La2O3 can improve the discharge plateau. The gradient catalyst exhibits better specific energy than the conven-
tional catalyst at different current densities that due to the involvement of La2O3 improve the energy density of 
the battery.

Figure 2.  EDS surface scanning images of first-layer catalyst layer (a), second-layer catalyst layer (b) and third-
layer catalyst layer (c).
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Conclusions
A three-layered composite gradient catalyst as a cathode catalyst for a Li-O2 battery was successfully synthesized 
in this study. It allows the large capacity of the rechargeable Li-O2 battery and is high to 2707 mAh g−1 at the ini-
tial discharge. The improvement of the Li-O2 battery discharge capacity is attributed to the gradient distribution 
of MnO2 and Pt and the involvement of La2O3 can improve the energy density of the battery. Long-term work 
can be up to 56 cycles. Compared with the traditional Li-O2 battery, this battery showed higher capacity and 
recharge ability. MnO2, La2O3, and Pt/C distribute orderly on the catalyst layer of the cathode and can be utilized 
to improve discharge capacity effectively and extend the cycle life of Li-O2 battery.

Experimental Section
Preparation of catalysts and cathode. 

(I)		  MnO2 was prepared through the following process: 2.5 g of MnSO4·H2O (Sinopharm Chemical Reagent Co., 
Ltd.) and 1.5 g of KMnO4 (Sinopharm Chemical Reagent Co., Ltd.) were added to 20 mL deionized water to 
fully dissolve. Firstly, 100 mL deionized water was added to a three-neck flask, and the oil bath was heated to 95 
°C. Secondly, the two kinds of solutions were slowly added to the three-neck flask from the two sides and stirred 
constantly. After adding the two kinds of solution, both sides of the flask were blocked with a ground glass 
stopper, heated to 95 °C, and continued for 18 h under this temperature until a brown suspension was obtained. 
Thirdly, the suspension was cooled at room temperature, and static precipitation was allowed to occur for 1 h. 
The samples were oscillated for 10 min under ultrasonic wave to make the precipitation disperse evenly and 
for filtration to occur. Water was then added, and several times of dispersion and filtration were implemented. 
Finally, the resulting catalyst was dried for 12 h at 80 °C in a vacuum. The MnO2 catalyst was obtained.

(II)		 The detailed La2O3 preparation process was as follows. A total of 2.6 g of lanthanum nitrate (Sinopharm 
Chemical Reagent Co., Ltd.) and 1.4 g of citric acid (Sinopharm Chemical Reagent Co., Ltd.) were dissolved 
in 5 mL deionized water. The two kinds of solutions were added to a third beaker slowly at the same time. 
Then, the 5 mL deionized water was added. Until the pH of the mixed solution was 2.0, the mixed solution 
was placed in a furnace. The resulting catalyst was calcinated for 1.5 h at 700 °C in a muffle furnace. The 
La2O3 catalyst was then obtained.

Figure 3.  Sectional scanning images of SEM (a) and EDS (b).
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(III)	The Pt/C catalyst was prepared by impregnation reduction method. Here, the catalyst precursor was hexa-
chloroplatinic acid (H2PtCl6) (Shanghai Aladdin Reagent Co., Ltd.) and reducing agent was formaldehyde 

Figure 4.  Initial discharging curves of Li-O2 batteries with gradient and conventional catalysts at 0.01 mA 
cm-2 and 25 °C (a), constant current charge/discharge curves of Li-O2 batteries with gradient catalyst (b) and 
constant current charge/discharge curves of Li-O2 batteries with conventional catalyst (c) at different cycle 
times.

Figure 5.  EIS of the gradient and traditional catalysts at a cell voltage of 2.4 V and temperature of 25 °C. 



www.nature.com/scientificreports/

6Scientific Reports | 6:34950 | DOI: 10.1038/srep34950

(Shanghai Aladdin Reagent Co., Ltd.). The detailed steps of the preparation process were as follows28: firstly, 
the 30 ml of water and 30 ml of isopropanol (Shanghai Aladdin Reagent Co., Ltd.) were added to 50 mg Vul-
can XC-72 (Shanghai King Chemical Co., Ltd.), and the suspension was ultrasonically stirred for 1 h. Then, 
add H2PtCl6 to the suspension and stir ultrasonically for 2 h, the pH value of the suspension was adjusted 
to 12 by NaOH aqueous solution, then adding excessive formaldehyde to the suspension drop by drop. The 
mixture was sonicated for 20 min and then heated to 80 °C, it was agitated continuously for 3 h under this 
temperature. At last, the prepared catalyst was washed by ultra pure water until the chloride ion was not 
detected. The Pt/C catalyst was dried at 110 °C for 24 h in a vacuum drying oven. The Pt/C catalyst of 40 wt. 
% was obtained.

The oxygen electrode consists of a gas diffusion layer and three layer catalysts in this article. The preparation 
process of gas diffusion layer was as follows: The carbon paper (Shanghai River Electric Co., Ltd.) was soaked in 
Polytetrafluoroethylene emulsion (PTFE) (5 wt. %, DuPont Corporation) for 20 min and allowed to dry natu-
rally. Afterward, carbon paper was dried at 350 °C. The preparation of the catalyst layer was as follows: The three 
kinds of the homemade catalysts, the super P conductive black and PTFE binder were made into the uniformly 
slurry and then spray to the gas diffusion layer, and the mass ratio of Super P/catalysts/binder was 70/20/10. The 
all operation steps were carried out at 100 °C and with the 2 atm. The prepared oxygen electrode was placed in a 
vacuum drying oven for 24 h. The carbon loading of oxygen electrode was 1.0 mg cm−2.

The catalyst ratio of the three layer catalysts is different during the preparation of the electrode. The mass ratio 
of the catalyst near the electrolyte side was 5:2:3 (MnO2: La2O3: Pt/C), that of the catalyst near the cathode side 
was 3:2:5, and between the two layers was 4:2:4. The ratio of the carbon loading of the three layer catalysts was 
2:1:2.

Fabrication of battery with gradient Mn-La-Pt catalysts.  Lithium sheet (16 mm diameter, 0.2 mm 
thick) was used as anode electrode of Li-O2 battery (Tianjin Lithium Industry Co., Ltd.). The oxygen electrode 
was cut into a circle with a diameter of 10 mm as cathode electrode. The electrolyte (2 mol L−1) was consisted of 
commercial electrolyte and lithium tetrafluoroborate (the molar ratio of 1:3). The polypropylene microporous 
membrane was cut into circles with a diameter of 16 mm as separators. The conventional catalyst that mentioned 
in the text was composed of MnO2 and Pt/C.

The structure of the battery was shown in Fig. 7. The assembly process of the battery was carried out in a glove 
box filled with argon atmosphere. The stainless steel on the bottom of the fixture was just as the current collector 
of the negative electrode, the foam nickel was used as the current collector of the positive electrode. The main 
function of the diaphragms is to isolate the positive and negative electrode. The effect of the stainless steel spring 
is to ensure better contact between the internal and external circuits. The battery was allowed to stand for 1 h 
before testing.

Figure 6.  (a) Power density curves of Li-O2 batteries with gradient and conventional catalysts at 25 °C and  
(b) Energy density curves of Li-O2 batteries with gradient and conventional catalysts at 25 °C.
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Physical characterization of catalysts and cathode.  Scanning electron microscopy (SEM) is used to 
scan the sample surface by clustered electron beam, which uses the interaction between the electron and the sam-
ple, collects the secondary electrons and the scattered electron from the surface of the sample, and converts it to 
the electrical signal, finally displays the image that is synchronized with the emission electron beam. The physical 
and chemical information can be directly observed on the surface of the sample by SEM, such as morphology, 
composition, crystal structure and so on. The SEM (Hitachi S-4800) was used to observe the surface morphology 
of the electrode in this paper. Energy dispersive spectrometry (EDS) can be analyzed for the types and content of 
elements, because each element has a specific X-ray characteristic wavelength, which is determined by the char-
acteristic energy released during the energy level transition.

X-ray powder diffraction (XRD) is a kind of research method, which is through X-ray diffraction of materials, 
analysis of the diffraction pattern, and to obtain information about the composition of the materials, the structure 
or form of internal atoms or molecules. The used instrument was Rigaku Ultima IV (Japan) in this paper.

Electrochemical measurements of Li-O2 battery.  AC impedance test of the Li-O2 battery was meas-
ured at the voltage of 2.4 V for 25 °C by electrochemical analyzer (CHI 660E) which frequency range from 
100 kHz to 0.1 Hz. alternating voltage amplitude of AC impedance test was 5 mV. It can be roughly divided into 
high frequency and low frequency regions.

The Li-O2 battery was tested in the voltage range of 2 V to 4.5 V by the NEWARE cycler (Shenzhen Neware 
Electronic Co. Ltd.) at different current densities. All processes of the assembly battery were carried on a glove 
box with dry and pure oxygen at the constant current density of 0.01 mA cm−2 (0.025, 0.05, 0.075, 0.1, 0.25, and 
0.5 mA cm−2).

References
1.	 Abraham, K. M. & Jiang, Z. A. A polymer electrolyte-based rechargeable lithium/ oxygen battery. J. Electrochem. Soc. 143(1), 1–5, 

doi: 10.1149/1.1836378 (1996).
2.	 Bruce, P. G., Freunberger, S. A., Hardwick, L. J. & Tarascon, J. M. Nat. Mater 11, 19–29, doi: 10.1038/nmat3191 (2012).
3.	 Zhang, T., Imanishi, N., Takeda, Y. & Yamamoto, O. Aqueous Lithium/Air Rechargeable Batteries. Chem. Lett. 40, 668–673,  

doi: http://doi.org/10.1246/cl.2011.668 (2011).
4.	 Wei, Z. H., Zhao, T. S., Zhu, X. B. & Tan, P. MnO2-x nanosheets on stainless steel felt as a carbon- and binder-free cathode for non-

aqueous lithium-oxygen batteries. J. Power Sources 306, 724–732. doi: 10.1016/j.jpowsour.2015.12.095 (2016).
5.	 Chen, Z. et al. Hierarchical Porous LiNi1/3Co1/3Mn1/3O2 Nano-/Micro Spherical Cathode Material: Minimized Cation Mixing and 

Improved Li+ Mobility for Enhanced Electrochemical Performance. Sci. Rep. 6, 25771, doi: 10.1038/srep25771 (2016).
6.	 Cai, K. D. et al. Investigation of ionic liquid composite electrolyte for lithium–oxygen battery. Int. J. Hydrogen Energy. 38, 

11023–11027. doi: 10.1016/j.ijhydene.2012.12.051 (2013).

Figure 7.  Structure diagram of the Li-O2 battery. 



www.nature.com/scientificreports/

8Scientific Reports | 6:34950 | DOI: 10.1038/srep34950

7.	 Liu, Z., Xu, J., Chen, D. & Shen, G. Z. Flexible electronics based on inorganic nanowires. Chem. Soc. Rev. 44, 161–192. doi: 10.1039/
C4CS00116H (2015).

8.	 Chen, K. et al. Evaluation of the low temperature performance of lithium manganese oxide/lithium titanate lithium- ion batteries for 
start/stop applications. J. Power Sources 278, 411–419. doi: 10.1016/j.jpowsour.2014.12.051 (2015).

9.	 Zheng, J. P., Liang, R. Y., Hendrickson, M. & Plichta, E. J. Theoretical Energy Density of Li–Air Batteries. J. Electrochem. Soc. 155, 
A432–A437. doi: 10.1149/1.2901961 (2008).

10.	 Kalubarme, R. S., Jadhav, H. S., Ngo, D. G. & Park, G. E. Simple synthesis of highly catalytic carbon-free MnCo2O4@Ni as an oxygen 
electrode for rechargeable Li–O2 batteries with long-term stability. Sci. Rep. 5, 13266 doi: 10.1038/srep13266 (2015).

11.	 Duan, D. H. et al. Oxygen reduction reaction of different electrodes in dimethyl sulfoxide solvent for Li-air batteries. Int. J. Hydrogen 
Energy. 40, 10847–10855. doi: 10.1016/j.ijhydene.2015.07.014 (2015).

12.	 Wang, J. J., Li, Y. L. & Sun, X. L. Challenges and opportunities of nanostructured materials for aprotic rechargeable lithium–air 
batteries. Nano Energy 2, 443–467. doi: 10.1016/j.nanoen.2012.11.014 (2013).

13.	 Devaraju, M. K. et al. Synthesis, characterization and observation of antisite defects in LiNiPO4 nanomaterials. Sci. Rep. 5, 11041, 
doi: 10.1038/srep11041 (2015).

14.	 Lao, M. et al. Advanced electrochemical performance of Li1.95Al0.05Na2Ti6O14 anode material for lithium ion batteries. Electrochim. 
Acta 176, 694–704, doi: 10.1016/j.electacta.2015.07.082 (2015).

15.	 Yu, R., Fan, W., Guo, X. & Dong, S. Highly ordered and ultra-long carbon nanotube arrays as air cathodes for high-energy-efficiency 
Li-oxygen batteries. J. Power Sources 306, 402–407, doi: 10.1016/j.jpowsour.2015.12.042 (2016).

16.	 Shitta-Bey, G. O., Mirzaeian, M. & Hall, P. J. The Electrochemical Performance of Phenol-Formaldehyde Based Activated Carbon 
Electrodes for Lithium/Oxygen Batteries. J. Electrochem. Soc. 159, A315–A320, doi: 10.1149/2.089203jes (2012).

17.	 Nadège, B. M. et al. A structured three-dimensional polymer electrolyte with enlarged active reaction zone for Li–O2 batteries. Sci. 
Rep. 4, 7127, doi: 10.1038/srep07127 (2014).

18.	 Chen, Y. et al. Atomic layer deposition assisted Pt-SnO2 hybrid catalysts on nitrogen-doped CNTs with enhanced electrocatalytic 
activities for low temperature fuel cells. Int. J. Hydrogen Energy. 36, 11085–11092, doi: 10.1016/j.ijhydene.2011.05.156 (2011).

19.	 Wang, J. J. et al. A novel Pt/Au/C cathode catalyst for direct methanol fuel cells with simultaneous methanol tolerance and oxygen 
promotion. Electrochem. Commun. 10, 831–834, doi: 10.1016/j.elecom.2008.03.009 (2008).

20.	 Wang, J. et al. Carbon nanotubes supported Pt-Au catalysts for methanol-tolerant oxygen reduction reaction: A comparison 
between Pt/Au and PtAu nanoparticles. J. Power Sources 194, 668–673, doi: 10.1016/j.jpowsour.2009.06.040 (2009).

21.	 Wang, J. J. & Sun, X. L. Olivine LiFePO4: the remaining challenges for future energy storage. Energy Environ. Sci. 8, 1110–1138,  
doi: 10.1039/C4EE04016C (2015).

22.	 Zhang, Z. et al. Increased Stability Toward Oxygen Reduction Products for Lithium-Air Batteries with Oligoether-Functionalized 
Silane Electrolytes. J. Phys. Chem. C 115, 25535–25542, doi: 10.1021/jp2087412 (2011).

23.	 Dathar, G. K., Shelton, W. A. & Xu, Y. Trends in the Catalytic Activity of Transition Metals for the Oxygen Reduction Reaction by 
Lithium. J. Phys. Chem. Lett. 3, 891–895, doi: 10.1021/jz300142y (2012).

24.	 Younesi, S. R. et al. Influence of the cathode porosity on the discharge performance of the lithium–oxygen battery. J. Power Sources 
196, 9835–9838, doi: 10.1016/j.jpowsour.2011.07.062 (2011).

25.	 Zhao, G., Zhang, L., Wang, B. & Sun, K. Cuprous oxide as Cathode Catalysts of Lithium Oxygen Batteries. Electrochim. Acta 184, 
117–123, doi: 10.1016/j.electactai. 2015.10.059 (2015).

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

27.	 Lu, Y. C. et al. Platinum-gold nanoparticles: a highly active bifunctional electrocatalyst for rechargeable lithium-air batteries. J. Am. 
Chem. Soc. 132, 1270–1271 (2010).

28.	 Wang, Z. B., Yin, G. P. & Shi, P. F. Effects of ozone treatment of carbon support on Pt–Ru/C catalysts performance for direct 
methanol fuel cell. Carbon 44, 133–140, doi: 10.1016/j.carbon.2005.06.043 (2006).

Acknowledgements
This work was supported by the Natural Science Foundation of China (No. 21206083, and 21373002), the Open 
Foundation of Beijing Key Laboratory for Chemical Power Source and Green Catalysis (No. 2016CX02033), and 
the Excellent Talents of Liaoning Province of China (No. LR2014033).

Author Contributions
K.C. conceived and designed this work, R.Y. assisted the experiments. Q.Z. did the XRD refinement, Z.W. 
discussed the cycling performance. X.L. wrote the manuscript. T.H. supervised this study. All authors discussed 
the results on the manuscript and reviewed the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Cai, K. et al. Gradient Mn-La-Pt Catalysts with Three-layered Structure for Li-O2 
battery. Sci. Rep. 6, 34950; doi: 10.1038/srep34950 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2016

http://creativecommons.org/licenses/by/4.0/

	Gradient Mn-La-Pt Catalysts with Three-layered Structure for Li-O2 battery

	Results and Discussion

	The characterization of catalysts. 
	Electrochemical test of gradient Mn-La-Pt catalysts. 
	Power and energy density test of gradient Mn-La-Pt catalysts. 

	Conclusions

	Experimental Section

	Preparation of catalysts and cathode. 
	Fabrication of battery with gradient Mn-La-Pt catalysts. 
	Physical characterization of catalysts and cathode. 
	Electrochemical measurements of Li-O2 battery. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ XRD patterns of catalysts: (a) MnO2, (b) La2O3, (c) Pt/C and (d) SEM image of the catalysts.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ EDS surface scanning images of first-layer catalyst layer (a), second-layer catalyst layer (b) and third-layer catalyst layer (c).
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Sectional scanning images of SEM (a) and EDS (b).
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Initial discharging curves of Li-O2 batteries with gradient and conventional catalysts at 0.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ EIS of the gradient and traditional catalysts at a cell voltage of 2.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ (a) Power density curves of Li-O2 batteries with gradient and conventional catalysts at 25 °C and (b) Energy density curves of Li-O2 batteries with gradient and conventional catalysts at 25 °C.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Structure diagram of the Li-O2 battery.



 
    
       
          application/pdf
          
             
                Gradient Mn-La-Pt Catalysts with Three-layered Structure for Li-O2 battery
            
         
          
             
                srep ,  (2016). doi:10.1038/srep34950
            
         
          
             
                Kedi Cai
                Rui Yang
                Xiaoshi Lang
                Qingguo Zhang
                Zhenhua Wang
                Tieshi He
            
         
          doi:10.1038/srep34950
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep34950
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep34950
            
         
      
       
          
          
          
             
                doi:10.1038/srep34950
            
         
          
             
                srep ,  (2016). doi:10.1038/srep34950
            
         
          
          
      
       
       
          True
      
   




