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Abstract:- Rechargeable zinc-air battery showslow cost, 

high safety and high theoretical power/energydensity, 

which is one of the most promising energy technologies 

for future energy storage and power battery. 

Nevertheless, the energy efficiency is greatly limited by 

the slow kinetics of oxygen reduction reaction/oxygen 

evolution reaction (ORR/OER) on the cathode. In this 

work, different morphological MnO2catalysts with high 

surface areas were synthesized by mild hydrothermal-

calcined processes.Their morphology, crystal structure 

and specific surface areawere obtained and 

furtheranalyzed by SEM, XRD, nitrogen adsorption and 

desorptiontests. 
 

The results show that the MnO2 nanoparticles with 

50 nm exhibits higher catalytic activitiesthanother 

morphological MnO2 catalysts. In addition, the MnO2 

nanoparticleswith 50 nm shows higher power density 

(229 mW cm-2) and more stable charge-discharge 

performance with low voltage drop (0.82 V for 100 h) 

than that of noble metal catalyst (Pt/C+ RuO2). This 

work provides a new idea for the development and 

application of MnO2-based bifunctional catalysts. 
 

Keywords:- Morphology engineering, MnO2, bifunctional 
catalyst, zinc-air battery. 
 

I. INTRODUCTION 
 

Along with the increasing demand of renewable 

energy and the continuous development of clean energy 

technology, zinc-air battery is considered as an excellent 

energy storage and conversion device on account of its low 

cost, high power density and admirable stability1-2. The core 

challenge of zinc-air battery is to explore efficient 
bifunctional catalysts to overcome the slow kinetics of 

oxygen evolution reaction (OER) and oxygen reduction 

reaction (ORR). Noble metalbased catalysts such as Pt/C 

and RuO2 are commonly used commercial ORR and OER 

catalysts, respectively, and they displayed better catalytic 

performance than the pure metals and metal oxides3-

4.However, their scarcity and high pricemake the noble-

metal based catalysts be inapplicable in practical scale 

applications. Accordingly, it is necessary to develop low-

cost and efficient bifunctional catalysts, e.g. Mn-based 

catalysts,5-7 Fe-based catalysts,8-9Co-based catalysts,10and 
certainperovskite catalysts11-12 to replace the noble metal or 

their oxides based catalysts. 
 

In practical applications, as a commercial non-noble 

metal cathode active material, MnO2 is widely used in zinc-

air batteries because of its low cost, simple preparation, low 

toxicity, environmentally friendly, and considerable 
performanceto ORR and OERin the alkalineelectrolytes.13-

15In addition, the ultimate catalytic performance of MnO2 

have been considered to be affected by its intrinsic structure 

(e.g., crystalline phases, particle size, shape, and surface 

area, etc.). For example, the oxygen catalytic property of 

MnO2 has been revealed tofollow the 

orders:MnO2MnO2MnO2MnO2, 

MnO2amorphousMnO2MnO2MnO2 or 

MnO2amorphousMnO2MnO2MnO2.6, 16-

17According to the two sequences, fortunately,-

MnO2showed the highest oxygen catalytic activity of all the 

crystal structures, which should be attributed to its large 2*2 

tunnel structure.18Compared to other tunnel structures, the 

large 2*2 tunnel structure facilitate the active ion transfer 

within the lattice framework, thereby accelerating the ORR 

and OER rates. Besides, the surface of -MnO2 has been 

confirmed to be rich in hydroxyl groups and defects, which 

is conducive to improving the local environment for the key 

steps of the oxygen-catalyzed reaction (adsorption of 
oxygen molecules and breaking of oxygen double bonds).19-

20In addition to the crystal structure, the morphology of -

MnO2is also another key factor affecting its performance. 

According to literature, in terms of morphology, the 

sequence of its activity has been documented as follows: 

nanowires> nanotubes> nanoparticles. The structure and 

surface morphology of manganese dioxide have been 

studied a lot, and good progress has been made. However, 

for MnO2 with the same crystal structure (such as -MnO2), 

there is still no accepted rule on the relationship between the 

morphology (specific surface area) and catalytic 

performance. 
 

Herein,this work synthesized different morphological 

MnO2catalysts by changing the reducing agent, further 

obtained different particle size by controlling the reaction 

time, aims to demonstrate the relationship between the 

morphology (specific surface area) and catalytic 

performance of -MnO2. As expected, its sequence as 

follows: nanoparticles>nanospindle>nanoblock>micro-

sphere.For -MnO2nanoparticles, the larger the specific 

surface area, the higher the oxygen catalytic activity. The 

MnO2 nanoparticles with 50 nm exhibits lower overpotential 
of 0.825 V   than other morphological MnO2 catalysts, and 
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shows higher power density (229 mW cm-2) and longer 

charge-discharge durability (100 h) than that of noble metal 
catalyst (Pt/C+ RuO2). 

 

II. EXPERIMETAL SECTION 
 

A. Preparation of materials: 

 Synthesis of -MnO2 with different 

morphologies.0.79g potassium permanganate as raw 

materials and oxidants (purity >99.5%, Macklin 

Chemical Reagent Co., Ltd.) was weighed and dissolved 

in50 mL of deionized (D.I.) water. Then, 0.20 g citric 

acid(purity>99.5%, Macklin Chemical Reagent Co., 
Ltd.) was added into the above solution. The final 

solution was quickly transferred into a steel autoclave 

kept at 140 °C for 4 hours. As the temperature of the 

steel autoclave drops to room temperature, the precursor 

powder was obtained bycentrifugal washing with water 

and ethanol for 3 times respectively. The precursor 

sample was then dried in an oven at 60°C for 24 hours, 

then ground and calcined in a Muffle oven at 350° for 1 

hour. The and was annealed in a furnace at 350 °C for 1 

h. These final solid powder sample was collected and 

denoted as-MnO2-ca. In addition, under the condition of 

maintaining other reaction conditions, these powder 

samples with different morphologies can be obtained by 
replacing citric acid with glucose, urea and ethanol 

respectively, which further denoted as-MnO2-gl, -

MnO2-ur, and -MnO2-et, respectively. To further study 
the particle size, changing the hydrothermal reaction 

time of -MnO2-et were carried out. Specifically, the final 

solutions with ethanol were quickly transferred into a 

steel autoclave kept at 140 °C for 2 hours and 6 hours, 

respectively (denoted as-MnO2-et-2h andMnO2-et-4h). 
 

B. Materials characterizations: 

The microstructure of the samples was characterized by 
field emission scanning electron microscopy (FE-SEM, FEI 

Sirion 200). The specific surface area of the samples was 

determined by Autosorb-iQ automatic area and aperture 

analyzer. The crystal structure was determined by X-ray 

diffraction (XRD) (D/MAX-2550 PC). 
 

C. Electrochemical measurement: 

First, 4mg of the above samples and 1mg of carbon 
nanotubes were added to the mixed solution of 1ml ethanol 

and 16ml 5% Nafion, followed by ultrasound for 30min to 

prepare sample ink. The sample ink of 9.8l was dropped 

on the black glass carbon surface of the rotating disk 

electrode (RDE, area: 0.19625 cm-2) with pipettes and dried 

into a homogeneous catalytic film (the loadingof active 

materials: 200 g cm-2).The oxygen catalyticactivities of 

samples wereperformed by CHI760D electrochemical 

workstation in the conventional half-cell system. Thehalf-

cell system consists of counter electrode (Ptt mesh), 

reference electrode (saturated calomel electrode,SCE) and 

working electrode (rotating disk electrode, RDE).The ORR 

and OER performance wereevaluated by linear sweep 

voltammetry (LSV, scan rate of 5 mV s-1) at 1600 rpm in O2-

saturated 0.1 M KOH solution. All potentials of the obtained 
LSV curveswere converted to reversible hydrogen electrode 

(RHE)on the basis of the following equation: 
 

(1) 
 

Notably, the reference catalyst sample was a mixture 

of commercial Pt/C (20 wt%, Johnson Matthey) and RuO2 

(Xian Kaili Co., Ltd.). 
 

D. Rechargeable zinc-air batteries assembly: 

Similarly, 10mg of the above samples and 2mg of carbon 

nanotubes were added to the mixed solution of 9.9 ml 

ethanol and 100 l 5% Nafion, followed by ultrasound for 

30min to prepare sample slurry. The prepared slurry was 

sprayed on the surface of the gas diffusion layer (GDL) at 
70°C to obtain an air electrode. Then, the zinc sheet 

(thickness: 0.3mm, aera: 9 cm2)and the obtained air 

electrode (active aera: 4 cm2, loading:1 mgcm-2) are 

respectively placed in the home-made fixture to assemble 

the zinc air battery. 6 M KOH solution was used as the 

electrolyte. The discharging polarization curve of sample is 

obtained by LSV. The charge-discharge cycle performance 

of the battery is evaluated by constant current pulse (current 

density: 10 mA cm-2, individual cycle time: 10 mins). 

 

III. RESULT AND DISCUSSION 

 

Fig. 1: The XRD patterns ofMnO2-ca, -MnO2-gl,MnO2-ur and -MnO2-et 
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 Physical characterization.The crystal structure ofMnO2 

prepared using different reducing agents (-MnO2-ca, -

MnO2-gl, -MnO2-ur and -MnO2-et) was obtained by 

performing XRD. As shown in Fig. 1, the characteristic 

peaks of all samples are close and consistent with the 
standard cards (JCPDS 44e0141), means that all samples 

synthesized using different reducing agents are-

MnO2.The characteristic peaks of-MnO2-ca, -MnO2-

gl, -MnO2-ur and -MnO2-etat 12.8°, 18.1°, 25.7°, 

28.8°,36.7°, 39.1°41.2°, 41.9°, 46.1°, 47.3°, 49.9°, 52.9°, 
56.3° and 56.9° correspond to the(110), (200), (220), 

(310), (400), (211), (330), (420), (301), (321), (510), 

(411), (440), (600) and (431) planes of -MnO2.In 

addition, the morphology and structure of these samples 

were further obtained by SEM (Fig.2). As shown in Fig. 

2a, -MnO2-ca prepared with citric acid showed a unique 

arbutus-like spherical morphology, and the particle size 

was about 3-4m. Notably,the surface of -MnO2-ca, 

similar to arbutus, consists of a rich aggregation of 

nanorods.In addition, -MnO2-gl prepared with glucose 

showed two different morphologies: "spindle (1.5-2 m)" 

and "cube (1.5 m)".Both have relatively dense surfaces. 

While urea was used as the reducing agent, -MnO2-

urexhibits irregular morphology formed by the 

accumulation of massive block units with different 

nanometer sizes (50-100 nm). Similar to -MnO2-ur, -

MnO2-et also exhibits irregular morphology. However, 

the irregular morphology is caused by the aggregation of 
nanometer spherical particles. Interestingly, the spherical 

particles are all around 50 nanometers in size. 

 

Fig. 2: SEM images under different resolutions(a)-MnO2-ca, (b) -MnO2-gl, (c)-MnO2-ur and (d) -MnO2-et 

In general, the surface area of a catalyst is affected by its morphology. The specific surface area directly determines the 

exposure probability of the active site. To this end, the specific surface area was obtained by testing the nitrogen 

adsorption/desorption isotherm of the sample (Fig. 3). The Brunauer-Emmett-Teller (BET) specific surface areas of -MnO2-ca, -

MnO2-gl, -MnO2-ur and -MnO2-etare 15.1 m2 g-1, 32.4 m2 g-1, 37.2 m2 g-1, 45.3 m2 g-1, respectively. This phenomenon indicated 

that MnO2 prepared with ethanol as reducing agent (-MnO2-et) exhibited the highest specific surface area. In addition, the results 

correspond to the particle size of samples from SEM images. There is no doubt that the high specific surface of the catalyst can 

not only effectively provide abundant active sites, but also improve the mass transfer and accommodate more electrolyte to 

accelerate ion transfer, thus contributing to the improvement of ORR and OER activity. 

 

Fig. 3: N2adsorption/desorption isotherms and inset table: the corresponding surface areas of-MnO2-ca, -MnO2-gl, -MnO2-ur 

and -MnO2-et. 
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 Electrochemical performance. In order to evaluate their 

ORR/OER activity, LSV was performed in O2-saturated 
aqueous solution (0.1 M KOH). As shown in Fig. 4a, the 

half-wave potential (E1/2) of -MnO2-etis 0.836 V, which is 

more positive than -MnO2-ca (0.780 V), -MnO2-gl(0.712 

V) and -MnO2-ur (0.811), and which is close to 

Pt/C+RuO2 (0.864 V). It is worth noting that-MnO2-et 

has the highest limiting current  

 

Fig. 4: (a) ORR curves of-MnO2-ca, -MnO2-gl, -MnO2-ur, -MnO2-et, and Pt/C+RuO2, (b) OER curves of-MnO2-ca, -MnO2-gl, 

-MnO2-ur, -MnO2-et, and Pt/C+RuO2, (c) E of -MnO2-ca, -MnO2-gl, -MnO2-ur, -MnO2-et, and Pt/C+RuO2, and (d) ORR-

OER curves of -MnO2-et-2h and -MnO2-et-6h. 
 

density of 5.5 mA cm-2 among all tested samples, indicating 

that nanoparticle MnO2 has a faster mass transfer rate than 

other morphologies. In addition to ORR activity, OER 

activity is also a key index for performance evaluation of 

bifunctional catalysts.Similarly to ORR activity, -MnO2-et 

also exhibited the lowest overpotential at 10 mA cm-2 (400 

mV) and the highest current density of 37 mA cm-2 at 1.9 V 

at in all samples to be measured, including the precious 

metal catalyst (Fig. 4b).To facilitate the assessment of 

overall catalyst activity, the gap(E) between the E1/2 and 

E10 (potential at 10 mA cm-2) arecalculated (Fig. 4c). The 

smaller the gapvalue, the closer the sample is to the ideal 

bifunctional catalyst.By this index, theEof -MnO2-et is 

0.825 V, which is better than that of other morphologies of 

MnO2 (-MnO2-ca:0.899 V, -MnO2-gl: 0.966 V, and-MnO2-

ur: 0.869 V) and Pt/C+RuO2(0.825 V), demonstrating that 

nanoparticle -MnO2-et is apromising reversible oxygen 

electrode. Combined with SEM and specific surface area 

data, the oxygen catalytic property of MnO2is revealed to 

follow the sequence: -MnO2-et (nanospherical particle, 45.3 

m2 g-1) >-MnO2-ur (nano block, 37.2 m2 g-1) >-MnO2-ca 

(arbutus-likemicrosphere,15.1 m2 g-1) >-MnO2-gl (spindle 

andcube,32.4 m2 g-1). Paradoxically, the surface area of -

MnO2-glis higher than that of -MnO2-ca, but the oxygen 

catalytic activity of -MnO2-glis lower than that of -MnO2-

ca.The main reason for this seeming anomaly may 

betheunique arbutus-like spherical morphology of -MnO2-

ca.The loose surface structure is conducive to the adsorption 

and dissociation of oxygen /OH- ions. While-MnO2-

glshows a large specific surface area due to its small particle 

size, its dense surface inhibits the oxygen-catalyzed 

reaction. 
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Fig. 5: SEM images under different resolutions(a)-MnO2-et-2h and (b) -MnO2-et-6h 

In addition, the nanoparticle -MnO2-et shows better ORR and OER activities than-MnO2-et-2h and -MnO2-et-6h (Fig. 5d).The 

finding reveals that 1) the short preparation time makes it difficult to form the active site of catalyst, which directly affects the 

performance of catalyst (Fig. 5b); and 2)the agglomeration of nanoparticles caused by longer preparation time will reduce the 

bifunctional activity of catalysts (Fig. 5b). 
 

 Performance of Zn-air batteries. The practical battery 

performance is a key parameter for bifunctional catalysts. 

Thereby, we design a home-made rechargeable zinc-air 

battery fixture (rZAB) and its schematic diagram is 

displayed in Fig.6a.The power density and durability of a-

MnO2-et and Pt/C+RuO2 were obtained by rechargeable 
zinc air battery. As shown in Fig. 6b, the open-circuit 

voltage (OCV) of the a-MnO2-et-based zinc-air battery is 

1.54 V, which is higher than that of Pt/C+RuO2 (1.48 V). 

In addition, the working voltages at 100 mA cm-2 of a-

MnO2-et-based and Pt/C+RuO2-based zinc-air batteries are 

1.1 V and 0.8 V, respectively. Notably, the a-MnO2-et-

based zinc-air battery shows higher power density with 

229 mW cm-2 at 0.58 V than that of Pt/C+RuO2 (91 mW 

cm-2at 0.5 V) and some recently reported works.15, 21-23 To 

sum up, the above results with higher OCV, high power 

density and higher discharge voltages demonstrate that a-
MnO2-et possess excellent energy storage and release 

performance, showing great potential in primary zinc-air 

battery applications. 

In a practical rechargeable battery, the long cycling 

durability is desired to achieve long life and is very core 

indicators. Thus, the charge-discharge cycles stability test at 

a constant current density was carried out (Fig. 6c). As 

shown in Fig. 4c, the a-MnO2-et-based zinc-air battery shows 

initial discharging voltage of 1.30 V and charging voltage of 
2.10 V at a current density of 10 mA cm-2, with a small 

voltage gap of 0.8 V and a high voltage efficiency of 61.9%, 

which is superior to Pt/C+RuO2 (initial discharging voltage: 

1.05 V, charging voltage: 2.10 V, voltage gap: 0.8 V and 

voltage efficiency: 50.0% ). Notably, after 26 h cycling, the 

Pt/C+RuO2-based zinc-air battery shows an obvious voltage 

gap increase of 33.3%. In addition, the rising trend of 

voltage difference increases with the extension of stability 

test time. It wasn't until 60 hours later that the voltage 

difference peaked (~ 2 V). Fortunately, the a-MnO2-et-based 

zinc-air battery maintains a stable voltage drop of 0.82 V 

throughout the test (100hours), which directly indicating its 
good oxygen catalytic durability.  

Fig. 6: (a) schematic diagram of home-made zinc-air battery, (b) polarization curves and its corresponding power density curves of 
a-MnO2-et and Pt/C+RuO2, (c) charge-discharge curves at a current density of 10 mA cm-2 of a-MnO2-et and Pt/C+RuO2. 
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IV. CONCLUSIONS 
 

In summary, the different morphological MnO2catalysts 

with different specific surface areas were synthesized by 

mild hydrothermal-calcined processes-MnO2-ca,-

MnO2-gl, MnO2-ur and MnO2-etshowed a unique 

arbutus-like microsphere, "spindle" and "cube" structure, 

nano block, and nano spherical particle, respectively. In 

addition, The BET specific surface areas of MnO2-ca, 

MnO2-gl, MnO2-ur and -MnO2-etare 15.1 m2 g-1, 

32.4 m2 g-1, 37.2 m2 g-1, 45.3 m2 g-1,respectively. As 

expected, the oxygen catalytic property of MnO2is revealed 

to follow the order: MnO2-et>MnO2-ur>MnO2-

ca>MnO2-gl. Notably, MnO2-et showed good oxygen 

catalytic activity with low E of 0.825 V, high OCV of 1.54 

V, high power density of229 mW cm-2, and long-term 

discharge-charge cycle stability with low voltage gap of 0.8 

V for 100 hours.This work provides a new idea for 
preparing high performance and low cost bifunctional 

manganese based catalysts. 
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