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Abstract: Exploring effective oxygen reduction reaction (ORR) electrocatalysts is crucial for progress

in solid-state alkaline zinc-air batteries (ZAB). In this paper, silver-manganese dioxide-carbon

nanotubes (SMC) ternary composites, which function as Electrocatalyst for air Electrodes, was

produced via the pyrolysis of silver permanganate under microwave irradiation in one step. A

scanning electron microscope (SEM), X-ray diffraction (XRD), and an energy dispersion spectrometer

(EDS) have consistently determined that SMC consists of silver and alpha-manganese dioxide, which

anchored on the surface of CNTs. Through polarization and chronoamperometery curves, the

electrocatalytic activity of SMC for ORR was examined. The results reveal that SMC has higher

catalytic activity than the chemically produced electrocatalyst for ORR in alkaline condition. Finally, a

solid-state zinc-air cell with an electrocatalyst was constructed and tested. Constant current discharge

curve of the zinc-air cell with SMC has a long discharge voltage plateau and a 60.03 mAh capacity at

30 mA·cm−2. The mechanism of improvement in electrocatalytic activity was also discussed. In a

summary, the strategy described in this study and the electrocatalyst produced can be regarded as an

effective method for making a robust oxygen reduction catalyst toward solid-state zinc-air batteries.

Keywords: electrocatalyst; oxygen reduction reaction; air electrode; electrocatalytic activity;

solid-state zinc-air battery

1. Introduction

Alkaline zinc-air battery (ZAB) is one of the latest technology in the battery field, and is known as

"green energy for the 21st century". Generally, the energy of a battery is stored in its two electrode

materials, while ZABs are different. Only the anode, namely the zinc electrode, stores energy. The air

electrode is a tool for energy conversion; its active material comes from the surrounding air. From

energy storage and conversion point of view, therefore, ZAB is both an energy storage tool and a fuel

cell. Based on these characteristics, it has advantages of a high specific energy (theoretical specific

energy of 1350 Wh·kg−1[1–3]), stable working voltage, cheap raw materials and environmentally

friendliness. However, due to the low discharge current of ZAB and the expensive precious metals

catalyst, its market and application range are limited. In light of the aforementioned issues, substantial

research on electrocatalysts for ORR has been conducted[4–6]. There are roughly the following

categories: (i) Carbon was first used as an electrocatalyst for ORR, but its catalytic activity was quite

low[7,8]. (ii) So far, precious platinum is the most studied electrocatalyst with the best catalytic activity

and stability. However, its expensive makes it difficult to achieve large-scale application[8,9]. (iii)

Pt-free transition metal chelate, unprecise metal oxides and metal alloys as air electrode catalysts[10–12],

among which silver and manganese oxide are the most studied[13,14].

As to the reason of low discharge current of ZAB, Yeager et al[15] proposed that the discharge

intermediate product of harmful HO2
− primarily causes the high polarization of air electrode except

other resistances. One method for reducing the polarization of the air electrode is to use a variety
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of carbon compounds as the catalyst support. Carbon nanotubes (CNTs) have shown remarkable

structural, mechanical, and electrical properties, making them suitable for use in field emitters,

nanoelectronic devices, nanotube-reinforced materials, and SPE probe tips[16,17]. CNTs, in particular,

are being considered as potential supports for heterogeneous catalysts[18]. Another approach is

to choose multifunctional catalysts such as metal silver, manganese dioxide, and various metal

alloys[19–22].

The traditional method for synthesizing catalysts is chemical reducing, which has numerous

drawbacks such as long reaction times, low output, and so on. In the synthesis of inorganic materials,

microwave procedures are for the most part known to be quicker and more straightforward than regular

strategies[23]. Heat is generated internally rather than from external sources during microwave heating,

resulting in nearly 100% conversion of electromagnetic energy to heat. Energy is rapidly adapted

and used in the interaction of microwaves with matter. Other benefits include reduced waitting time,

energy savings, faster heating rates, improved mechanical properties, and environmental friendliness.

It is expected that the use of microwave heating will enable a novel method of preparing electrocatalyst

for air electrodes.

In this study, silver permanganate, a precursor for the catalyst, was heated using microwave

irradiation to create dual-functional catalysts that combine silver and manganese dioxide. Silver

permanganate is easily decomposited, and the products may be uniformly deposited onto CNTs. The

fine silver particles and manganese dioxide formed when silver permanganate is heated can both be

simultaneously deposited on CNTs. Through electrochemical testing in an alkaline environment, the

catalytic activity of the air electrodes using dual-functional silver-manganese dioxide anchored on

CNTs was examined.

2. Results and Discussion

2.1. Morphology and composition analysis

SEM analysis of the morphology of the as-prepared m-SMC is shown in Figure 1. The CNTs have

an extremely lengthy and present a profoundly ensnared network structure displayed in Figure 1(a).

The catalyst m-SMC SEM micrograph revealed a well-defined, nanoscale cuboidal-shaped particles.

From Figure 1(b), we can see that catalyst powders, i.e., silver and manganese dioxide particles are

difficult to distinguish. And m-SMC powders are more supported uniformly on the CNTs network. So,

we can enunciate that the m-SMC displays an interwoven fibrous structure. The uniform dispersion

and interwoven structure can offer a closely contact between catalyst powers and CNTs, which are

beneficial for particle-to-particle electronic interaction between silver and manganese dioxide via

CNTs[24]. For air electrode, such this catalyst structure will enable closely contact between oxygen,

catalyst powders and electrolyte three-phrase interface. And the gas oxygen entered in air electrode

can be electrochemically reduction smoothly.

To investigate the composition of m-SMC catalyst, EDS analysis were carried out. One can see that

the Mn, O, Ag and C peaks are observed in the EDX spectrum of the m-SMC composite, confirming

the presence of silver, manganese dioxide and CNTs. The peak around 2.97 keV shows the presence of

silver. As illustrated in Figure 2, carbon, oxygen, silver, and manganese were all detected. Their atom

concentrations in m-SMC are also shown in the figure.
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Figure 1. Typical SEM images of the CNTs (a), m-SMC (b), and TEM image of m-SMC (c).

Figure 2. Energy dispersion spectrometer (EDS) analysis of m-SMC catalyst.

The crystalline nature and phase characteristics of m-SMC was studied by using XRD in a 2-theta

range of 10◦- 80◦ at 0.02 ◦/s scan rate. Figure 3 shows the diffraction pattern of m-SMC. Peaks at

2-theta of 38.11◦, 44.29◦, 64.44◦, 77.39◦, corresponding to the (1 1 1), (2 0 0), (2 2 0), (3 1 1) crystalline

planes of silver, respectively. Peaks at 2-theta of 28.84◦, 36.69◦, 41.97◦, 49.86◦, 60.27◦, 65.10◦, 71.19◦,

78.58◦, corresponding to the (3 1 0), (4 0 0), (3 0 1), (4 1 1), (5 2 1), (0 0 2), (2 2 2), (3 3 2) crystalline planes

of alpha manganese dioxide. As a result, the majority of diffraction peaks coincide with the standard

values of tetragonal-MnO2 (JCPDS 44-0141) and space group 14/m 87[25]. The strong intensity of

peaks locating at 2-thata of 77.39◦ and 64.44◦ attribute to overlying of two peaks (one is [3 3 2] of

α-MnO2; another is [3 1 1] of silver). Average crystallite size of m-SMC was calculated via Scherer

method (eq.3).

D =
Kλ

β cos θ
(1)
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where D, K and λ, θ, β were average crystallite size, full width half maximum, and wavelength,

scattering angle, shape factor with value of 0.9, respectively. The average crystallite size of m-SMC

was 3.49 nm.

Figure 3. XRD pattern of m-SMC catalyst.

2.2. Polarization characteristics of the air electrode

During oxygen reduction at m-SMC catalyzed air electrode, the roles of silver and manganese

dioxide are different. Silver facilitates the direct reduction of O2 to 4OH−[26–28], and also the HO2
−

anion disproportionation[29], while manganese dioxide can’t take part in the 4e− reduction of O2 to

4OH−[30], this 4e− reduction process can be expressed by equation (4).

O2 + 2H2O + 4e− → 4OH− (2)

In this 4e− process, those oxygen atoms that are not reduced to OH− may be reduced to peroxide

(HO2
−) in a two electron, the reaction can be described as:

O2 + H2O + 2e− → HO−

2 + OH− (3)

HO−

2 → O2 + 2OH− (4)

In contrast to the 4e− reduction process(equation (4)), the two-electron reduction path (equation (5))

involves peroxide species. Due to its high oxidizability, the peroxide buildup poisons the catalysts

or carbon support materials as well as reduces ORR catalysis efficiency[26,31,32]. Peroxide HO2
− is

very poisonous to air electrode, so it is greatly imperative to eliminate peroxide. Recently, Y.L. Cao,

et al[33] proposed a mechanism of oxygen reduction at MnO2-catalyzed air electrode, according to

the mechanism, those oxygen atoms that are not reduced to OH− might be reduced through chemical
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oxidation of the surface Mn3+ ions created by the discharge of MnO2, consequently, the production of

peroxide might be restrained. α-MnO2 generally shows the better ORR performance because of its

large tunnel structure, which makes ion move easy in the lattice framework[34,35]. The mechanism is

described as follows:

MnO2 + H2O + e− ↔ MnOOH + OH− (5)

2MnOOH + O2 ↔ 2(MnOOH · O−) (6)

MnOOH · O−
↔ MnO2 + OH− (7)

Based on the above-mentioned ORR mechanism analysis, the final catalytic effectiveness of MnO2

equals to 4e− reduction reaction of oxygen (equation 4). Therefore, silver and manganese dioxide

included in the m-SMC have synergistic catalytic activity in the same direction[32], i.e., m-SMC posses

a dual function toward ORR.

Figure 4 shows the liner voltammograms recorded at an air electrode with m-SMC. As an

examination, the cv curve of the air electrode with c-SMC is likewise given in the figure. The cathodic

currents for the air electrodes begin to emerge around -0.005 V, however, as the potential becomes more

negative, the cathodic current for the m-SMC electrode increases rapidly, whereas the cathodic current

for the c-SMC catalyzed air electrode increases very slowly. Clearly, the m-SMC has higher cathodic

current than that of c-SMC, showing an improved electrocatalytic activity of m-SMC for ORR. The

distinction in polarization feature of the two cathodes with catalysts made by different strategies ought

to emerge from the level of scattering of catalysts particles. Under microwave irradiation, catalyst

particles scattered consistently onto CNTs, which prompts more opportunity to intently each other

between catalyst powders and oxygen molecules, while oxygen reduction happens effectively and

quickly.

Figure 4. Linear voltammograms of air electrodes with the catalysts, m-SMC (a), c-SMC (b)

2.3. Chronoamperometry measurements

Figure 5 shows the chronnamperometries for air electrodes with SMC catalyst. The

chronoamperometery method involves applying a potential jump on the electrode from rest potential

to a negative potential and recording the current transient. The figure demonstrates that the two air

electrodes’ cathodic currents at a potential of 0.3 V all decrease sharply within 0.1 s before stabilizing.

Notwithstanding, the values of cathodic current are very unique. The cathodic current of the air

electrode with m-SMC is 0.1 A higher than that of the air electrode with c-SMC. This result further

confirmed the m-SMC catalyst made by microwave irradiation having a good catalytic activity.
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Figure 5. Chronnamperogram curves of air electrodes with the catalysts, m-SMC (a), c-SMC (b)

2.4. Electrochemical impedance spectroscopy (EIS) study

Typical electrochemical impedance spectrum of zinc-air cells with catalysts are shown in Figure 6,

in which Nyquist and Bode plot (insert) are also presented. The axis of x and y address the real part (Z’)

and the imaginary part of the impedance (Z"). By and large, the impedance spectrum are depressed

semicircles in the complex plane and they do not show the “semicircle focused on the real axis”

highlight that is commonly seen in systems that can be represented by a simple resistance-capacitance

(RQ) equivalent circuit. The origin of this deviation can be ascribed to the presence of inhomogeneous

and porosity upon the electrode surface, which gives rise to a frequency-dependent penetration depth

for the ac wave. At a high frequency region (f > 1 kHz), besides induction, the Nyquist plot is

composed of a small depressed semicircle and Bode plot has a wave peak indicating the presence

of reactance, which is generated by the ohm polarization of the air electrode; at the intermediate

frequency region (10 Hz < f <1 kHz), the semicircle is caused by the electrochemical polarization of

the air electrode; at low frequency (f <10 Hz), the plot has a tendency to change to a straight line with

an angle of 45o, which is a characteristic of the semi-finite diffusion (Warburg impedance Zw). The

electrolyte resistance is determined by the point of intersection of the high-frequency semicircle with

the real axis[36,37].

In Figure 6, the equivalent circuit represents the structure of the measured system and some

actually kinetic parameters, in which, L is the inductance, R1 is the electrolyte resistance between the

electrode surface and the reference electrode, R2 is the surface contact resistance between the electrode

and electrolyte addition to the ohm resistance of the air electrode, CPE1 and CPE2 represent constant

phase elements (CPE) caused by electrode roughness or by inhomogeneous reaction rates on the

electrode surface, R3 is the electrochemical polarization resistance, and Zw is the Warburg impedance.

The calculated kinetic parameters for air electrodes are given in Table 1. From this table, it is clear that

the distinction of electrolyte resistance (R1) is very tiny for two air electrodes, while ohm resistance

addition to interface resistance (R2) and electrochemical polarization resistance (R3) are obviously

different. Specially, m-SMC-catalyzed air electrode has lower values of R2, R3 and Zw than that of

the c-SMC-catalyzed air electrode. So, it can be concluded that employing m-SMC as catalyst can

reduce R2 and R3, i.e., m-SMC is favorable to the oxygen reduction reaction. The explanation might

be ascribed to the high surface area, extraordinary surfacial morphology and intently contact of the

material.
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Figure 6. EIS of the zinc-air cells with catalysts, m-SMC (a) and c-SMC (b)

Table 1. Table 1 Electrode kinetic parameters fitted with equivalent circuit

Air
electrode

L
(H)

R1
(Ω)

R2
(Ω)

Q1
Y0, n

Q2
Y0, n

R3
(Ω)

W
(Ω)

c-SMC 0.2781e−5 1.369 0.617 0.5057e−3 0.1357 1.2011 1.635
n=0.6333 n=0.7546

m-SMC 0.9467e−6 1.447 0.2001 0.8152e−3 0.2185e−1 0.0903 0.1427
n=0.8304 n=0.8075

2.5. Galvanostatic discharge measurements

Figure 7 shows the discharge curves of all solid zinc-air cells with catalysts at a high constant

current of 94.2 mA(30 mA·cm−2). During the discharge of the cell, zinc converses from simple

substance to zinc oxide, while oxygen from the air is electrochemically reduced at the cathode.

At a high constant current drain of 94.2 mA for the cells with 0.03 g catalysts come from different

strategies and 0.5 g zinc powder. From Figure 7, we can see that the cells can support the current

drain at about 1.0 V, and the discharge curves is smooth. Discharge time of the cell can be lasted for

20 min (1038.82 mAh·g−1 based on the mass of catalyst) and 25 min (1287.68 mAh·g−1), respectively.

It is showed that the discharge capacities of the cells were insubordinately different, which might be

ascribed the more uniform dispersion and interwoven structure of m-SMC catalyst. This structure of

catalysts strengthens the catalytic activity, and boosts the rate of oxygen reduction. The superiority is

clear with m-SMC catalyst compared to c-SMC at their eletrocatalytical activity. This has been true in

case of m-SMC where covalent interactions because of proximity of Ag to MnO2 lead to improved

catalytic activity[24]. The result further confirm that microwave heating is worth accepting to synthesis

silver-manganese dioxide-CNTs ternary composite catalyst, are also in agreement with the results of

morphology and polarization.
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Figure 7. Discharge curves of the solid-state zinc-air cells with catalysts, m-SMC (a) and c-SMC (b), at

94.2 mA

3. Materials and Methods

3.1. Preparation of Catalysts

CNTs were purchased from TANFENG, Corporation. Silver permanganate were purchased from

Aldrich. Dissolving 13.05 mg of silver permanganate in 50 mL of distilled water at 25 ◦C resulted

in a rich purple solution. After that, 100 mg of CNTs were dispersed into this silver permanganate

aqueous solution. The mixture was then placed in a microwave oven, where it remained for five

minutes until the supernatant liquid turned into colorless. After pouring the remaining mixture

into a furnace-placed stainless steel pan and heating it for eight hours at 70 ◦C, the black cake was

pulverized, and the composite catalyst was evenly obtained and designated as m-SMC(Equation 1).

To provide a comparison, 5 mL of hydrazine was used to chemically reduce silver permanganate at

room temperature. The solution was stirred for 24 hours until the supernatant liquid was colorless.

The product that was designated as c-SMC (Equation 2).The procession of reaction follows the listed

equation.

AgMnO4 → Ag + MnO2 + O2 (8)

AgMnO4 + N2H4 → Ag + MnO2 + 2H2O + N2 (9)

3.2. Preparation of electrolyte, electrodes and assembly of solid-state Zinc-air cell

When making the alkaline polymer gel electrolyte (GPE), we followed the procedures outlined in

the literature[38]. In a beaker at room temperature, one gram of poly(vinyl alcohol)(PVA) was added

to a 6 mol·L−1 KOH aqueous solution and stirred. The initial gel could be kept in an airtight glass

container for more than 70 hours at 25 ◦C to prevent carbon dioxide absorption and water evaporation.

Gas bubbles were eliminated under vacuum once the gel was formed. The resultant gel was stored at

25 ◦C for future use.
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To make air electrodes, two-layer gas diffusion electrode was built, with one layer referred to as the

catalyst layer or active layer. The other is known as the air layer or hydrophobic layer. The air layer

consists of CNTs, Na2SO4 and poly-tetrafluoroethylene (PTFE, from Aldrich) with weight ratio of 2:1:7.

These chemicals were combined with ethanol to create a dough that was then rolled over a porous

nickel substrate. A 6:2:3 weight ratio mixture of the catalyst, Na2SO4, and PTFE was first combined and

crushed in excess ethanol. After that, it was rolled into a sheet with a thickness of 0.1 to 0.4 millimeters

and a circular shape of 20 millimeters. Then, it was pressed for five minutes at a pressure of 3×107

kg·cm−2 onto the air layer that had already been prepared. Subsequent to drying and heat treatment

at 40 ◦C for half hour, the final electrode is normally 0.2 ∼ 0.5 mm of thickness. In the electrochemical

experiments, testing cells with a catalytic air electrode as the cathode, zinc powder as the anode, and

an alkaline PVA gel polymer electrolyte (GPE) were constructed.

3.3. Measurements

Morphologies of the SMC composite catalyst were observed with scanning electron microscope

(SEM) (Leo-1430 VP), transmission electron microscope (TEM). The composition and structure of

SMC were also examined by energy dispersion spectrometer (EDS) and X-ray diffraction (XRD).

The CHI 760E electrochemical workstation system (CHI Instrument) was used to perform the air

electrode’s polarization characteristic. Measurements were acted in a three-terminal cell with the air

cathode as the working anode, Hg/HgO as the reference electrode and a platinum foil as the counter

cathode. A 6 mol·L−1 KOH aqueous solution was used as electrolyte. The discharge characteristic

of the solid-state zinc-air cell was tested with galvanostatic charge-discharge unit (8-channel Battery

analyzer). Resistance, open circuit potentials of ZABs were recorded by a CHI760 E electrochemical

workstation.

4. Conclusion

A dual-functional silver-manganese dioxide-CNTs (SMC) ternary composite catalyst was obtained

successfully via simply one-step microwave heating silver permanganate. We explored the electrolytic

activity of catalyst for ORR in alkaline condition and the discharge performance of solid-state zinc-air

cell with SMC. Morphology and composition analysis indicate that silver and alpha manganese dioxide

have been produced during microwave irradiation, and anchored uniformly on CNTs. Polarization

of air electrode with SMC catalyst and discharge of solid-state zinc-air cell coincidently reveal that

the dual-functional ternary m-SMC composite catalyst has higher activity for ORR and better cell

performance than the c-SMC. The improvement of zinc-air cell performance is attributed to a synergetic

outcome of silver and alpha manganese dioxide.
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