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Zusammenfassung 

 

In dieser Masterarbeit wurden bifunktionelle Katalysatoren (CoMn2O4, MnCo2O4) für die 

Sauerstoffelektrode der sekundären Zink-Luft Batterie hergestellt, sowie ihre 

elektrochemischen und physikalisch-chemischen Eigenschaften untersucht. Lithium-Ionen 

Batterien sind die derzeit am häufigsten benutzten Batterien am Markt. Da aber ihre 

Bestandteile (Lithium, Kobalt) nur sehr gering in der Erdkruste vorhanden sind und 

insbesondere Lithium hoch reaktiv gegenüber Wasser und Luft ist, sucht man nach einem 

geeigneten Ersatz. Metall-Luft Batterien, insbesondere Zink-Luft Batterien, sind 

vielversprechende Kandidaten, um diese zu ersetzen. Die Vorteile der Zink-Luft Batterie sind 

ihre Umweltfreundlichkeit, die geringen Kosten im Vergleich zur Lithium-Ionen Batterie, 

sowie ihre hohe theoretische spezifische Energie, da Sauerstoff aus der Umgebungsluft als 

aktives Material eingesetzt wird. Ungeachtet dieser Vorteile weist diese Batterie noch 

Verbesserungsbedarf auf, da die Sauerstoffentwicklungs- (OER) und 

Sauerstoffreduktionsreaktionen (ORR) sehr langsam ablaufen. Dies führt zu hoher 

Überspannung, und der Einsatz eines Katalysators ist unabdingbar.  

 Der CoMn2O4 Katalysator ist nach zwei verschiedenen Methoden hergestellt worden, 

der MnCo2O4 Katalysator nach einer Methode. Im ersten Syntheseweg wurde der CoMn2O4 

Katalysator durch die Reduktion von MnO2 erhalten. Bei der zweiten Methode sind die 

Katalysatoren (CoMn2O4, MnCo2O4) durch Tempern der Zwischenprodukte 

(Co0.33Mn0.67CO3, Mn0.33Co0.67CO3) hergestellt worden. Die physikalisch-chemischen 

Eigenschaften der bifunktionellen Katalysatoren wurden mittels XRD, REM/EDX und 

BET/BJH Messungen untersucht. Für die Charakterisierung der elektrochemischen 

Eigenschaften wurden die Zyklische Voltammetrie und Linear-Sweep-Voltammetrie (für 

OER, ORR) in 0.1 M und 8 M KOH verwendet. Dafür wurde der Katalysator auf eine 

rotierende Scheibenelektrode aufgebracht.  

Die XRD-Messungen ergaben, dass es sich um phasenreine Produkte handelt. Die 

SEM-Messungen zeigten eine plattenartige Morphologie für den CoMn2O4 Katalysator und 

eine mikrosphärenartige Struktur für die nach der zweiten Methode hergestellten 

Katalysatoren. Bei den BET-Messungen wurde herausgefunden, dass man mit der zweiten 

Methode viel höhere spezifische Oberflächen als mit der ersten erzielen konnte.  
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 Die Ergebnisse der Zyklischen Voltammetrie (CV) ergaben, dass der Anstieg der 

Stromdichte im anodischen Bereich auf Grund der Sauerstoffentwicklung erfolgt. Der nach 

der ersten Methode hergestellte CoMn2O4 Katalysator zeigte zusätzlich einen kleinen 

anodischen Peak. Dieser war auf die Änderung der Oxidationszahl des Kobalts 

zurückzuführen. Bei den CV-Messungen in 8 M KOH wurden höhere Stromdichten erzielt als 

in der niedrigeren Elektrolytkonzentration. Die Ergebnisse der OER in 0.1 M KOH zeigten, 

dass der nach der ersten Methode synthetisierte CoMn2O4 Katalysator die höchste 

Stromdichte erzielen konnte und dass die Katalysatoren, die mit der zweiten Methode 

hergestellt wurden, die höchste Überspannung aufwiesen. Bei den OER-Messungen in  

8 M KOH waren die Überspannungen bei allen drei Katalysatoren ungefähr gleich, und die 

höchsten Stromdichten erzielte der MnCo2O4 Katalysator. Die ORR-Messungen in  

0.1 M KOH zeigten, dass die Katalysatoren vom zweiten Syntheseweg niedrigere 

Überspannungen als der Katalysator nach der ersten Methode hatten. Der MnCo2O4 

Katalysator konnte wiederum die höchsten Stromdichten erzielen. In der 8 M KOH konnte 

man keine genaue Aussage über den besten Katalysator treffen, da dies von der 

Katalysatorbeladung der rotierenden Scheibenelektrode abhing. Grundsätzlich wurden bei den 

ORR-Messungen in der 8 M KOH aufgrund der geringeren Sauerstofflöslichkeit viel 

niedrigere Stromdichten als in 0.1 M KOH erzielt. Die Koutecky-Levich Analyse ergab, dass 

die ORR in 0.1 M KOH über einen vier-Elektronen Mechanismus und in der 8 M KOH über 

einen zwei-Elektronen Mechanismus abläuft.  
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Abstract 

 

In this master’s thesis, bifunctional catalysts (CoMn2O4, MnCo2O4) for the air electrode of 

secondary zinc–air batteries were synthesized and investigated concerning their 

physicochemical properties and bifunctional catalytic activities. Lithium-ion batteries are the 

most used batteries at the moment. A replacement is needed due to the scarcity of lithium and 

cobalt in the earth crust and in particular, lithium is highly reactive to water and air. Metal-air 

batteries, especially zinc-air batteries, are promising candidates as replacement. Advantages 

of the zinc-air battery are its environmental benignity, low costs compared to the lithium-ion 

battery, as well as its high specific energy, due to the fact that oxygen from the ambient air is 

taken as active material. Despite of all these advantages, there is still some development 

needed, due to the slow kinetics of the oxygen evolution- (OER) and oxygen reduction 

reactions (ORR). This can result in large overpotentials and the use of a catalyst is 

indispensable.  

The CoMn2O4 catalyst was synthesized according to two different methods and the 

MnCo2O4 catalyst was prepared with one method. In the first method, the MnO2 precursor is 

reduced to obtain the CoMn2O4 catalyst. In the second method, the catalysts (CoMn2O4, 

MnCo2O4) were received through annealing of the intermediates (Co0.33Mn0.67CO3, 

Mn0.33Co0.67CO3). The physicochemical properties of the bifunctional catalysts were obtained 

by XRD, SEM/EDX and BET/BJH measurements. The electrochemical characterisation 

methods cyclic voltammetry and linear sweep voltammetry (for OER, ORR) were carried out 

in 0.1 M and 8 M KOH. The catalyst was applied on a rotating disc electrode (RDE).  

The results of the XRD measurements show phase-pure catalyst products. The SEM 

measurements revealed that CoMn2O4, synthesized with the first method, had a plate-like 

morphology and the catalysts of the second method are microspheres. By means of the BET 

measurements, it was determined that much higher specific surface areas were obtained with 

the second method than with the first one.  

  



VII 

 

In the CV measurements, all three catalysts showed an increase of the anodic current 

density, which is caused by the OER. The CoMn2O4 catalyst synthesized with the first 

method, showed an additional small anodic peak, which was due to the change of the 

oxidation state of cobalt. In the CV measurements in 8 M KOH, much higher current densities 

were obtained than in the lower electrolyte concentration. In case of the OER measurements 

in 0.1 M KOH, the CoMn2O4 catalyst synthesized with the first method achieved the highest 

current density and the catalysts synthesized with the second method showed the highest 

overpotential. Concerning the OER measurements in 8 M KOH, all three catalysts reached 

approximately the same overpotential and the highest current density was achieved by the 

MnCo2O4 catalyst. In case of the ORR in 0.1 M KOH, the catalysts of the second method 

obtained a lower overpotential. The MnCo2O4 catalyst achieved again the highest current 

density. In 8 M KOH, none of the catalysts clearly outperformed the others, because of the 

dependence on the catalyst loading. In general, the achieved current densities of the ORR in  

8 M KOH are much lower than in 0.1 M KOH, due to reduced oxygen solubility in highly 

concentrated electrolyte. The results of the Koutecky-Levich analysis in 0.1 M KOH suggest 

that the ORR mechanism occurs in the four-electron pathway and in the 8 M KOH, the two-

electron mechanism is more likely.  
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1 Introduction 

 

In the days of global warming and increasing demand in energy as well as an awareness of 

climate change, a transition from a fossil fuel based to a clean energy economy is needed 
1
. 

The world energy demand is predicted to raise more than a double until 2050 and will be 

more than a triple until the end of the century 
2
. Nowadays, still over 80% of the total energy 

supply is obtained from fossil fuels, such as oil, gas and coal. These fossil fuels are causing a 

dramatic build-up of greenhouse gases in the atmosphere and environmental pollution 
3
. The 

so-called “clean energy”, which is generated from renewable resources such as solar or wind, 

only provides 4% of the electricity production and they are rather intermittent and intrinsically 

fluctuant, because of their dependence on the weather conditions 
3,

 
4
. It is estimated that they 

will grow by more than 25% until 2030. The conventional power grids will become unstable 

under those fluctuating conditions, when an imbalance between supply and demand is 

predominant. The challenge now is to find a proper energy storage system, which is 

environmentally friendly, has low cost and is capable of storing production surplus and of 

coping with higher demands 
2, 4,

 
5
.  

 Among the large-scale energy storage technologies, secondary batteries are one of the 

most efficient, simplest and reliable systems, due to their mechanism of direct conversion 

from chemical into electrical energy by electrochemical redox processes. They are an 

excellent energy storage technology for the integration of renewable resources into the power 

grid because they are operated pollutant-free, have a high round-trip efficiency, a high energy 

density and a long cycle life 
3,

 
6,
 
7
.  

 Even though lithium-ion batteries are the most used batteries at the moment, a 

replacement is needed, due to their high costs and concerns regarding their safety and supply 

of their components (lithium and cobalt)
8
. Metal-air batteries, especially zinc-air batteries, are 

promising candidates as replacement because of their high specific energy, which is due to the 

utilization of their cathode material from the air (O2) instead of storing heavy active materials 

as in other battery systems 
9
. Further advantages of the secondary zinc-air batteries are that 

they are rather inexpensive (˂ 10 $ kW
-1

 h
-1

) 
1
, zinc is the most stable metal in aqueous 

electrolytes, and the second most abundant material in the earth crust as well as its 

environmental friendliness 
7
. 
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 The main challenges of this type of battery are to find a suitable bifunctional catalyst, 

which is able to boost both, oxygen evolution-(OER) and oxygen reduction reactions (ORR), 

as well as the carbonation of the alkaline electrolyte and the short cycle life because of zinc-

dendrite growth 
10

. 

The aim of this master’s thesis is the development of a promising transition metal oxide 

catalyst for the air electrode of the secondary zinc-air battery. Three catalysts are synthesized 

according to two different methods (M1 and M2): CoMn2O4 (M1/M2) and MnCo2O4 (M2) 

11,12
. For both methods, a precursor is synthesized first. In case of method one, it is an 

amorphous MnO2 and in case of method two, carbonate precursors (Co0.33Mn0.67CO3 and 

Mn0.33Co0.67CO3) are prepared. Then, a reduction reaction (for M1) or annealing (for M2) is 

carried out to obtain the catalysts. Since the physicochemical properties of the catalyst play a 

crucial role concerning their activity, x-ray diffraction (XRD) measurements are conducted to 

obtain the crystal structure. Moreover, the secondary electron microscopy technique with an 

energy dispersive x-ray analyser (SEM/EDX) is carried out to illustrate the morphology and 

to analyse the chemical composition. The specific surface area has a great impact on the 

catalytic activity as well and therefore, Brunauer-Emmett-Teller (BET) measurements are also 

conducted. The properties of the catalysts concerning their bifunctional activity for the air 

electrode are examined via cyclic voltammetry and linear sweep voltammetry experiments 

(for OER and ORR).  
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2 Theory 

2.1 Metal-Air Battery 

 

The development of sustainable electrochemical energy storage devices is more urgent than 

ever, since the fossil fuel resources on earth are limited. Secondary batteries, especially metal-

air batteries, are promising candidates for the transition to a clean energy economy. In 

general, there are several types of metal-air batteries, primary, reserve and secondary ones. 

Primary metal-air batteries cannot be recharged after use and secondary batteries are 

rechargeable. The secondary devices can be further divided into electrically and mechanically 

rechargeable. In mechanically rechargeable batteries, the discharged metal electrode and the 

electrolyte are replaced after the discharge process and in principle, they function as a primary 

battery. The electrically rechargeable battery requires a bifunctional air electrode, which is 

able to perform both, oxygen reduction and oxygen evolution reaction 
13

. Nowadays, the most 

used batteries are lithium-ion batteries, due to their long cycle life (>5000 cycles) and high 

energy efficiency (>90%) 
3
. Apart from the advantages, the battery is limited due to its high 

costs and concerns regarding its safety and the supply of lithium and cobalt (only 20 parts per 

million of earth crust) 
8,14

. Thus, the research is leading into the direction of alternative 

rechargeable technologies. Metal-air batteries are promising candidates as replacement for 

lithium-ion batteries since their theoretical specific energy is extremely high compared to that 

of other secondary batteries 
15

 and comparable to the one of gasoline  

(13000 Wh · kg
-1 16

), as can be seen in Figure 1.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Comparison of the theoretical energy densities of different secondary battery types with gasoline 16, 17, 18. 
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Metal-air batteries generate electricity through a redox reaction between the metal and the 

oxygen from the air. Due to their open cell structure, the supply of the active material at the 

cathode is almost infinite. This feature makes them similar to a fuel cell, with the fuel being 

oxygen. In general, they consist of a metal anode, an air cathode and a separator soaked in ion 

conducting electrolyte. Metal-air batteries can be classified according to their electrolyte. On 

the one hand, there are aqueous systems, which are not sensitive to moisture like the zinc-air 

system, and on the other hand, there are the water-sensitive systems with aprotic electrolytes, 

such as the lithium-air system. Several metals can be used as anode, including zinc, lithium, 

aluminium and iron. A promising candidate is lithium since it has the highest theoretical 

specific energy (11680 Wh kg
-1

 
16

) and a high cell voltage (nominal 2.96 V). But in the 

metallic form it is impaired by its instability if exposed to air and aqueous electrolytes 
15

 and 

apart from this, the metal’s scarcity and high costs limits the usability. In contrast to aprotic 

electrolytes, aqueous ones are favoured because of their wide availability, low costs and high 

ionic conductivity 
3
. Zinc is a promising candidate, because it is the most stable metal in 

aqueous electrolytes. Further promising features of the zinc metal are its high abundance in 

the earth crust, its low cost and high specific energy. The largest producers of zinc are China, 

Peru, Australia and the USA 
19

. It is the most active material that can be electrodeposited from 

an aqueous electrolyte, is environmental benign, has a flat discharge curve and a long shelf 

life to conclude the long list of benefits. 
3,

 
6,
 
10 ,

 
15, 13, 17,

 
18, 20

 

 

2.1.1 Zinc-Air Battery 

 

Zinc-air batteries generally consist of four main parts, an air cathode, a zinc metal anode, an 

alkaline electrolyte and a separator, which is between cathode and anode to prevent a short 

circuit. The cathode consists of a catalyst coated gas diffusion layer (GDL), as it can be seen 

in the schematic illustration in Figure 2. During the discharge process, zinc cations are 

produced (reaction (1)) at the zinc metal electrode and the generated electrons are transferred 

through an external load to the air electrode.  
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Atmospheric oxygen diffuses into the air electrode and at the three-phase zone, oxygen is 

reduced to hydroxide ions via the oxygen reduction reaction (ORR, reaction (4)). The three-

phase zone is the interface of the solid (catalyst), liquid (electrolyte) and gaseous (oxygen) 

components of the battery. Then, the hydroxide ions migrate to the zinc metal electrode 

through the separator and there, zincate ions (Zn(OH)4
2-

, reaction (2)) are formed. If the 

electrolyte is saturated with zincate ions, zinc oxide (ZnO) precipitates (reaction (3)). The 

overall reaction can be simply described as zinc combining with oxygen to form zinc oxide 

(reaction 5). In case of the charging process, the aforementioned electrochemical reactions are 

reversed. The battery is capable of storing electric energy through the oxygen evolution 

reaction (OER), which is the backward reaction of reaction (4) . This reaction also happens at 

the three-phase zone where the oxygen leaves the battery via the GDL and zinc deposition 

occurs 
10,

  
15,

 
21

. A schematic illustration of the zinc-air battery can be seen in Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: A schematic illustration of the secondary zinc-air battery. 15 

 

Negative electrode: Zn ↔ Zn
2+

 + 2 e
-
  (1) 

 Zn + 4 OH
-
  ↔ Zn(OH)4

2-
 + 2 e

-
 E°= -1.26 V vs. SHE (2) 

 Zn(OH)4
2-

  ↔ ZnO + H2O + 2 OH
-
  (3) 

Positive electrode: O2 + 2 H2O + 4 e
- 
↔ 4 OH

-
 E°= +0.40 V vs. SHE (4) 

Overall: 2 Zn + O2  ↔ 2 ZnO Ecell°= 1.66 V vs. SHE (5) 
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2.1.1.1 Electrolyte 

 

The electrolyte is one of the most underestimated components of the secondary zinc-air 

battery compared to the electrode materials. It can profoundly affect the battery performance 

in many aspects, such as capacity retention, rate capability and cycling efficiency. In metal-air 

batteries mostly potassium hydroxide (KOH), sodium hydroxide (NaOH) and lithium 

hydroxide (LiOH) are used as electrolyte. The most promising one is potassium hydroxide, 

since it has the lowest viscosity, low cost and superior ionic conductivity  

(K
+
 73.50 Ω

-1
 cm/equiv) compared to Na

+ 
(50.11 Ω

-1
 cm/equiv)

9
. Usually, concentrations 

around 30 wt% KOH or 7 M KOH are used, because at this concentration the electrolyte has 

its maximum ionic conductivity, the zinc oxide solubility is at its maximum and the zinc 

corrosion at its minimum. A further impact on the battery performance shows the resistance of 

the electrolyte. It can be reduced by increasing the electrolyte concentration, but only to a 

certain point, since a too high concentration causes an increase of the viscosity. The high 

electrolyte concentration further leads to ZnO formation (according to reaction (3)) and 

decreases the active surface area of the Zn metal and the battery performance.  

Another reason for decreased cell capacity is the sensitivity of the electrolyte against CO2. 

Since the battery is operated with an alkaline solution and exposed to air, carbonates can be 

formed by the reaction with hydroxyl ions. Those carbonates are formed inside the pores of 

the air electrode and reduce the lifetime of the air electrode. The blocking occurs because the 

carbonates are less soluble in potassium hydroxide and the concentration of hydroxyl ions 

decreases. A further reason to use KOH instead of NaOH, is the higher solubility of the 

reaction products K2CO3 or KHCO3 in the electrolyte compared to their sodium counterparts. 

Thus, the carbonate precipitation problem is alleviated. An additional cause of performance 

degradation is the water loss, due to the open system structure. During the operation of the 

secondary zinc-air battery, a regular filling up with water is required. The gelling of the 

electrolyte helps to minimize the water loss and enhances battery performance and cycle life. 

Such gelling agents are hydroponic gels, like agar, and they are able to store solution 20-100 

times of their weight 
1
. 
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In the last years, also ionic liquids have been proposed and evaluated for zinc-air batteries. 

They are beneficial for the cyclability of the zinc electrode because they attain dendrite-free 

zinc deposition. Moreover, they are able to slow down the drying out of the electrolyte, 

suppress the self-corrosion of zinc as well as eliminate the carbonation problem. Despite all 

these advantages of ionic liquids, they do not work well with the current air electrode that is 

designed in particular for aqueous electrolytes. Ionic liquids are too viscous to effectively wet 

the gas diffusion layer (GDL), which gives rise to a quick voltage decrease in the zinc-air 

battery during discharge. So far, the best performance of zinc-air batteries is yielded with 

KOH as electrolyte and could not yet be approached by any aprotic electrolyte  
1,

 
7, 10,

 
15

. 

 

2.1.1.2 Separator 

 

In general, the separator is used as a physical barrier between the electrodes and prevents 

short circuits. Its characteristics should include stability in strong alkaline electrolytes 

 (pH ≥ 13), being inert against redox processes, stability during charging and discharging as 

well as electrochemical stability within a wide working potential window (≥ 2.5 V). The 

separator needs an appropriate pore size and porosity to sustain the electrolyte in the pores. 

Another important characteristic is the high ionic conductivity, allowing OH
-
 ions to pass. 

Due to this, most separators are made of polyethylene, polypropylene, polyvinyl alcohol and 

polyolefin. The porosity of the separator also enables the migration of Zn(OH)4
2- 

and this 

results in a decreased capacity of the cell 
1,

 
10,

 
15.

. 
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2.1.1.3 Zinc electrode 

 

The zinc electrode, which is the anode of the secondary zinc-air battery, is usually made of 

pure zinc metal. It is one of the most abundant metals in the earth crust, has a low toxicity and 

is the most active metal, which can be electrodeposited from aqueous electrolytes. Additional 

characteristics of zinc include low equivalent weight, high specific energy density, its 

capability of highly efficient recharging and its stability in alkaline media without significant 

corrosion. The capacity is sustained over long time periods and several hundred charge and 

discharge cycles. During the charging process, oxidation occurs on the zinc metal and an 

insulating layer can be formed. Hence, many commercial zinc batteries are using a gelled 

mixture of granulated zinc powders as electrode material. The zinc granules increase the 

active surface area and achieve better inter-particle contact and therefore, a better interaction 

with the electrolyte can be obtained. Furthermore, the zinc granules can lower the internal 

resistance because of their larger surface area and thus, increases the electrochemical 

performance.  

The performance of a zinc electrode is limited by several phenomena that can occur during 

the operation: dendrite growth, shape change, passivation and internal resistance as well as 

hydrogen evolution (Figure 3). Zinc dendrites are sharp, needle-like metallic protrusions 

which can be formed during the charging processes. The critical factor about dendrites is that 

they can punctuate the separator and make contact to the positive electrode, which leads to a 

short circuit. The shape change occurs when zinc is dissolved in the electrolyte during 

discharge and deposits at a different location on the zinc electrode during charging. This leads 

to densification of the electrode and loss of usable capacity. In case of the passivation, an 

insulating layer is formed on the zinc electrode surface, which blocks the migration of the 

discharge product and/or OH
-
 ions and therefore, cannot be recharged anymore. The 

passivation layer consists of precipitated ZnO, which is formed when the electrolyte is 

saturated with Zn(OH)4
2- 1,

 
10, 15,

.  
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Hydrogen evolution occurs because of its more electropositive potential (-0.83 V vs. SHE) 

compared to the standard reduction potential of Zn/ZnO (-1.26 V vs. SHE at pH 14). Thus, it 

is thermodynamically favoured and the zinc electrode starts to corrode. Strategies to decrease 

the rate of hydrogen evolution are needed to improve the charging efficiency and reduce the 

rate of self-discharge of the zinc electrode 
1,

 
7,

 
10,

 
15

. 

 

 

Figure 3: A schematic illustration of the performance-limiting phenomena that can occur on the zinc electrode: a) dendrite 

formation, b) shape change, c) passivation and d) hydrogen evolution. 10 

 

2.1.1.4 Air electrode 

 

The air electrode of a secondary zinc-air battery consists of a hydrophobic gas diffusion layer 

(GDL) and a moderately hydrophilic bifunctional catalyst layer, which are laminated together 

with a metal grid as a current collector. The catalyst layer of the GDL is very crucial since the 

electrochemical reactions during the charging and discharging process of the battery (OER, 

ORR) are in fact both thermodynamically spontaneous but the reaction kinetics are sluggish. 

Therefore, a bifunctional catalyst which accelerates both reactions is needed.  
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The oxygen reduction reactions in aqueous solutions may occur by two pathways – the direct  

4-electron transfer from O2 to OH
-
 and the 2-electron path from O2 via HO2

- 
to OH

-
  

(reactions (6) – (8)).  

 

4-electron process:  

O2  + 2 H2O + 4e
-
 ↔ 4OH

-
 (6) 

  

2-electron process:  

O2 + H2O + 2 e
-
 ↔ HO2

- 
+ OH

-
 (7) 

HO2
-
 + H2O + 2e

-
 ↔ 3 OH

-
 (8) 

 

Catalysts, which can promote the ORR through the direct four-electron process, are highly 

preferred, because oxygen is directly reduced to OH
-
 without the production of peroxide in the 

solution. Further, the peroxide not only reduces the efficiency of the ORR catalysis but also 

poisons the catalyst or the carbon support, due to its high oxidizability. The OER (9) involves 

the reversed process of the ORR, where OH
-
 gets reduced to O2 and H2O: 

1,
 
10,

 
22

  

 

4 OH
-
 ↔ O2 ↑ +  2 H2O + 4 e

-
 (9) 

 

The requirements of the electrode materials are stability concerning highly oxidative 

conditions upon oxygen evolution, as well as strong reducing conditions under oxygen 

reduction at high current rates. The GDL plays an important role in the performance of 

bifunctional catalysts, because it is the physical support for the catalyst. It allows the 

transportation of air to the catalyst, as well as prevents the electrolyte from leaking out and it 

possesses a high electrical conductivity. Further requirements of the GDL are to be thin and 

highly porous, to have a high mechanical integrity (with optimum bending stiffness in the 

case of flexible designs), reliable electrochemical oxidation stability and chemical durability 

in strong alkaline electrolytes. The hydrophobicity is realized by impregnating the GDL with 

hydrophobic agents such as PTFE, PVDF and fluorinated ethylene propylene (FEP). The 

GDL typically consists of carbon materials, such as activated carbon or carbon nanotubes 

(CNT). 
1,

 
10,

 
15
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2.1.1.5 Bifunctional catalysts: CoMn2O4 and MnCo2O4 

 

The kinetics of the electrochemical oxygen evolution (OER) and oxygen reduction reactions 

(ORR) are rather sluggish. Therefore, a bifunctional catalyst is needed in order to boost both. 

The noble metal oxides of ruthenium (Ru) and iridium (Ir) are excellent OER catalysts and the 

noble metal platinum (Pt) exhibits a superior activity for the ORR. Since they are noble 

metals and very expensive and their durability is still far from being satisfied under 

rechargeable zinc-air battery operation, as well as their scarcity, a replacement is needed. The 

research has led to the class of earth-abundant transition-metal (e.g. Co, Ni, Mn) oxides and 

(oxo)hydroxides. These spinel type catalysts are favoured in contrast to precious metals 

because of their low cost, easy preparation and structural stability. And within these types, the 

Co- and Mn- based materials have been favoured due to their activity for ORR and OER. 

Menezes et al. 
12

 were able to synthesize microspheres of tetragonal CoMn2O4 and cubic 

MnCo2O4 spinel. They stated that the octahedral sites of spinels (cubic MnCo2O4 phase) 

favour the OER and the tetrahedral sites of the tetragonal CoMn2O4 improves the ORR 

activity via the four-electron transfer path.  

 

The bifunctional catalysts CoMn2O4 and MnCo2O4 

belong to the structural group of spinels (Figure 4). The 

name spinel originates from the mineral spinel 

MgAl2O4 and now describes a whole structural group. 

This group has the general formula AB2X4 
23

, where X 

are mostly the chalcogenides oxygen or sulphur and A 

(=Mn, Zn, Cd, Co, Cu, Ni, Mg, Fe, etc.) and B (=Al, 

Cr, Mn, Fe, Co, Ni, Ga etc.) are positive charged metal 

ions. The metal A occupies every eighth of the centres 

of tetrahedral coordinated positions (in total 8 out of 

64), whereas the octahedral coordinated positions (in 

total 32) are filled to the half with the metal B and the 

anion is located at the polyhedral vertexes in case of 

normal spinels. There is also a second group of spinels,  

the inversed ones.  

  

Figure 4: Crystal structure of the CoMn2O4 and 

MnCo2O4 catalyst with different octahedral and 

tetrahedral sites (ICSD 55) 
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In this case, the occupation of the metal atoms is changed. The B is located at the tetrahedral 

coordinated positions and the octahedral positions are occupied by both, A and B. Since the 

anion X has usually the oxidation state -2, the cation A can be in the +2 or +4 oxidation state 

and the cation B in the +2 or +3. The cubic unit cell consists of 56 atoms in total, there are 32 

anions and 24 cations and it is a conventional fcc unit cell. MnCo2O4 is an inverse spinel, in 

which the Mn shows a preference for the octahedral site. CoMn2O4 is a normal spinel 
24,

 
25, 26

.  

 

2.2 Physicochemical Measurements 

2.2.1 Scanning Electron Microscopy (SEM) 

 

The scanning electron microscopy (SEM) is a visualization technique for bulk specimen. It is 

a valuable tool for the analysis of micro- and nanostructures of surface areas. With this 

method, visualization of the morphology is possible and information about the topography 

and the composition of the surface area can be acquired. In contrast to the light microscope, 

whose resolution is limited to the visible light radiation (400-700 nm), the electron 

microscope offers an atomic level resolution and only depends on the energy of the electrons. 

A typical SEM consists of an electron gun, which is the electron source, an anode and 

electromagnetic lenses for the focusing of the electrons. Furthermore, there is a vacuum 

chamber, where the specimen holder is located as well as detectors for the collection of the 

signals emitted from the specimen. Figure 5 is a schematic representation of a typical SEM 

assembly. The electrons are generated thermionically from a tungsten- or a lanthanum 

hexaboride (LaB6) cathode, accelerated towards an anode, and focused by the Wehnelt 

cylinder as they are accelerated to the anode. Alternatively, they can also be emitted via field 

emission. Tungsten is used, because it is the metal with the highest melting point and the 

lowest vapour pressure, which enables the heating for electron emission. The generated 

electrons are then highly focused to a spot with a diameter of a few nanometres by 

electromagnetic condenser lenses and then scanned sequentially in a line-by-line manner 

(“raster”) across the specimen. At each location, where signals are emitted, a detector collects 

them and synchronizes it with the location and the signal intensity is used to modulate the 

corresponding pixel image.  
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The primary electrons of the incident electron beam interact with the specimen, either 

elastically (no energy is lost) or inelastically (energy is lost). Due to this interaction a variety 

of signals can be collected including secondary electrons (SE), Auger electrons (AE), 

backscattered electrons (BSE) and X-rays (Figure 5).  

From a volume close to the surface, auger and secondary electrons are emitted. Secondary 

electrons possess a low energy (3 – 50 eV) and arise as a result of inelastic scattering of the 

primary electrons with weakly bonded electrons of the outer shells of atoms. In case of the 

Auger electrons, the excited atom returns to its ground state by donating energy to another 

electron within the atom, which is then ejected as an Auger electron. X-rays and backscattered 

electrons are signals, which are emitted from deeper regions of the specimen. Backscattered 

electrons still have 60% to 80% of their primary energy and thus, they are able to escape from 

deeper regions. They are generated through elastic scattering of the primary electrons with the 

sample atoms 
27,

 
28,

 
29,

 
30

.  

 

 

 

Figure 5: A schematic illustration of a secondary electron microscope (left) and a scheme of the interaction volume of the 

primary electrons with the specimen (right) 27, 28. 
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2.2.2 Energy-Dispersive X-ray Analysis (EDX) 

 

Scanning electron microscopes often have an energy dispersive x-ray analyser attached, to 

obtain simultaneously the chemical composition during the examination of the surface area. 

This technique is known as a microanalysis, since it performs a chemical analysis on a small 

portion of the sample providing data about the local chemical composition.  

The X-rays are generated as the primary beam collides with another electron and removes it 

from its orbit. Thus results in a vacancy, which is filled by an electron from an outer shell of 

higher energy and the energy difference is emitted in the form of characteristic X-ray 

radiation. The energy value of the X-rays is characteristic for each chemical element, 

electronic shells (K, L, M) and electronic transition (α, β, χ, δ). A typical EDX spectrum is 

shown in Figure 6. The EDX detectors are based on semiconductor chips that convert X-rays 

into electron hole pairs, which can form an electrical current. The generated electronic signal 

is proportional to the energy of the X-rays. 
28,

 
29,

 
30

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 6: A typical EDX spectrum of the CoMn2O4 (M2) catalyst. 
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2.2.3 X-Ray Diffraction (XRD) 

 

X-ray diffraction is a powerful tool for the determination of chemical composition, space 

groups, information about crystal structure (atomic positions, temperature factor or 

occupancy) as well as texture and quantitative and qualitative phase analyses of materials. A 

crystalline material is a three-dimensional repetition of atoms or molecules. X-rays are 

electromagnetic waves with wavelengths in the range of 0.01 nm to  

1 nm and they are generated through “Bremsstrahlung” or ionization of the material, when 

electrons hit the target. 

 

These electrons are generated by heating a tungsten filament in a vacuum and are accelerated 

through a high potential field into the direction of a target. “Bremsstrahlung” is emitted, when 

the accelerated electrons are decelerated on the target and parts of the kinetic energy is 

transformed into X-rays. In case of the second effect, the impinged atom ejects electrons from 

inner shells and those from outer ones “jump” into these gaps. The energy difference between 

the electron energies of the inner shell and the one of the incoming electron is emitted in form 

of photons. These photons have a characteristic energy, which depends on the initial and final 

shell position of the electrons and on the material (Figure 7) 
31

. Since through the emitting of 

the radiation a lot of heat (up to 3 kW) is produced, the anode has to be cooled with water on 

the back 
32

. A schematic illustration of a X-ray tube can be seen in Figure 7 
33

. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: An illustration of the atomic energy levels according to the emission of characteristic X-ray radiation (left) and a 

schematic illustration of the setup of a X-ray tube (right). 
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In XRD methods, only the characteristic radiation with the highest intensity is used, the Kα 

radiation. Thus, to remove the remaining radiation, a filter or a monochromator is used. The 

monochromatic radiation is then focused on the crystalline material and either constructive or 

destructive interference occurs.  

 

The easiest way to describe the principle of X-ray diffraction, which is a reflection of  

X-rays by sets of lattice planes, is with the Bragg equation. Lattice planes are crystallographic 

planes, which are characterized by the Miller indices (hkl). Parallel planes have the same 

indices and are separated by the distance dhkl. In the Bragg analysis, X-rays are seen as visible 

light being reflected by the surface of a mirror, which are the lattice planes of the crystal. 

Since the X-rays penetrate deep inside the material, diffraction occurs at several consecutive 

parallel planes at the same time. The way of the second wave (Figure 8) is longer than the one 

of the first wave and if the difference (Δs) between them is an integer multiple of the 

wavelength, constructive interference occurs. The difference of the path of the two waves 

depends on the angle of incidence and the distance d. With the help of geometric 

considerations, the following equation can be stated: 

 

𝛥𝑠 =  2 ∗  𝑑 ∗  𝑠𝑖𝑛𝜃 (10) 
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It is twofold, because the wave has a longer way before and after the diffraction. Since the 

condition of a constructive interference also has to be valid, 𝛥𝑠 needs to be an integer multiple 

of the wavelength, and the combination of the two conditions results in the Bragg equation: 

 

𝑛 ∗  𝜆 =  2 ∗  𝑑 ∗  𝑠𝑖𝑛𝜃 (11) 

 

Figure 8: Geometrical illustration for the derivation of the Bragg equation. 

 

The resulting diffraction data can then be used to make a diffractogram, where the intensity is 

plotted against the 2θ angle and before that, the background needs to be subtracted. In 

Figure 9, the diffractograms of an amorphous and a crystalline material are plotted. The 

crystalline material (which has periodically spaced atoms) has well-defined peaks at particular 

scattering angles, whereas the amorphous material (whose atomic structure is close to that of a 

liquid) shows an intensity maximum that spans several degrees 2θ 
31,

 
32,

 
33,

 
34

. 

 

 

Figure 9: X-ray diffractograms of an amorphous material (left) and a crystalline material (right).  
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2.2.4 Brunauer-Emmett-Teller (BET) 

 

The Brunauer-Emmett-Teller method (BET) is the most used method for acquiring 

information about the surface area of porous and finely divided materials 
35

. The specific 

surface area (SSA) has a great impact on the catalytic activity of the catalyst, because it 

determines how much oxygen can be adsorbed. The higher the SSA, the better is the catalytic 

activity 
36

. The surface area can be increased through decreasing of particle size like grinding 

and milling. Negative impacts on the particle size have high temperature processes like 

melting. The SSA can be determined by physical adsorption of gas (N2, Ar, Kr) on the surface 

of the solid and the adsorbed amount of gas corresponding to a monomolecular layer on the 

surface can be calculated. There are two different types of adsorption: chemical and physical. 

In case of the chemical adsorption, also called chemisorption, chemical bonds are formed, 

whereas the physisorption involves weak van der Waals forces.  

Several experimental determined adsorption isotherms can be distinguished depending on the 

physicochemical interactions. The five major types, according to IUPAC 
37

, are plotted in 

Figure 10. The adsorption isotherm of type I is called Langmuir and the one of type II is the 

S-shaped or also sigmoidal-shaped called isotherm. The other types (type III – V) are 

unnamed 
38

. The type I isotherms are related to microporous solids, which have relatively 

small external surfaces, like some activated carbon, molecular sieve zeolites and certain 

porous oxides. Type II isotherms are reversible and unrestricted multilayers of physical 

adsorption on nonporous (aluminium) or macroporous solids. After the adsorption of the 

monolayer, a further increase in partial pressure results in extensive adsorption and a 

multilayer coverage is obtained. In case of the type III isotherms, the adsorbent-adsorbate 

interactions are weak and results in clustered adsorbed molecules around the most favourable 

site on the surface of a nonporous or macroporous solid. Type IV is similar to type II, which 

has an inflection (or knee) at the monolayer formation. This adsorption isotherm occurs in 

mesoporous adsorbents like many oxide gels, industrial adsorbents and mesoporous molecular 

sieves. And in case of type V isotherms, commonly observed for flat, homogenous 

adsorbents, the adsorbate interacts with the monolayer instead of the adsorbent surface due to 

the lower heat of adsorption. Those isotherms are useful for the prediction of the gas sorption 

properties 
35,

 
36,

 
37,

 
39

. 
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Figure 10: The five types of adsorption isotherms according to Brunauer-Emmett-Teller 36. 

 

 

The BET equation (12) can be used to determine the monolayer and specific surface area in 

various physicochemical areas in case of a type II or type IV isotherm 
35,39

:  

 

1

𝑉

𝑥

1 − 𝑥
=  

𝑐 − 1

𝑐 𝑉𝑚
 𝑥 + 

1

𝑐 𝑉𝑚
 (12) 

 

V volume of adsorbed molecules (cm
3
) 

Vm volume of the monolayer (cm
3
) 

c constant 

x relative pressure  (p/p0) 

 

The BET constant c is related to the average heat of adsorption of the monolayer. The 

constant is related to the adsorbate–adsorbent interaction strength, and therefore to the heat of 

adsorption. With increasing cBET value, also the interaction increases.  
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The plot of x/V(1-x) versus x should result in a straight line over a certain x (p/p0) range. With 

the slope and the intercept of the resulting linear plot, Vm, the amount of adsorbed gas of a 

monolayer, can be determined 
36

. This can be seen in the following equations 13 – 16. 

 

𝑆𝑙𝑜𝑝𝑒 =  
𝑐𝐵𝐸𝑇 − 1

𝑉𝑚 ∗ 𝑐𝐵𝐸𝑇
 (13) 

𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 =  
1

𝑉𝑚 ∗ 𝑐𝐵𝐸𝑇
 (14) 

𝑉𝑚 =  
1

𝑆𝑙𝑜𝑝𝑒 + 𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡
 (15) 

𝑆𝑆𝐴 =  
𝑉𝑚 ∗  𝑁𝐴 ∗  𝑎𝑚

𝑣𝑚 ∗  𝑚𝑠
 (16) 

 

NA Avogadro’s number (6.022 * 10
23

mol
-1

) 

am effective cross section area of one adsorbed molecule (m
2
 molecule

-1
) 

vm molar volume of one adsorbed molecule (cm
3
 g

-1
 mol

-1
) 

ms mass of substrate (g) 

SSA specific surface area (m
2 

g
-1

) 

 

 

2.2.5  Barrett-Joyner-Halenda analysis (BJH) 

 

The Barrett-Joyner-Halenda analysis is a widely used method for the determination of the 

particle size distribution of the type IV adsorption isotherm of mesopores (Ø 2-50 nm) and 

micropores (Ø<2nm) 
40

. The BJH equation, which is based on the Kelvin equation, can be 

seen in equation (17). 
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𝑉𝑝𝑛 = 𝑅𝑛 Δ𝑉𝑛 −  𝑅𝑛 Δ𝑡𝑛  ∑ 𝑐𝑗

𝑛−1

𝑗=1

 𝐴𝑝𝑗 (17) 

 

Vpn pore volume  

Rn  = rp²/ (rk+Δt)²  

rp radius of the mesopore  

rk radius of the meniscus  

Vn volume of the desorbed gas  

tn thickness of the adsorbed layer  

cj ratio of (rp-t)/rp  

Apj area of each pore  

 

 

In case of the type IV adsorption isotherm, hysteresis occurs in adsorption and desorption.  

This hysteresis depends on the shape of the mesopore and the particle size distribution can be 

acquired. During the adsorption and desorption process, the formation of the monolayer and 

also capillary condensation of N2 gas happens in the mesopores. Due to this, a difference in 

the meniscus between adsorption and desorption process occurs (Figure 11).  

 

 

 

 

 

 

 

 

 

 

  

Figure 11: Illustration of the meniscus which appears during the capillary 

condensation 41. 
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The Kelvin equation represents the relationship between mesopore size and critical 

condensation pressure and can be used to calculate the pore size distribution (equation 18) but 

only for particles bigger than 1 nm 
35,

 
40,

 
41,

 
42,

 
43

.  

 

 

𝑟𝑘 =  
2 𝛾 𝑉𝐿

𝑅𝑇 ln (
𝑝

𝑝0)⁄
 (18) 

 

rk  radius of the meniscus 

VL molar volume of liquid adsorbate 

γ surface tension 

R gas constant 

T absolute temperature 

p/p0
 

relative pressure 

 

 

In the following equation (19), it can be seen that the radius rp of the mesopore is the sum of 

the adsorbed layer thickness t, which can be obtained from the adsorption isotherm, and the 

radius of the meniscus rk.  

 

𝑟𝑝 = 𝑡 +  𝑟𝑘 (19) 

 

The determination of rk can be derived from the Kelvin equation, using γ and VL values of 

nitrogen at liquid nitrogen temperature (77 K) and the assumption that the mesopore has a 

cylindrical shape (equation (20). 

 

𝑟𝑘 =  
0.953

ln
𝑝

𝑝0
⁄

 (20) 
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The pore size distribution can now be obtained by plotting ΔV/Δr against the pore radius. The 

pore volume is obtained with the BJH equation and the radius with equation 19. Figure 12 

shows a typical illustration of a pore size distribution 
39, 41

.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3 Electrochemical Measurements 

2.3.1 Potential Sweep Voltammetry 

 

In potential sweep voltammetry experiments, as cyclic voltammetry and linear sweep 

voltammetry, the electrode potential is changed linearly with time and the current is recorded. 

Cyclic voltammetry is used for acquiring information about reduction and oxidation processes 

of molecular species, as well as for studying electron transfer-initiated electrochemical 

reactions. While cyclic voltammetry experiments can be conducted in most cases where linear 

sweep voltammetry is also used, there are circumstances in which linear sweep voltammetry 

is more useful, as for instance for irreversible reactions. 
44, 45, 46 

  

Figure 12: A typical pore size distribution graph from samples with different pore sizes. 39 
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2.3.1.1 Linear Sweep Voltammetry (LSV) 

 

The most common form of voltammetry is linear sweep voltammetry (LSV). In this method, 

the electrode potential is swept from an initial value (E1) to a final value (E2) at a constant 

scan rate, as well as at a constant rotation rate in the case of a rotating disc electrode (RDE) 

47
(Figure 13). The starting potential E1, is usually one where no electrochemical activity 

occurs and at the stopping potential E2 the reaction is mass transport controlled 
44

. The 

potential of the working electrode is plotted against the resulting current and the theoretical 

voltammetry response is a peak-shaped wave 
46

(Figure 13, right).  

 

 

 

 

Figure 13: Potential-time curve of the linear sweep voltammetry (left) and a linear sweep voltammogram of a reversible 

reaction (O + ne- ↔ R) (right).48  
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2.3.1.2 Cyclic Voltammetry (CV) 

 

In cyclic voltammetry experiments, the potential of a stationary working electrode (in an 

unstirred solution) is scanned linearly from Eintial to Efinal as in LSV, but after reaching a 

maximum the potential is reversed which results in a triangular potential  

waveform (Figure 14, left) 
46

.  

 

 

 

 

 

 

 

 

 

At the beginning of the experiment, it is assumed that only the reduced form R is present. 

Thus, a positive going potential scan is chosen for the first half cycle starting from a value 

where no oxidation occurs. When the applied potential reaches the characteristic E° for the 

redox process, the anodic (oxidation) current begins to increase until a peak is reached. After 

the oxidation process, the direction of the potential sweep is reversed and during the reverse 

reaction the oxidized species O is reduced to R and a cathodic (reduction) peak occurs 
46

. The 

characteristics of a cyclic voltammogram, which includes the anodic peak current (Ipa), the 

cathodic peak current (Ipc) as well as the anodic (Epa) and cathodic peak potentials (Eca), can 

be seen in Figure 14 (right). A further impact on the shape of the CV has the scan rate, since it 

controls how fast the applied potential is scanned. A high scan rate leads to a decrease of the 

diffusion layer and thus, higher currents are observed 
45

. 

 

 

  

Figure 14: Potential-time signals during a cyclic voltammetry experiment (left) 46 and an illustration of a cyclic 

voltammogram of a reversible reaction (right) 44, 49. 
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For a reversible electron transfer reaction, the peak currents can be determined with the 

Randles-Sevcik equation 
46

. The equation 21 shows the linear increase of the peak current Ip 

with the square root of the scan rate ν at 25°C. The relation of the peak current to the 

concentration of the electroactive species as well as to the square root of the diffusion 

coefficient is described 
49

.  

 

𝐼𝑃 = (2.69 ∗ 105 )𝑛
3

2⁄  𝐴 𝐶 𝐷
1

2 ⁄   𝜈
1

2⁄  (21) 

 

Ip Peak current (A) 

ν scan rate (V s
-1

) 

n  number of electrons 

A electrode surface area (cm
2
) 

D Diffusion coefficient of analyte (cm
2
 s

-1
) 

C bulk concentration of analyte (mol cm
-3

) 

 

 

For the determination of a reversible system, the following characteristics can be obtained: the 

cathodic and anodic peak potentials are independent of the scan rate and the ratio of Ipa to Ipc 

is always one. In equation 22, the separation between the peak potentials is given 
46

: 

𝛥𝐸𝑝 = 𝐸𝑝,𝑎 − 𝐸𝑝,𝑐 =  
0.059

𝑛
 (22) 

 

For a simple, reversible one electron process, the peak separation is 59 mV. If those 

requirements are not fulfilled, an irreversible system is present, indicated by the shape change 

of the cyclic voltammogram. 
49
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2.3.2 Rotating disc electrode (RDE) 

 

For the determination of kinetic data 
49

 during the electrochemical measurements, a rotating 

disc electrode (RDE) is used as working electrode. The rotating disc electrode consists of a 

disc made of Pt, Ni, Cu, Au, Fe, Si, CdS, GaAs, glassy carbon or graphite 
44

. The disc is 

imbedded in a rod of insulating material (PTFE, epoxy resin) and attached to a motor which 

rotates the RDE at desired frequencies. The electrical connection to the electrode is made 

through a brush contact. A schematic illustration of the RDE and its flow pattern caused due 

to convection, can be seen in Figure 15.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In experiments with a rotating disc electrode, the RDE acts as a pump pulling solution up to 

the disc and slinging it away across the teflon cover of the glassy carbon disc, which results in 

a concentration gradient due to diffusion and convection. During the RDE measurements, the 

electrolyte can be divided into two zones according to the Nernst diffusion layer model. The 

region close to the surface of the electrode is assumed to be a totally stagnant layer, with a 

thickness δH, and diffusion is the only type of transport.  

  

Figure 15: Illustration of the RDE and the resulting convective 

stream lines, side view (left) and from below the disc (right) 49 
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In the second zone, adjacent to the first one, a strong convection occurs and all species 

concentrations are constant 
50

. The thickness δH of the first zone, which is known as 

hydrodynamic boundary layer, can be determined with the following equation (23). 
44,

 
47

. 

  

 

𝛿𝐻 = 3.6 (𝜈/ω)
1

2 ⁄  (23) 

 

ν kinematic viscosity (cm
2
 s

-1
) 

ω angular rotation rate (ω = 2 π f/60) (s
-1

) 

f rotation rate (revolutions min
-1

) 

 

In an aqueous solution at a moderate rotation rate (~1000 rpm) δH is about 300-400 µm thick 

44,47
. The thickness of the diffusion layer δF, immediately adjacent to the electrode, can be 

described with equation (24), where DF is the diffusion coefficient of a molecule or ion. The 

diffusion layer is much thinner than the hydrodynamic boundary layer. With a diffusion 

coefficient of 10
-5 

cm
2
 s

-1
,
 
δF is approximately 0.05 δH. 

 

𝛿𝐹 = 1.61 𝐷𝐹

1
3⁄

 𝑣
1

6 ⁄  𝜔
−1

2⁄  (24) 
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2.3.3 Koutecky-Levich Analysis 

 

The Koutecky-Levich analysis is a study to investigate kinetic processes. In this study, a 

series of voltammograms at different rotation rates (100, 400, 900, 1600, 2500 rpm) are 

conducted with a rotating disc electrode, as it can be seen in Figure 16. In the potential range 

of 0.85 – 0.93 V vs. RHE, the current density is not dependent on the electrode rotation rate, 

which means that the current density is only controlled by the electron transfer kinetics. At the 

plateau, in the voltage range between ~0.63 V - 0.30 V vs. RHE, the reaction is controlled by 

diffusion-convection processes and the current density is increasing with increasing 

rotation rates 
47,51

.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: Voltammograms at different rotation rates acquired with a Pt disk electrode, in O2 saturated 0.5 M H2SO4 

solution, v = 5 mV/s 51. 
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Figure 17 (left) shows an ORR voltammogram at different rotation rates, whose data is used 

to create the Koutecky-Levich plot on the right. The reciprocal limiting current (obtained in 

Figure 17, right) is plotted against the reciprocal angular rotation rate (rad/s). If the 

extrapolation back to the vertical axis (to infinite rotational rate) intersects the x-axis at zero, 

the currents of the half-cell reactions are only limited by mass transport (red line in Figure 

17). But if the extrapolation do not intersept the x-axis at zero, the currents are limited by 

kinetics, which means that the rate of the half-cell reactions is limited by slow kinetics at the 

electrode surface (violet and blue lines in Figure 17) 
47

.  

 

  

 

  

Figure 17: ORR Voltammograms at different rotation rates (left) and the Koutecky-Levich plot determined at  

different potentials (right). 
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The linear portion of the data of a Koutecky-Levich plot can be described with the following 

equation (25). The number of transferred electrons (n) can be acquired from the slope 

(equation (26)) of the linear portion and calculated with equation 27.  

 

 

1

𝑖
=  

1

𝑖𝐾
+ ( 

1

0.62 𝑛 𝐹 𝐴 𝐷
2
3

  𝑣−
1
6  𝐶 

) 𝜔−
1
2 (25) 

𝑆𝑙𝑜𝑝𝑒 =  
1

0.62 𝑛 𝐹 𝐴 𝐷
2
3

  𝑣−
1
6  𝐶 

 (26) 

𝑛 =  
1

𝑆𝑙𝑜𝑝𝑒 0.62 𝐹 𝐴 𝐷
2
3

  𝑣−
1
6  𝐶  

 (27) 

 

 

i Current (A) 

iK Kinetic current (A) 

n number of electrons 

F Faraday constant (96485 C mol
-1

) 

A active area of the electrode  

D Diffusion coefficient (cm
2
 s

-1
) 

v kinematic viscosity (cm
2
 s

-1
) 

ω  rotation rate of the electrode (rad s
-1

) 

C Bulk concentration (mol cm
-3

) 
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3 Experimental Procedure 

 

Three different spinel catalysts (CoMn2O4 (M1/M2) and MnCo2O4 (M2)) are prepared in this 

work, according to two different synthesis methods found in the literature 
11,

 
12

. The CoMn2O4 

catalyst can be synthesized with method one and two, and with the second method the 

MnCo2O4 catalyst can be obtained. Afterwards, different physicochemical characterisations 

(SEM/EDX, XRD, BET/BJH) are conducted to analyse the surface morphology, to obtain the 

crystal structure and the specific surface area. The electrochemical activity is investigated 

with cyclic voltammetry and linear sweep voltammetry experiments.  

 

3.1 Catalyst Preparation 

3.1.1 Method 1 

3.1.1.1 Synthesis of amorphous MnO2 

 

The first step of the preparation of CoMn2O4 catalyst is the synthesis of the amorphous MnO2 

precursor. For this, a 0.03 M Mn(CH3COO)2 solution (100 mL) is mixed slowly with a 

0.04 M KMnO4 solution (50 mL) on a magnetic stirrer for several minutes at room 

temperature. Before the mixing, the KMnO4 solution is adjusted with a 25% ammonia 

solution to pH 12. The resulting brown deposit is collected via centrifugation  

(Hermle, Z 323 K) and washed several times with distilled water. Afterwards, the deposit is 

dried in the drying cabinet (Heraeus, T 5042) at 60°C overnight. The result is a fine-grained, 

dark brown, shiny powder that can be seen in Figure 18. 

 

 

 

 

 

 

 

 

  

Figure 18: The dried amorphous MnO2 precursor. 
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3.1.1.2 Synthesis of the nanocrystalline CoMn2O4 catalyst 

 

For the synthesis of the nanocrystalline CoMn2O4 spinel catalyst, 0.348 g (0.004 mol) of 

amorphous MnO2 and 0.714 g (0.002 mol) CoCl2 * 6 H2O are mixed in 20 mL of distilled 

water on a magnetic stirrer for several minutes at room temperature. A violet/dark brown 

suspension is formed immediately. With a 1 M NaBH4 solution (0.227 g diluted in 6 mL  

0.01 M NaOH (pH=11.55)), the educts are reduced to CoMn2O4 and the suspension turned 

immediately colourless (Figure 19). The resulting precipitate is then collected via 

centrifugation, washed several times with distilled water to remove residual ions and then 

dried at 80°C for 12 hours in the drying cabinet 
11

. 

 

 

 

 

Figure 19: MnO2 precursor mixed with CoCl2*6 H2O (left), the resulting product after the reduction with NaBH4 (right). 

 

3.1.2 Method 2 

 

With method two, it is possible to synthesize both catalysts (CoMn2O4 and MnCo2O4). This 

method also starts with the synthesis of a precursor, Co0.33Mn0.67CO3 and Mn0.33Co0.67CO3, 

respectively. Afterwards, these precursors are annealed at 400°C in a high temperature 

furnace from Schröder (S13). 
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3.1.2.1 Synthesis of Co0.33Mn0.67CO3 and Mn0.33Co0.67CO3 

 

In case of the synthesis of CoMn2O4, 2.24 g (0.013 mol) cobalt acetate tetrahydrate 

(Co(CH3COO)2*4H2O) and 4.41 g (0.018 mol) manganese acetate tetrahydrate 

(Mn(CH3COO)2*4 H2O) are mixed together in 200 mL distilled water. Afterwards, a 0.49 M 

ammonium sulfate solution (13.2 g (NH4)2SO4 in 200 mL) is added slowly and stirred for two 

hours. Then, 0.49 M ammonium bicarbonate (7.9 g (NH)4HCO3 in 200 mL), is added slowly 

to the mixture and stirred for four hours. At first, when the solution only contains cobalt and 

manganese acetate, it is light pink and clear but when the other two solutions are added it gets 

more and more cloudy (Figure 20). 

 

 

 

a) 

 

b) c) d) e) 

 

Figure 20. The synthesis of Co0.33Mn0.67CO3 at different stages: a) the mixture at the beginning, containing only  

Co(CH3COO)2*4 H2O and Mn(CH3COO)2*4 H2O, b) after the addition of (NH4)2SO4, c) after 2 h of stirring, d) after the 

addition of  (NH)4HCO3, e) after 4h of stirring. 

 

After four hours of stirring, a pink precipitate is obtained and seperated via centrifugation. 

The precipitate was washed with distilled water and ethanol and dried at 60°C for 12 hours in 

the oven (Figure 21 a) and b)). For the synthesis of Mn0.33Co0.67CO3, the same procedure is 

conducted but the molar ratios of Co(CH3COO)2*4 H2O and Mn(CH3COO)2*4 H2O are 

reversed (4.48 g (0.018 mol) and 3.18 g (0.013 mol), respectively).  
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a) 

 

b) 

 

c) 

Figure 21: The Co0.33Mn0.67CO3 precipitate before (a) and (b) after drying at 60°C and (c) after annealing at 400 °C to 

obtain CoMn2O4. 

 

3.1.2.2 Synthesis of spherical CoMn2O4 and MnCo2O4 

 

The carbonate intermediates are annealed in a high temperature oven from Schröder (S13) at 

400°C with a heating rate of 2°C min
-1

 for 8 hours and are kept there for additional 8 hours, 

followed by cooling down to RT with the same rate (Figure 21 c)) 
12

. 

 

3.2 Physicochemical Characterisation  

 

Different physicochemical characterisations of the three catalysts CoMn2O4 (M1/M2) and 

MnCo2O4 (M2) are conducted. For the structural analysis, X-ray powder diffraction is used. 

Moreover, the surface morphology and their homogeneity as well as the elemental 

composition is examined by scanning electron microscopy (SEM) and energy dispersive x-ray 

analysis (EDX). Furthermore, the specific surface area (SSA) is determined with the 

Brunauer-Emmett-Teller analysis, since it has an impact on the catalytic activity of the 

catalyst samples.  

 

3.2.1 X-Ray Diffraction (XRD) 

 

The characterisation of the structure is done with a X-ray powder diffractometer Bruker D8 

Advance, with a Cu-Kα X-ray source in the range of 20° to 100° 2θ. For data analysis, the 

software program X’Pert HighScore plus (PANanalytical) is used and the evaluation of the 

diffractograms is done by Rietveld refinement.  
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3.2.2 Scanning electron microscopy (SEM)  

 

For the investigation of the surface morphology and the particle size of the catalysts, the 

Secondary Electron Microscope ESEM Tescan 500 PA is used. The catalyst powder is fixed 

on the sample holder via a double-sided adhesive carbon tape. The SEM pictures are taken at 

different magnifications. 

 

3.2.3 Energy dispersive X-ray analysis (EDX) 

 

In addition to the SEM images, the elemental composition is determined with the  

Energy Dispersive X-Ray Spectroscopy (EDX) using an analyser from Oxford Instruments. 

The EDX spectra are recorded at different areas to obtain the average atomic and weight 

percentages of elements present on the surface area of the catalyst powders. 

 

3.2.4 Brunauer-Emmett-Teller and Barrett-Joyner-Halenda analysis (BET/BJH) 

 

The specific surface area (SSA) is determined with the Brunauer-Emmett-Teller (BET) 

analysis. Since the catalytic activity is related to the specific surface area, it can be stated that 

the higher the SSA the better the catalytic activity. The measurements are conducted with a 

TriStar II 3020 (V1.03) at the Research Centre for Pharmaceutical Engineering (RCPE) at 

Graz University of Technology. The samples are outgassed for 24h and the measurement is 

started at 77 K. The amount of N2 adsorbed is recorded in a relative pressure range of 0.009 to 

0.99. In addition, the pore volume is determined between 1.7 nm and 250 nm diameter as well 

as the pore size with the Barrett-Joyner-Halenda (BJH) method.  
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3.3 Electrochemical Characterisation  

 

For the investigation of the electrochemical activity of the catalysts CoMn2O4 (M1/M2) and 

MnCo2O4 (M2), half-cell experiments including cyclic voltammetry (CV) and linear sweep 

voltammetry (LSV) are conducted. The measurements are performed with a glassy carbon 

rotating disc electrode (RDE) from Pine Instruments Co. (AFMSRCE) in a typical three-

electrode setup. The Autolab Potentiostat PGSTAT128N/100/300 (AUT83568, AUT72179, 

AUT86739) with the software NOVA 1.11 is used for data analysis. The cyclic voltammetry 

experiments (CV) are conducted for the investigation of reduction and oxidation processes of 

the catalysts. The bifunctional activity is examined with linear sweep voltammetry (LSV) 

experiments to study the oxygen evolution- (OER) and oxygen reduction reactions (ORR). 

 

3.3.1 Working electrode preparation 

 

The transfer of the catalyst onto the RDE (Ø=5 mm, A=0.196 cm
2
) is implemented with a 

suspension containing the catalyst and Vulcan XC72, which is added to enhance the 

electronic conductivity. The suspension is prepared according to the work of Cheng et. al. 
11

 

but with a small modification. Instead of isopropanol (1 mL), a mixture of isopropanol and 

distilled water (7:3, v:v, 1 mL) is used in this work. Due to the higher surface tension of 

water, a precise application of the slurry onto the RDE is possible. In Table 1, the composition 

of the catalyst suspension, which consists of 70% Vulcan XC72 and 30% catalyst, is listed.  
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Table 1: The composition of the catalyst suspensions. 

Slurry 
CoMn2O4 

(mg) 

MnCo2O4  

(mg) 

Vulcan XC72  

(mg) 

catalyst loading  

(mg) 

1 CoMn2O4 (M1) 1.5 - 3.5 0.015 0.0196 

2 CoMn2O4 (M2) 1.5 - 3.5 0.015 0.0196 

3 MnCo2O4 (M2) - 1.5 3.5 0.015 0.0196 

4 Vulcan XC72 - - 3.5 0.035 0.045 

 

All suspensions are ultrasonically blended for 30 minutes. Ahead of each measurement, the 

RDE is polished with corundum powder (Al2O3, particle size 0.3 μm), moisturized with 

distilled water, cleaned in the ultrasonic bath for ~30 seconds and dried under the infrared 

(IR) lamp. Subsequently, two times 5 µL (catalyst loading = 0.015 mg, Vulcan XC72 = 0.035 

mg) or two times 6.54 µL (catalyst loading = 0.0196 mg, Vulcan XC72 = 0.045 mg) of the 

suspension are transferred onto the glassy carbon disc of the RDE. After each application, the 

RDE is dried under the IR lamp. The final step is the application of a Nafion layer (15 µL, 1 

wt% Nafion in distilled water) to prevent the destruction of the catalyst layer. The catalyst 

suspension (left) and the drying step (right) can be seen in Figure 22.  

 

  

Figure 22: The catalyst suspension after 30 min of ultrasonically mixing (left) and the drying step of the applied catalyst 

(right). 
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3.3.2 Electrochemical Measurements (CV, LSV) 

 

All electrochemical measurements in this work are carried out in a typical  

three-electrode setup, which consists of working electrode (WE), counter electrode (CE) and 

reference electrode (RE), as it can be seen in Figure 23. The working electrode (WE), that is a 

coated RDE, is in the middle of the electrochemical glass cell. On the left and on the right 

hand side are the RE, a Hg/HgO reference electrode filled with 1 M or 8 M KOH in a Haber-

Luggin capillary and the CE, a platinum net. Potassium hydroxide solution (0.1 M or 8 M) is 

used as alkaline electrolyte. Prior to each CV or OER measurement, the electrolyte is 

deaerated with nitrogen gas for 30 minutes to remove the oxygen from the solution. For 

investigations of the ORR, the electrolyte is saturated with oxygen for 30 minutes. During the 

measurements, the respective gas is blown over the electrolyte. All measurements are 

conducted at room temperature.  

 

The cyclic voltammetry measurements are performed at a scan rate of 10 mV/s and 10 cycles 

are conducted. The second cycle is taken for data analysis. The voltammograms of OER and 

ORR measurements are conducted at a scan rate of 5 mV/s and a rotation rate of 1600 rpm. 

For data analysis, the fifth sweep of OER and ORR is taken. Additionally, a sixth sweep at 

400 rpm is sometimes recorded in case of the OER. The rotation rates are also varied from 

100 to 2500 rpm to see the impact of the rotation rate on the catalytic activity. 

 

 

 

 

 

 

 

 

 

  
Figure 23: A schematic illustration of the three-electrode assembly. 
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3.3.3 Koutecky-Levich Analysis 

 

The Koutecky-Levich analysis is used to determine the number of transferred electrons during 

the oxygen reduction reactions. The respective formula which is used for the calculation of 

the transferred electrons can be seen in 2.3.3. In the Koutecky-Levich plot, the reciprocal 

limiting currents are plotted against the reciprocal square root of the rotation rate and the 

number of electrons can be obtained from the slope. For the Koutecky-Levich study, a set of 

rotation rates are chosen, which are a multiple of perfect squares (such as 100, 400, 900, 1600 

and 2500 rpm) to facilitate the construction of the plot. The values of the diffusion coefficient, 

the bulk concentration and the kinematic viscosity, which are used for the calculation of the 

transferred electrons during the ORR, can be seen in Table 2 and are taken from the literature 

52, 53, 54
. 

 

Table 2: The used values for the calculation of the transferred electrons. 

KOH 0.1 M 
52

 8 M 
53, 54

 

Diffusion coefficient DO2 (cm
2
 s

-1
) 1.73*10

-5 
 1.4*10

-5
  

Bulk concentration CO2 (mol cm
-3

) 1.14*10
-6

  8.4*10
-7 

 

Kinematic viscosity (cm
2
 s

-1
) 0.01  0.01705  

 

  



41 

 

4 Results and discussion 

4.1 Physicochemical characterisation 

4.1.1 X-Ray diffraction (XRD) 

 

The XRD pattern of CoMn2O4 (M1 and M2) as 

well as MnCo2O4 (M2) are shown in Figure 24. 

Additional diffractograms of the Inorganic 

Crystal Structure Database (ICSD)
55

 are added 

for comparison, in case of CoMn2O4 (M1) ICSD 

#39197 and #164367, #31854 for CoMn2O4 

(M2) and for MnCo2O4 (M2) #36256. Rietveld 

refinement of CoMn2O4 (M1) shows tetragonal 

structure of the type CdMn2O4. 

The CoMn2O4 catalyst, synthesized according to 

the second method, shows a rhombohedral 

structure which is contrary to the result obtained 

in the literature. It should have a body-centred 

tetragonal structure. The MnCo2O4 shows 100% 

cubic structure as it is assumed in the  

literature 
12

. The comparison of the obtained 

pattern with the one of the database, shows that 

almost all characteristic peaks are obtained.  

 

 

 

 

 

 

  

Figure 24: XRD diffractograms of the three catalysts, CoMn2O4 (M1/M2) and 

MnCo2O4 (M2) in comparison with literature data 52. 
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Comparing the diffractograms with the literature 
11,12

, almost every peak could be obtained. 

The catalysts prepared according to the second method, show rather broad peaks and a high 

background, which may indicate small crystallites and a high amount of amorphous parts. The 

space group of CoMn2O4 (M1) is I41/amd, for CoMn2O4 (M2) it is R-3 R (148) and for 

MnCo2O4 (M2) it is Fd-3mS (227) which is in accordance with the literature 
11,12

. 

 

With the Rietveld refinement, also the lattice constants of the catalysts are determined  

(Table 3). The obtained values of the lattice constants are in good agreement with the data 

from the ICSD and the literature values.  

 

Table 3: Lattice constants of the catalysts CoMn2O4 (M1/M2) and MnCo2O4 (M2) compared to ICSD 55 and  

literature 11,12. 

Sample a = b [Å] c [Å] 

CoMn2O4 (M1) 5.75 9.22 

CoMn2O4 (#39197, ICSD) 5.784 9.091 

CoMn2O4 (#164367, ICSD) 5.775 8.958 

literature value 
11

 5.759 9.252 

CoMn2O4 (M2) 4.8987 13.906 

CoMn2O4 (#31854 , ICSD) 4.933 13.7106 

literature value 
12

 5.77 8.95 

MnCo2O4 (M2) 8.13 8.13 

MnCo2O4 (#36256, ICSD) 8.072 8.072 

literature value 
12

 8.28 8.28 
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4.1.2 Scanning electron microscopy (SEM)  

 

With scanning electron microscopy (SEM), information about the shape, morphology and 

particle size of the catalysts can be obtained. The following Figures 25 to 28 represent the 

SEM images of the amorphous MnO2 precursor, the CoMn2O4 catalyst as well as the catalysts 

synthesized with the second method (CoMn2O4 and MnCo2O4). The first four pictures (Figure 

25 and 26) show the amorphous MnO2 and the CoMn2O4 (M1) catalyst at different 

magnifications. They both look like crushed stone plates, which have a size between 5 µm 

and 50 µm. Figure 26 (right), shows some fine-grained powder on the crushed stone plates, 

which is due to the pestling in an agate mortar and the fine particles are in nm scale. 

 

  

Figure 25: SEM images of amorphous MnO2 (left) and CoMn2O4 (M1, right) at 1.000 fold magnification. 

  

Figure 26: SEM images of amorphous MnO2 (left) and CoMn2O4 (M1, right) at 5.000 fold magnification. 
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The Figures 27 and 28 represent the SEM images of the catalysts (CoMn2O4 and MnCo2O4) 

synthesized with the second method. The images show that both catalysts formed 

microspheres. In case of the CoMn2O4, the microspheres are in the range of 5 µm and the 

MnCo2O4 has even smaller particles (< 4 µm). The CoMn2O4 catalyst tends to form numerous 

agglomerates, which can be seen in Figure 27 on the left, whereas the MnCo2O4 catalyst is 

only forming a few. In Figure 28 (left), the agglomerates of the CoMn2O4 catalyst are shown 

very well and the surface area of the particles looks “furry”. Figure 28 verifies the assumption 

that MnCo2O4 forms less agglomerates than CoMn2O4.  

 

  

Figure 27: SEM images of CoMn2O4 (M2, left) and MnCo2O4 (M2, right) at 1.000 fold magnification. 

  

Figure 28: SEM images of CoMn2O4 (M2, left) and MnCo2O4 (M2, right) at 20.000 fold magnification.  
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4.1.3 Energy dispersive X-ray analysis (EDX) 

 

The EDX spectra of the three catalysts (CoMn2O4 (M1/M2), MnCo2O4 (M2)) as well as of the 

amorphous MnO2 precursor from the first catalyst are obtained at different areas 

(approximately 3-6) of the surface. The Figures 29 and 30 exemplify the area where the EDX 

spectra are obtained. The mean values of the chemical composition are presented in Table 4 

and 5. The results show that all three catalysts only contain cobalt, manganese and oxygen at 

different ratios. The precursor contains only manganese and oxygen. Table 6 shows the 

Co:Mn ratios of the three catalysts and the Mn:O ratio of the amorphous MnO2 precursor. 

According to the chemical composition, there should be a Co:Mn ratio of 1:2 in case of the 

CoMn2O4, of 2:1 for MnCo2O4 and a Mn:O ratio of 1:2 for MnO2. The MnCo2O4 catalyst is in 

good agreement with the result of the literature (1.9:1 
12

) but the CoMn2O4 catalyst 

synthesized with the second method, strongly deviates from the literature (1:2.04 
13

). The 

CoMn2O4 catalyst, synthesized with the first method, also obtained a higher Co:Mn ratio of 

1:2.5. The MnO2 precursor yielded the expected Mn:O ratio. 

  

Figure 29: Area of the SEM picture, where the EDX spectrum of the amorphous MnO2 (left) and CoMn2O4 (M1, right) is 
taken. 
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Figure 30: Area of the SEM picture, where the EDX spectrum of CoMn2O4 (M2, left) and MnCo2O4 (M2, right) is taken. 

 

 

Table 4: The mean value of the chemical composition (at.%) of MnO2 and the catalysts. 

 amorphous MnO2 CoMn2O4 (M1) CoMn2O4 (M2) MnCo2O4 (M2) 

Co - 12.16  ± 5.67 10.45 ± 0.80 28.29 ± 3.37 

Mn 31.17 ± 13.48 31.70  ± 2.25 31.77  ± 3.43 15.11  ± 3.38 

O 66.45 ± 13.73 44.91  ± 7.83 57.78  ± 3.82 52.85  ± 3.90 

 

Table 5: The mean values of the chemical composition (wt.%) of MnO2 and the catalysts. 

 amorphous MnO2 CoMn2O4 (M1) CoMn2O4 (M2) MnCo2O4 (M2) 

Co - 25.07  ± 6.16 18.75 ± 1.15 45.66  ± 1.59 

Mn 57.81 ± 12.45 52.04  ± 1.71 52.97  ± 3.34 26.53  ± 2.85 

O 38.92 ±12.31 27.38  ± 6.33 28.28  ± 3.13 29.16  ± 0.75 

 

Table 6: The chemical ratios of the three catalysts and of the amorphous MnO2 precursor. 

ratio amorphous MnO2 CoMn2O4 (M1) CoMn2O4 (M2) MnCo2O4 (M2) 

Co:Mn - 1:2.5 1:3.0 1.9:1 

Mn:O 1:2.1 - - - 
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4.1.4 Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda analysis (BJH) 

 

In the following Table 7, the results of the BET and BJH analysis are summarized. The N2 

adsorption of the three catalysts as well as of Vulcan XC72 as reference, are plotted in Figure 

31. It is well known that a higher surface area indicates better electrochemical performance 

due to the fact that more active sites for oxygen adsorption are available. The specific surface 

area can be influenced by many factors, as for instance, particle size and particle shape. In 

Table 7, it can be seen that for the catalyst CoMn2O4 a much higher specific surface area 

(89.36 m
2
/g) can be obtained with the second synthesis method than with the first method 

(55.77 m
2
/g). In case of the first method, the obtained SSA is much smaller than the literature 

value. The measured SSA values for the second synthesis method are even much higher than 

in the literature 
12,13

. This is in good agreement with the results from the electrochemical 

characterisation. The catalysts synthesized with the second method obtained much higher 

current density than the one synthesized with the first method (chapter 4.2). The Vulcan 

XC72, which is added to the catalyst slurry for enhancing the electronic conductivity, has the 

highest SSA (224.52 m
2
/g) of all measured samples and is in good agreement with literature.  

 

Table 7: Specific surface area (SSA) compared with the literature and the results of the BJH analysis. 

 

 

 

 

 

 

 

 

  

Sample 
SSA  

(m
2
 · g

-1
) 

SSA Literature 

(m
2
 · g

-1
) 

Pore diameter 

(nm) 

Pore volume 

(cm
3
 ·  g

-1
) 

CoMn2O4 (M1) 55.77 112 
11

 12.18 0.179 

CoMn2O4 (M2) 89.36 11 
12

 9.29 0.259 

MnCo2O4 (M2) 151.23 37 
12

 5.06 0.263 

Vulcan XC72 224.52 222 
56

 10.00 0.355 
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Figure 31: The adsorption isotherms of the catalysts and Vulcan XC72. 

 

4.2 Electrochemical measurements 

4.2.1 Cyclic Voltammetry (CV) 

 

For the investigation of the redox processes of the three catalysts CoMn2O4 (M1/M2) and 

MnCo2O4
 
(M2), cyclic voltammetry experiments are conducted in N2 saturated 0.1 M and  

8 M KOH. The measurements are carried out with a scan rate of 10 mV/s at room 

temperature. Two different catalyst concentrations (0.015 and 0.0196 mg) are applied to the 

rotating disc electrode (RDE) to see the impact on the electrochemical activity. Additionally, 

also measurements with Vulcan XC72 only are conducted as reference.  
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In Figure 32 and 33, the voltammograms of the three catalysts (CoMn2O4 (M1/M2), 

MnCo2O4 (M2)) at both loadings (0.015 and 0.0196 mg), are pictured in 0.1 M KOH. At 

~+0.7 V, an increase of the current density of all three catalysts occurs, due to the oxygen 

evolution reactions (OER). Figure 33 shows a small peak of the catalyst CoMn2O4 (M1) at 

+0.3 V caused by the change of oxidation state of the cobalt ion: Co
II
 ↔ Co

III + 
e

-
, 

57
. Figure 

34 shows a cyclic voltammetry experiment in the voltage range of -0.7 V until +1.0 V. The 

experiment is carried out to demonstrate that the increase of the current density starting at -0.1 

V is due to the oxygen reduction reactions (ORR). For this purpose, only the anodic sweep is 

conducted at first, started and ended at the OCV, and then, the electrolyte is purged with N2 

gas for 15 minutes to remove O2. After that, only the cathodic sweep is conducted, which is 

again started and ended at the OCV. Three cycles are operated in this manner. In the first 

cathodic sweep, there is still some oxygen available for reduction. Therefore, the peak at -0.3 

V still occurred but it is smaller than in Figure 33. During the following sweeps, no oxygen 

was available and the peak vanished. This confirms that these peaks only occur due to the 

ORR.  
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Figure 32: Comparison of the cyclic voltammograms of the three catalysts (c = 0.015 mg) and the pure electrode coated with  

Vulcan XC72 (c = 0.035 mg), 0.1 M KOH, v = 10 mV/s, cycle 2. 
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Figure 33: Comparison of the cyclic voltammograms of the three catalysts (c = 0.0196 mg) and the pure electrode coated 

with Vulcan XC72(c = 0.045 mg), 0.1 M KOH, v = 10 mV/s, cycle 2. 
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Figure 34: Cyclic voltammograms of CoMn2O4 (M2, c = 0.0196 mg), cathodic/anodic sweep only, 0.1 M KOH,  

v = 10 mV/s, 3 cycles. 
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Figures 35 and 36 show the results of the cyclic voltammetry experiments of the three 

catalysts at different loadings (0.015 and 0.0196 mg) and of Vulcan XC72 as reference (0.035 

and 0.045 mg) conducted in 8 M KOH. The highest current density is achieved with the 

CoMn2O4 (M2) catalyst and a catalyst loading of 0.0196 mg. The second highest current 

density has the MnCo2O4 (M2) catalyst at the same catalyst loading. For the lower catalyst 

loading, a different behaviour is observed. The MnCo2O4 (M2) catalyst has the highest current 

density and the CoMn2O4 (M2) the second highest. In general, the current density is much 

higher in 8 M KOH than in 0.1 M KOH, since the ionic conductivity in 8 M KOH is 

increased. 

 

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

0

5

10

15

20

25

 CoMn
2
O

4
 (M1)

 CoMn
2
O

4
 (M2)

 MnCo
2
O

4
 (M2)

 Vulcan XC72

 

j 
/ 

m
A

. c
m

-2

E vs. Hg/HgO / V
 

Figure 35: Comparison of the cyclic voltammograms of the three catalysts (c = 0.015 mg) and the pure electrode coated with 

Vulcan XC72 (c= 0.035 mg), 8 M KOH, v = 10 mV/s, cycle 2. 
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Figure 36: Comparison of the cyclic voltammograms of the three catalysts (c = 0.0196 mg) and the pure electrode coated 

with Vulcan XC72 (c = 0.045 mg), 8 M KOH, v = 10 mV/s, cycle 2. 

 

4.2.2 Oxygen Evolution Reactions (OER) 

 

In the following Figures 37-47, voltammograms of the oxygen evolution reactions (OER) of 

the three synthesized catalysts CoMn2O4 (M1/M2), MnCo2O4 (M2) and of Vulcan XC72 are 

shown. The measurements are conducted in N2 saturated 0.1 M and 8 M KOH at room 

temperature. The Figures 37 and 38 show the OER voltammograms of the three catalysts at 

two different concentrations (0.015 and 0.0196 mg) and of the Vulcan XC72 (0.035 and  

0.045 mg) in 0.1 M KOH. Since Vulcan XC72 is added to the catalyst slurry, measurements 

were also conducted with Vulcan XC72 as reference. In Figure 39, a comparison between the 

two catalyst loadings can be seen. The lowest overpotential, steepest slope and highest current 

density is achieved with the CoMn2O4 (M1) catalyst (Figure 39). The two other catalysts, 

synthesized with the second method (M2), are behaving rather similar except that the 

MnCo2O4 (M2) catalyst shows a steeper slope at higher loading than the CoMn2O4 (M2). 
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Figure 40 shows the first and fifth sweep of the OER measurements of the three catalysts with 

the higher catalyst loading in 0.1 M KOH at 1600 rpm. From the first to the fifth sweep, the 

overpotential increases and the current density decreases. The difference is even higher for 

measurements conducted at lower rotation rates (400 rpm), as it can be seen in Figure 41. At 

1600 rpm, higher current density can be achieved compared to 400 rpm, since the diffusion 

layer is directly proportional to the rotation rate. The higher the rotation rate, the thinner the 

diffusion layer.  

Figure 42 and 43 show the OER voltammograms in 8 M KOH at different catalyst loadings 

(0.015 and 0.0196 mg) and of Vulcan XC72 (0.035 and 0.045 mg) as reference. The two 

CoMn2O4 (M1/M2) catalysts have approximately the same overpotential. In Figure 44, a 

comparison of the two catalyst loadings can be seen. The best results are achieved with the 

MnCo2O4 (M2) catalyst, due to the highest specific surface area. The second highest current 

density obtained the CoMn2O4 (M2) catalyst at the higher catalyst loading.  

Figure 45 shows the OER measurements in different electrolyte concentrations. The higher 

electrolyte concentration (8 M KOH) results steeper slopes and higher current density of the 

catalysts since the ionic conductivity is increased at higher OH
-
 concentration. The 

overpotentials in 8 M KOH are much lower (~0.65 V) than in 0.1 M KOH (~0.75 V).  

Figure 46 pictures the first and fifth sweep of the voltammograms in 8 M KOH. The 

difference from the first to the fifth sweep in 8 M KOH is much smaller than in 0.1 M KOH 

(Figure 40). In Figure 47, the sweeps at different rotation rates (1600 and 400 rpm) in  

8 M KOH can be seen. For the CoMn2O4 (M1), nearly the same behaviour is observed at 400 

and 1600 rpm. In case of the catalysts synthesized with the second method, the sweeps 

conducted at 400 rpm achieve slightly higher current densities than the ones at 1600 rpm and 

even the overpotential is slightly lower at the lower rotation rate.  
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Figure 37: OER voltammograms of the three catalysts (c = 0.015 mg) and Vulcan XC72 ( c= 0.035 mg),  

0.1 M KOH, v = 5 mV/s, 1600 rpm, Sweep 5. 
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Figure 38: OER voltammograms of the three catalysts (c = 0.0196 mg) and Vulcan XC72 (c = 0.045 mg),  

0.1 M KOH, v = 5 mV/s, 1600 rpm, Sweep 5.  
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Figure 39: OER voltammograms of the catalysts and Vulcan XC72 at different catalyst loadings in 0.1 M KOH, v = 5 mV/s, 
1600 rpm, Sweep 5. 

 

0.5 0.6 0.7 0.8 0.9 1.0

0

2

4

6

8

10

12

14

16

18

20

22

 CoMn
2
O

4
 (M1) 1

st

 CoMn
2
O

4
 (M1) 5

th

 CoMn
2
O

4
 (M2) 1

st

 CoMn
2
O

4
 (M2) 5

th

 MnCo
2
O

4
 (M2) 1

st

 MnCo
2
O

4
 (M2) 5

th

 

 

j 
/ 
m

A
. c

m
-2

E vs. Hg/HgO / V
 

Figure 40: Comparison of the OER voltammograms of the first and fifth sweep of the three catalysts (c = 0.0196 mg) 

in 0.1 M KOH, at 1600 rpm, v = 5 mV/s.  
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Figure 41: OER voltammograms of the three catalysts (c=0.0196 mg) at different rotation rates,  

0.1 M KOH, v = 5 mV/s, Sweep 5 (1600 rpm) and Sweep 6 (400 rpm). 
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Figure 42: OER voltammograms of the three catalysts (c = 0.015 mg) and Vulcan XC72 (c = 0.035 mg), 8 M KOH,  

v = 5 mV/s,1600 rpm, Sweep5. 
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Figure 43: OER voltammograms of the three catalysts (c=0.0196 mg) and Vulcan XC72 (c = 0.045 mg), 8 M KOH  

v = 5 mV/s, 1600 rpm, Sweep 5. 
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Figure 44: OER voltammograms of the catalysts and Vulcan XC72 at different loadings, 8 M KOH, v = 5 mV/s, 1600 rpm, 

Sweep 5.  
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Figure 45: Comparison of the OER voltammograms of the catalysts (c = 0.0196 mg) in different electrolyte concentrations,  

v = 5 mV/s, 1600 rpm, Sweep 5. 
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Figure 46: Comparison of the OER voltammograms at the first and fifth sweep of the three catalysts (c = 0.0196 mg), 

in 8 M KOH, v = 5 mV/s, 1600 rpm.  
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Figure 47: OER voltammograms of the three catalysts (c = 0.0196 mg) at different rotation rates, 

8 M KOH, v = 5 mV/s, Sweep 5 (1600 rpm) and Sweep 6 (400 rpm). 

 

 

4.2.3 Oxygen Reduction Reactions (ORR) 

 

In Figures 48 and 49, the ORR measurements of the three catalysts (CoMn2O4 (M1/M2), 

MnCo2O4 (M2)) at two different catalyst loadings (0.015 and 0.0196 mg) are compared to the 

Vulcan XC72 (0.035 and 0.045 mg). In the lower catalyst loading, the achieved current 

density of the three catalysts is approximately the same (~ 2 mA/cm
2
) and that of  

Vulcan XC72 is much lower (Figure 48). The measurements with the higher catalyst loading 

(Figure 49) have increased current density and the individual catalysts differ more than in the 

lower loading. Figure 50 shows the comparison of the voltammograms of the different 

catalyst loadings. In the higher catalyst loading, CoMn2O4 (M2) and MnCo2O4 (M2) have the 

same overpotential (~-0.05 V) and CoMn2O4 (M1) and Vulcan XC72 have the same one (-

0.11 V), as well. The highest current density is achieved by the MnCo2O4 (M2) catalyst and 

the second highest by the CoMn2O4 (M2) catalyst for the higher catalyst loading. 
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In case of the CoMn2O4 (M1) catalyst, there is not much difference between the achieved 

current densities of both catalyst loadings and even the overpotential is the same. 

Figure 51 shows the first and fifth sweep of the ORR measurements of the three catalysts in 

0.1 M KOH. From the first to the fifth sweep, the current density decreases and the 

overpotential increases, but apart from this, the measurements are very regular.  
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Figure 48: ORR voltammograms of the catalysts (c = 0.015 mg) in comparison with Vulcan XC72 (c = 0.035 mg), 

0.1 M KOH, v = 5 mV/s, 1600 rpm, Sweep 5. 
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Figure 49: ORR voltammograms of the catalysts (c = 0.0196 mg) in comparison with Vulcan XC72 (c = 0.045 mg), 

0.1 M KOH, v = 5 mV/s, 1600 rpm, Sweep 5. 
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Figure 50: ORR voltammograms of the catalysts and Vulcan XC72 with different loadings, 0.1 M KOH, v = 5 mV/s, 1600 rpm, 
Sweep 5.  
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Figure 51: Comparison of the ORR voltammograms of the three catalysts (c=0.0196 mg) of the first and 

fifth sweep at 1600 rpm, 0.1 M KOH v = 5 mV/s. 
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For the Koutecky-Levich analysis, ORR measurements of the three catalysts are conducted at 

different rotation rates (100, 400, 900, 1600 and 2500 rpm) in 0.1 M KOH (Figures 52  

and 53) as well as in 8 M KOH (Figures 59 and 60). As a reference, ORR voltammograms of 

Vulcan XC72 in 0.1 M KOH are also implemented (Figure 53, right). In these measurements, 

the influence of the rotation rate on the kinetics of the oxygen reduction reaction can be seen. 

With increasing rotation rate, the current density increases too, because of the decreased 

diffusion layer and increased electron transport.  
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Figure 52: ORR voltammograms for Koutecky–Levich plot, CoMn2O4 (M1 (left) and M2 (right)) (c = 0.0196 mg),  

0.1 M KOH, v = 5 mV/s. 

-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

 400 rpm

 900 rpm

 1600 rpm

 2500 rpm

 

j 
/ 
m

A
. c

m
-2

E vs. Hg/HgO / V  
-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

 100 rpm

 400 rpm

 900 rpm

 1600 rpm

 2500 rpm

 

 

j 
/ 
m

A
. c

m
-2

E vs. Hg/HgO / V
 

Figure 53: ORR voltammograms for Koutecky–Levich plot, MnCo2O4 (c = 0.0196 mg, left) and Vulcan XC72  

(c = 0.035 mg, right),0.1 M KOH, v = 5 mV/s.  
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The electrolyte of secondary zinc-air batteries is usually a strong alkaline one, thus the ORR 

measurements are also conducted in 8 M KOH. Figures 54 to 56 show the voltammograms of 

the ORR measurements in 8 M KOH at different catalyst loadings (0.015 and 0.0196 mg) 

compared to pure Vulcan XC72 (0.035 and 0.045 mg). The first peak at around -0.1 V is due 

to the Vulcan XC72. The second peak around -0.4 V is because of the H2O2 production at the 

glassy carbon disc 
22

. At the lower catalyst loading (Figure 54), the highest current density can 

be obtained by the CoMn2O4 (M2) catalyst, whereas in the higher catalyst loading (Figure 55) 

by MnCo2O4 (M2). Both catalysts obtain similar current density at various loadings, which 

can be seen in Figure 56, where the comparison of the catalysts and Vulcan XC72 at different 

catalyst loadings is plotted.  

Figure 57 shows a comparison of the voltammograms between the second and fifth sweep, 

since the first sweep always deviates from the following ones. It can be seen, that the current 

density decreases from the second to the fifth sweep. Figure 58 shows the comparison of the 

three catalysts and of Vulcan XC72 at different electrolyte concentrations (0.1 M and 8 M 

KOH). The measurements conducted in 0.1 M KOH achieve much higher current density than 

the one conducted in 8 M KOH that is due to the higher solubility of oxygen in 0.1 M KOH 

(Table 2).  
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Figure 54: ORR voltammograms of the three catalysts (c = 0.015 mg) compared to Vulcan XC72 (c = 0.035 mg) and the 

pure glassy carbon disc, 8 M KOH, v = 5 mV/s, 1600 rpm, Sweep 5.  
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Figure 55: ORR voltammograms of the three catalysts (c = 0.0196 mg) compared to Vulcan XC72 (c = 0.045 mg) 

and to the pure glassy carbon disc,8 M KOH, v = 5 mV/s, 1600 rpm, Sweep 5. 
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Figure 56: ORR voltammograms of the catalysts and Vulcan XC72 with different loadings and of the glassy carbon electrode, 
8 M KOH, v = 5 mV/s, 1600 rpm, Sweep 5. 
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Figure 57: Comparison of the ORR voltammograms of the three catalysts (c = 0.0196 mg) of the second and fifth sweep, 

 8 M KOH, v = 5 mV/s, 1600 rpm. 
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Figure 58: Comparison between the catalysts and the electrolyte concentration, c = 0.0196 mg, v = 5 mV/s,  

1600 rpm, Sweep 5.  
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In the following Figures 59 and 60, the ORR measurements for the Koutecky-Levich Plot that 

are conducted at different rotation rates, are shown in 8 M KOH. The highest current density 

is achieved with the highest rotation rate. The comparison of the three catalysts shows that the  

MnCo2O4 (M2) catalyst has the highest current density which is in good agreement with the 

BET results. The overpotential of CoMn2O4 (M1) decreases with increasing rotation rate 

whereas for the other two catalysts it does not change. In case of the CoMn2O4 (M2) catalyst, 

there is no increase of limiting current density between the rotation rates 400 and 1600 rpm 

and therefore, these data are not used for the Koutecky-Levich plot. 
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Figure 59: ORR voltammograms for the Koutecky–Levich plot, CoMn2O4 (M1) (c = 0.0196 mg, left), CoMn2O4 (M2)  

(c = 0.0196 mg, right), 8 M KOH, v = 5 mV/s. 
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Figure 60: ORR voltammograms for the Koutecky–Levich plot, MnCo2O4 (M2) (c = 0.0196 mg), 8 M KOH, v = 5 mV/s. 
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4.2.4 Koutecky-Levich Plot 

 

In the following Figure 61 and 62, the Koutecky-Levich plots of the three catalysts and of 

Vulcan XC72 in 0.1 M KOH, are shown. The reciprocal limiting current densities obtained 

during the ORR experiments (Figures 52 and 53), read off at –0.55 V, are plotted against the 

reciprocal square root of the rotation rate. From the slope of the Koutecky-Levich plot, the 

number of transferred electrons n is calculated according to the equation (27). The Koutecky-

Levich plots are straight lines and as they do not intercept at the origin of coordinates, a 

kinetically limited reaction is obtained. 

 

In Figure 63, a direct comparison of the Koutecky-Levich plots of the three catalysts is 

shown. The MnCo2O4 (M2) and CoMn2O4 (M2) catalyst intercepts the vertical axis at a 

slightly higher reciprocal current density than the other one, which suggests that these two 

have a higher kinetic limitation than the CoMn2O4 (M1). 

 

Table 8 presents the number of calculated transferred electrons in comparison with the values 

of the literature. For the three catalysts, the results are between 3.3 and 3.6 and in good 

agreement with the literature. According to the obtained number of transferred electrons, a 

four-electron way is suggested for the ORR of the three catalysts (CoMn2O4 (M1/M2), 

MnCo2O4 (M2)) and a two-electron way in case of Vulcan XC72. 

 

 

Table 8: The number of transferred electrons in 0.1 M KOH, calculated from the Koutecky-Levich Plot. 

Catalyst slope n Literature value 

CoMn2O4 (M1) 2.63 3.45 3.4 
11

 

CoMn2O4 (M2) 2.53 3.59 3.68 
12

 

MnCo2O4 (M2) 2.62 3.34 3.51 
12

 

Vulcan XC72 4.95 1.83 2 
58
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Figure 61: Koutecky-Levich Plot of CoMn2O4 (M1) (c=0.0196 mg) (left) and CoMn2O4 (M2) (c=0.0196 mg) (right),  

0.1 M KOH, v = 5 mV/s. 
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Figure 62: Koutecky-Levich Plot of MnCo2O4 (M2) (c=0.0196 mg) (left) and Vulcan XC72 (c=0.035 mg) (right),  

0.1 M KOH, v = 5 mV/s. 
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Figure 63: Comparison of the Koutecky-Levich Plots of the three catalysts in 0.1 M KOH, v = 5 mV/s. 

 

In the Figure 64, the Koutecky-Levich plots of the CoMn2O4 (M1) and MnCo2O4 (M2) 

catalysts in O2 saturated 8 M KOH, are illustrated. The reciprocal limiting current density of 

100 rpm is not used for the plot because it would not result in a straight line. The limiting 

current densities are obtained from the ORR voltammograms at –0.55 V, in Figure 59 (left) 

and Figure 60. The ORR voltammograms of CoMn2O4 (M2) (Figure 59, right) are not 

evaluated because the limiting current densities do not uniformly increase with increasing 

rotation rate. Figure 65 shows the comparison of the two Koutecky-Levich plots. Both 

catalysts intercept the vertical axis at a much higher value than in 0.1 M KOH. Table 9 

presents the number of transferred electrons. In 8 M KOH, less electrons are transferred than 

in 0.1 M KOH, which is in good accordance with the lower current density achieved in 8 M 

KOH. The reduced number of transferred electrons in 8 M KOH is also described in the 

literature, where measurements with a Pt electrode were conducted and the number of 

transferred electrons was 0.99 and 1.87 
59, 60

.  

 

Table 9: The number of transferred electrons in 8 M KOH, calculated from the Koutecky-Levich Plot. 

Catalyst slope n 

CoMn2O4 (M1) 32.41 0.53 

MnCo2O4 (M2) 19.88 0.88 
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Figure 64: Koutecky-Levich Plot of CoMn2O4 (M1, (left)) and MnCo2O4 (M2,right), c = 0.0196 mg, 8 M KOH,  

 v = 5 mV/s. 
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Figure 65: Comparison of the Koutecky-Levich Plots from the two catalysts in 8 M KOH, v = 5 mV/s. 
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5 Conclusion 

 

Three different catalysts (CoMn2O4 (M1/M2) and MnCo2O4 (M2)) were synthesized 

according to two different methods with the aim to develop a promising bifunctional catalyst 

for the air electrode of the secondary zinc-air battery. The physicochemical properties of the 

catalysts were analysed with X-ray diffraction (XRD), scanning electron microscopy 

(SEM/EDX) and Brunauer-Emmett-Teller (BET) measurements. The electrochemical 

behaviour has been investigated via cyclic voltammetry (CV) and linear sweep voltammetry 

(LSV) to study the oxygen evolution- (OER) and oxygen reduction reactions (ORR). The 

measurements were conducted in a three-electrode setup with a platinum counter electrode 

and a Hg/HgO reference electrode. A rotating disc electrode (RDE) was coated with the 

catalyst slurry as working electrode and the measurements were conducted in 0.1 M  

and 8 M KOH.  

The synthesis of the catalysts was carried out with two different methods. For both 

methods, precursors were prepared. Concerning method M1, the precursor was amorphous 

MnO2, which was prepared via the reduction reaction of Mn(CH3COO)2 with KMnO4. Then, 

it was further reduced with NaBH4 to the CoMn2O4 catalyst. In case of method M2, the 

Co0.33Mn0.67CO3 and Mn0.33Co0.67CO3 precursors were prepared from cobalt acetate and 

manganese acetate with (NH4)2SO4 and NH4HCO3. Both carbonate precursors were prepared 

with the same method, but for the synthesis of Mn0.33Co0.67CO3, the molar ratio of cobalt- to 

manganese acetate was reversed. Afterwards, they were annealed at 400°C to obtain the 

CoMn2O4 and MnCo2O4 catalysts. 

The SEM images of the catalyst synthesized with the first method showed a crushed 

plate-like morphology. The other two catalysts had a microspheric morphology. The EDX 

measurements confirmed that only Co, Mn and O were present in different ratios. The 

CoMn2O4 (M1) showed a Co:Mn ratio of 1 to 2.5, the CoMn2O4 (M2) had 1 to 3.0 and the 

MnCo2O4 (M2) 1.9 to 1 ratio. The Rietveld refinement of the XRD measurement showed that 

the catalysts are phase pure samples. The BET results revealed that the CoMn2O4 (M1) 

catalyst synthesized with the first method has a smaller specific surface area (SSA) than the 

catalysts synthesized with the second method. In comparison with the literature, the  

CoMn2O4 (M2) and MnCo2O4 (M2) catalysts obtained a much higher SSA,  

89.36 and 151.23 m
2
 · g

-1
, respectively. 
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In the cyclic voltammetry measurements, an increase of the current density occurs at  

+0.7 V for all three catalysts and both catalyst loadings (0.015 and 0.0196 mg), which is due 

to the OER. The peak of the catalyst CoMn2O4 (M1) at + 0.3 V is related to the change of the 

oxidation state of Co
II
 ↔ Co

III
. The peak at -0.3 V, which occurs for all three catalysts, is due 

to the ORR. 

In case of the OER measurements, the best result in 0.1 M KOH was obtained with the 

CoMn2O4 (M1) catalyst. It had the highest current density and the lowest overpotential at both 

catalyst loadings. The comparison of several sweeps at 1600 rpm showed that the current 

density decreases and the overpotential of all three catalysts increases with increasing sweep 

number. The comparison between the rotation rates of 1600 and 400 rpm showed that there 

was an additional decrease of current density at lower rotation rate. In 8 M KOH, the current 

density is much higher than in the 0.1 M KOH, due to increased ionic conductivity in higher 

electrolyte concentration. The overpotentials were decreased by approximately  

100 mV in the higher concentration. The best result in 8 M KOH was obtained with the 

MnCo2O4 (M2) catalyst, which has the highest SSA. The comparison between the first and 

fifth sweep of the catalysts in 8 M KOH showed that there is no increase of the overpotential 

and only a small decrease of the current density at the fifth sweep.  

The ORR measurements conducted in 0.1 M KOH, revealed the MnCo2O4 catalyst as 

the one with the highest current density. The highest overpotential in 0.1 M KOH have 

CoMn2O4 (M1) and the Vulcan XC72. The current density of all three catalysts was around  

2 mA/cm
2
 for the lower catalyst loading, whereas Vulcan XC72 showed a much lower current 

density. Concerning the higher catalyst loading, the current density is between 2 and  

2.75 mA/cm
2
. For the comparison between the first and fifth sweep, the same behaviour as for 

the OER can be observed. The current density decreases and the overpotential increases with 

increasing sweep number. In 8 M KOH, the highest current density was obtained from 

CoMn2O4 (M2) at the lower catalyst loading and at the higher one, MnCo2O4 (M2) surpassed 

the others. The peaks obtained at -0.1 V and -0.4 V in 8 M KOH can be referred to the Vulcan 

XC72 and the production of H2O2 at the glassy carbon electrode, respectively. In 8 M KOH, 

much lower current densities than in 0.1 M KOH were obtained, due to the lower solubility  

of oxygen. 
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The ORR voltammograms at different rotation rates, which were conducted for the 

analysis of the Koutecky-Levich plots, showed almost equidistant limiting current densities in 

0.1 M KOH. In the higher electrolyte concentration, this behaviour was no longer observable 

for all catalysts. The result of the Koutecky-Levich analysis indicated kinetically limited 

processes. In 0.1 M KOH, the calculated number of transferred electrons of all catalysts lies in 

the range of 3.3 to 3.6, which assumes that the ORR is a four-electron process. In the case of  

8 M KOH, the amount of transferred electrons is in the range of 0.5 to 0.9 and a two-electron 

process is more likely. The best catalyst for the ORR in 0.1 M KOH is CoMn2O4 (M2), which 

transferred 3.59 electrons. In 8 M KOH, MnCo2O4 (M2) transferred the highest amount of 

electrons. 
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7 Appendix 

 

Chemicals 

 

Manganese acetate tetrahydrate (Mn(CH3COO)2)*4 H2O 

>99% 

Merck 

Art.-Nr.: A516721, CAS: 638-38-0 

 

Kaliumpermanganate (KMnO4) 

>99% 

Riedel-de Haën 

Art-Nr.: 31404, CAS:7722-64-7 

 

Cobaltous chloride Hexahydrate (CoCl2*6 H2O) 

>98% 

Art-Nr.: 60820, CAS: 7646-79-9 

 

Sodium borohydride (NaBH4) 

≥ 96% 

Fluka Analytical 

 

Sodiumhydroxide (NaOH) 

99.3% 

VWR Chemicals 

 

Cobalt acetate tetrahydrate (C4H6CoO4)*4 H2O 

 

Art-Nr: 1001383761 CAS: 6147-53-1 
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Ammonium sulfate (NH4)2SO4 

>99.5% 

Merck 

Art-Nr.: A626617, CAS: 7783-20-2 

 

Ammonium bicarbonate (NH)4HCO3 

≥99% 

Carl Roth GmbH & Co. KG 

Art-Nr: T871.2, CAS: 1066-33-7 

 

Carbon Black (VXC72R) 

CARBOT 

CAS-Nr.: 1333-86-4 

 

Nafion®, perfluorinated resin, aqueous dispersion 

10 wt% in H2O 

Aldrich Chemistry 

Art.-Nr.: 527114-25ML; CAS-Nr.: 31175-20-9 

 

Potassium Hydroxide (KOH) 

≥ 85 % p.a. 

Carl Roth GmbH & Co. KG 

Art-Nr.: 6781.5; CAS-Nr.: 1310-58-3 

 

Propanol-2 (Isopropanol) 

≥ 99.8 % p.a. 

Chem-Lab NV 

Art-Nr.: CL00.0906.2500; CAS-Nr.: 67-63-0 
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List of Abbreviations  

 

AE auger electrons 

BSE backscattered electrons 

BET Brunauer-Emmett-Teller method 

BJH Barrett-Joyner-Halenda method 

CV Cyclic Voltammetry 

EDX Energy dispersive X-ray Diffraction 

FEP fluorinated ethylene propylene 

fcc face centered cubic 

GC glassy carbon 

Hg/HgO Mercury/Mercury oixde 

IUPAC International Union of Pure and Applied Chemistry 

IR infrared 

ICSD Inorganic Crystal Structure Database 

LSV linear sweep voltammetry 

n transferred electrons 

OER Oxygen Evolution Reaction 

ORR Oxygen Reduction Reaction 

PTFE polytetrafluoroethylene 

PVDF polyvinylidine fluoride 

RDE rotating disc electrode 

RHE reversible hydrogen electrode 

RT room temperature 

SE secondary electrons 

SEM Secondary Electron Micrsocopy 

SHE standard hydrogen electrode 

SSA specific surface area 

XRD X-Ray Diffraction 
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