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Abstract 
 

Pursuing sustainable and efficient energy storage technologies has led to advancements in 

iron-air batteries. Understanding the intricate relationship between the microstructural 

features of iron electrodes and their oxidation and reduction behaviour is crucial for 

optimizing battery performance and lifespan. This thesis aims to investigate the impact of 

microstructural characteristics, such as phases, grain size, and defect density, on the 

formation of stable iron oxide/hydroxide compounds and the evolution of hydrogen gas 

(HER), using cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 

experiments in 6M KOH.  The influence of an electrolyte additive, sodium stannate trihydrate, 

and an iron foam functioning as alternative electrode material are also examined. 

Hot-rolled, pure iron samples were subjected to annealing heat treatments, resulting in 

different grain-sized specimens. A dual-phase steel, DP1000 steel composed of ferrite and 

martensite phases as well as hot-rolled and cold-rolled iron electrodes, completed the 

materials that formed this study‘s basis. Initial surface identification via optical microscopy 

(OM), scanning electron microscopy (SEM), electron backscatter diffraction (EBSD), atomic 

force microscopy (AFM) and X-ray diffraction (XRD) have been performed.  

Results indicate a relatively lower formation of       for a DP1000 steel anode compared 

to cold-rolled alpha iron over 12 cycles. A marginally larger decline in HER kinetics is 

observed for a hot-rolled small grained anode compared to a coarse grained anode, while a 

clear effect of grain size on the development of       and       could not be established. 

An iron foam electrode showcases greatly enhanced anodic and cathodic current densities in 

comparison to solid sheet iron electrodes, due to its cellular structure. The effect of 0.01M 

sodium stannate added to the electrolyte illustrates a significant reduction in HER intensity 

for both foam and solid iron samples.            
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1. Introduction 
 

The scientific community widely recognizes climate change as one of the most pressing 

crises of the current time. Without swift action, Earth's temperature could rise by up to 2 

degrees Celsius by the end of this century, leading to significant weather disruptions. These 

changes, including rising sea levels, increased droughts, and warmer oceans, would have 

severe consequences, such as floods, food scarcity, species extinction, and limited access to 

fresh water. Addressing the root cause, human-generated greenhouse gas emissions, mainly 

from burning fossil fuels like coal, oil, and natural gas, is essential. Transitioning to 

renewable energy sources and developing efficient energy storage technologies, such as 

batteries, are logical approaches to reducing CO2 pollution. Batteries are currently capable of 

meeting short-term energy demands for electrical devices and contribute to a more 

sustainable energy future [1]. 

 

Iron-air batteries are seen as a promising, sustainable and reliable energy storage solution.  

Nonetheless, issues exist for the iron electrode component which need to be resolved in 

order to be useful for application. Improving the functionality of this specific battery 

component is the current report‘s main focus. A firm understanding of oxidation and 

reduction behaviour (of iron) is of the utmost importance in improving the overall iron-air 

battery performance. The possible effect of several microstructural characteristics (like grain 

size, phase fraction and defect density) for this material on the detrimental  hydrogen 

evolution reaction (HER) and formation of an oxide layer occurring during operation of the 

iron-air battery are studied. The later-mentioned unwanted phenomena can greatly reduce 

the performance of the battery. Furthermore, the capabilities of a porous pure iron foam is 

probed to analyse the effect of increased available surface area during electrochemical tests. 

Lastly, the inclusion of a potentially performance-enhancing electrolyte additive, namely 

sodium stannate trihydrate, is investigated [1], [2].   

 

The iron-air battery has more difficulties than the ones mentioned previously, for example, 

problems related to the bifunctional catalysts, self-discharge of the iron electrode and 

carbonation of the electrolyte. These topics are briefly discussed.   
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1.1. Motivation 
 

Batteries have been investigated for over a century, and the lithium-ion battery is an 

ubiquitous item in society. This electrochemical energy storage unit is found in countless 

portable electronics such as: electric vehicles, cell phones, laptops and so on. The overall 

performance of these batteries is impressive, they possess a very high specific energy, 

projected to be around 350-450 Wh/kg on cell level and low self-discharge [3]. Nonetheless,  

this value range is rather an exception than the rule, as specific energy between 100-265 

Wh/kg is commonly achieved in practice. There are, however, several shortcomings to the 

rechargeable lithium-ion battery which make them less attractive in the long term. The high 

molar mass and price of lithium host materials make it an unsatisfactory choice to fulfil the 

industrial needs entirely. Additionally, energy density of materials and recycling 

considerations play a major role as will be seen next.  

 

Because of this, time and effort are also invested in developing alternative concepts for a 

battery which can accommodate longer operating times/range for electric cars for example 

and increase electrochemical storage capabilities for the surplus of renewable energy. A 

solid option is found in iron-air batteries which belong to the so-called Metal Air Batteries 

(MABs). Although the iron-air battery has it flaws, it appears to be promising alternative for 

Li-ion batteries in the near future.  

 

Important battery characteristics are energy density and specific energy (gravimetric energy 

density) with units Wh/L and Wh/kg, respectively. MABs apply pure metals as material for the 

anode where the oxygen from the ambient air functions as the cathode reactant, excluding 

the use of a bulky cathode material inside the cell. So, the iron-air battery has an open cell 

structure. Consequently, the decrease of the overall battery energy content due to electrode 

balancing is prevented [5],[6]. The fundamental principles of the iron-air battery will be 

discussed later in this section. Using calculations based on Faraday‘s law (eq.1), one can 

conveniently compare different types of MAB anode materials and Li-ion battery cathode 

materials concerning specific energy. That is given by the following equation: 

 

                        (1) 

 

With ―W‖, the specific energy of the material. ―n‖ is the number of electrons transferred. ―F‖ 

denotes the Faraday constant. The ―M‖ represents the molar mass of the material and         

indicates the standard full-cell voltage. The results of the theoretically calculated volumetric 

and gravimetric energy per material can be seen in Figure 1. 

 

https://context.reverso.net/vertaling/engels-nederlands/exception+rather+than+the+rule
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The blue columns indicate the specific energies of 9 elements that could be applied in MAB 

systems. The following nine element, Li, Si, Al, Mg, Ca, Na, K, Zn and Fe all exceed the 

specific energy of present Lithium-ion battery cathode materials. Looking at the energy 

densities in the green columns, though, shows that the potential energy density of Li is small 

(6104 Wh/L) in comparison to most of the other elements. Si, Al, Mg, Zn and Fe now exhibit 

relatively large theoretical energy densities from 9653 Wh/L to 21837 Wh/L, making them 

very attractive from a battery volume viewpoint [7], [8]. 

 

In the context of the climate change problem, sustainability, which comprises the recycling of 

batteries and abundance of materials, is an essential topic to examine. A recent study has 

shown that most lithium-ion batteries are not recycled [117]. Less than 5% are recycled due 

to economic barriers, technical constraints and other factors. The most useful metals in the 

Li-ion battery components, such as cobalt and nickel, are currently economically worthwhile 

and feasible to recover. Yet, the batteries are valuable and up to 40% pricier than nickel-

cadmium batteries [9]. A large-scale economical recycling path is still absent, while Li-ion 

batteries are already widely implemented in society. Li-ion batteries that are recycled 

undergo a very energy-intensive process, which includes high-temperature melting and 

extraction or smelting  (pyro process recycling). Figure 2 shows the traditional methods that 

could be applied in recycling batteries. Direct recycling, where the battery pack is broken 

down manually, is likely the most efficient to obtain the valuable metals from the cells. This 

technique is nonetheless labour-intensive and requires automation because of the 

comprehensive volumes to process. 

For the Iron-Air Battery, on the other hand, the situation is quite different. Iron, one of the 

most abundant elements on earth, is easily recyclable. With a well-established recycling 

process readily available, it is significantly cheaper and an environmentally friendly resource 

[10],[11]. 

  

Fig. 1 Gravimetric and volumetric energy densities of several elements applied in Metal-Air Batteries systems 
compared to the Li-ion battery and gasoline. (excluding oxygen uptake) retrieved from [14] 
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A related meaningful subject to mention is resource efficiency. It can be described as using 

the limited resources on earth sustainably while minimizing the environmental impact. For an 

energy system to be genuinely sustainable, it has to be safe from material shortages and 

cannot depend on ‗aggressive‘ extraction techniques for the materials of its main 

components. For iron, this is applicable, but for lithium-ion batteries, it is by no means the 

case. A good indication for rising technologies to be likely successful can be obtained by 

examining the resource availability versus the production capabilities in today‘s industrial 

facilities [12], [13]. The projected crustal abundance of a few elements is set out against the 

annual production of the corresponding elements in Figure 3 [14]. When taking a closer look 

at the plot, one can see that few elements occur at 104 ppm or more. Most notably are Si, Al 

and Fe. At the same time, it is also observable that iron really transcends in yearly production 

compared to all other elements. With an annual amount of circa 1.3 trillion kilograms, it is 

solely surpassed by carbon which is a result of the exploitation of fossil fuels. On the other 

hand, the element lithium is shown multiple orders of magnitudes lower and is accordingly 

found much lower along the trend line. Meaning that the utilisation of iron for battery systems 

looks far more auspicious than a lithium based battery [5],[14], [15].  

 

 

  

  

Fig. 2 The recycling routes for materials in batteries each process returns the materials to another step in the 
manufacturing process. Source: ReCell Center 

Fig. 3 Estimated abundance (parts per million) vs. annual production (kg/year). The green area indicates 
favourable elements since they are readily produced extensively and vastly abundant. (redrawn Figure, [4]) 
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1.2. Principles of the iron-air battery 
 

As earlier mentioned, iron-air batteries fall within the metal-air battery category. Metal-air 

electrochemical cells have in common that a pure metal anode is applied and an external air-

breathing cathode (containing a catalyst), is exposed to an aprotic or aqueous solution 

electrolyte. In this section, the basic principles of the metal-air battery as well as the iron-air 

battery in particular, will be clarified during the charge and discharge process, including 

corresponding reactions. 

 
 

 

In Figure 4, the working principle of metal-air batteries in aqueous solution is illustrated.  As 

the battery discharges, oxygen from the air is reduced to hydroxides (OH-) and the hydroxide 

subsequently oxidizes the metal into primarily metal hydroxides and oxides. In this Figure, 

the ―M‖ represents the metal (e.g.,  Al, Fe, or Zn) [20]. This metal releases electrons 

according to the following formula: 

                          (2) 

Where the valence of the metal ions is denoted by ―n‖. Next, the electrons move through the 

external circuit toward the cathode, where the Oxygen Reduction Reaction (ORR) initiates 

[20]. Oxygen molecules from the ambient air are, together with water, reduced to hydroxide 

ions: 

 
 

 
    

 

 
                    (3) 

The hydroxide ions travel in the direction of the metal electrode, completing the process [20]. 

The overall cell reaction is obtained combining by the previous two reactions:   

  
 

 
    

 

 
                  (4) 

  

Fig. 4 Illustration of the Metal-Air battery working principle (redrawn Figure [7]) 
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The iron air battery consists of a (by definition) negative ferrous anode and a positive 

carbonaceous cathode which allows the import of ambient air. The electrolyte in which the 

electrodes are immersed is oftentimes strongly alkaline; 6M KOH, for example. This 

electrolyte ensures good ionic conductivity and is not too corrosive for the iron anode. Iron 

oxide products have a lower solubility in an alkaline solution than an acidic solution, which 

helps prevent the formation of unwanted dendrites [5], [21]. During operation, the major 

reactions of the rechargeable Fe-air battery are the following:  Fe is oxidized to Fe(OH)2 and 

the reduction of O2  to OH- occurs when the battery discharges. When recharging, the 

reactions are reversed [5], [21]. In the image below, Figure 5, a schematic representation of 

these reactions and relevant species is given.  

 

 

The total overall reaction for the cell is given in equation (5). The reactions appearing at the 

iron anode and air cathode are shown in equations (6) and (7), respectively. In addition, upon 

further discharge, Fe(OH)2 can transform to FeOOH and into Fe3O4 (eq. (8) and (9)). Note, 

the arrows pointing towards the right indicate the discharge reactions, the left recharge 

[22],[23].  

 

                                                                           Overall cell (5) 

                                                       vs. SHE     Iron anode (6) 

                                                          vs. SHE        Air cathode (7) 

                                           vs. SHE    Deep discharge (8) 

                                         vs. SHE   Deep discharge (9) 

 

The open circuit cell potential of the Fe-air battery is found to be:                                               

       
          

        
                       .  

 

The deep discharge potentials show lower absolute electrode potentials than the initial 

reaction (6), making them less ideal. As the theoretical cell voltage is now lower, researchers 

tend to avoid deep discharge reactions as soon as the available iron is completely converted 

Fig. 5 Processes taking place during Discharging a) and Recharging b) in the Fe-air battery (redrawn Figure 
[8]) 
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to Fe(OH)2. The FeOOH and Fe3O4 composed of Fe(III) ions are more stable and, are 

therefore, more prone to undergo incomplete reduction during charging [5], [24],[25].   

 

1.3. Performance of the battery 
 

In order to accurately characterise the performance of batteries, specific parameters are 

utilized. These defined parameters allow for a reliable comparison among batteries and help 

identify the appropriate battery application. This section discusses the most important and 

relevant performance specifications for metal-air batteries.  

 

A fundamental parameter in the field of batteries, is battery capacity. The maximum quantity 

of energy which can be extracted from the battery under specific circumstances is measured 

by this attribute and is often expressed in ampere-hours (Ah). Though, the actual amount of 

current that can be withdrawn from the battery is limited and is known as the power 

capability. The power capability is measured by using the ―C-rate‖ which indicates the speed 

at which a battery is fully charged or discharged. A C-rate of 1C is by definition the necessary 

current to reach full capacity in one hour [104], [105]. The relationship between C-rate and 

discharge/charge current is given by equation 10: 

 

                    (10) 

 

Where ―I‖ denotes the current and ―Q‖ the battery capacity. 

 

Relatively large C-rates are typically accompanied with a reduced capacity for the battery, 

since the necessary substances that react do not have enough time to move and reach each 

other to react. So, only a fraction of the reactants has been converted into the required 

products, which means a reduced amount of energy is available.      

Another performance indicator is coulombic efficiency, which is the ratio of total charge 

extracted from the battery to the charge input (i.e. discharge capacity/charge capacity). 

Losses that are responsible for a reduced coulombic efficiency are primarily due to the rise of 

secondary reactions like electrolysis of water or other redox reactions, which consume 

electrons. 

A very important parameter for rechargeable batteries is the lifespan (cycle life). These 

batteries are repeatedly subjected to charge/discharge cycles and are therefore ideally 

expected to be highly reversible. The most common way to define lifespan is the number of 

cycles completed until only 80% of the initial capacity remains. The gradual capacity 

deterioration can be ascribed to unavoidable unwanted reactions in the cell and/or dendrite 

formation at an electrode. These phenomena can reduce the volume of active chemicals in 

the battery and impair capacity over time. The aforementioned processes are affected by the 

depth of discharge (DoD), which can be described as the maximum percentage of the 

capacity consistently extracted from a charged battery. Generally speaking, a lower DOD 

results in a larger battery cycle life [103].  
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A convenient method to compare MAB systems for specific energy vs. specific power is the 
so called Ragone plot. The specific energy is earlier discussed; the amount energy per unit 
mass (Wh/kg) that can be hold by a battery. While the specific power (W/kg) specifies at 
what rate the energy can be delivered. In Figure 7, Ragone plots containing the potential 
performances of metal-air batteries compared to li-ion and metal sulphur batteries are 
illustrated. Weinrich et al. [5] derived these plots in order to obtain a general overview to 
compare several battery systems. A helpful feature are the isolines which indicate the 
runtime at a certain point. 
 

The performance values of different types of MABs (magnified on the right) should be 

interpreted as rough estimations which are based on reports of the individual best results for 

the MAB cathodes and anodes found in literature. It can be deduced from Figure 7 that 

MABs excels in terms of specific energy compared to the other battery systems. This is 

favourable since a considerable amount of energy can be stored per unit mass. On the other 

hand, the specific power is on the medium to low side, in comparison to metal-sulphur and li-

ion batteries, respectively. Among the MABs (right), the Fe-air and Zn-air potentially possess 

the lowest specific energies, although for these batteries reversibility has already been 

shown on full-cell level [5]. 

 

 

 

 

 

 

 

  

Fig. 6 Capacity retention vs. cycle number 

Fig. 7 Performance comparison among battery systems (left) and among MAB systems (right) [5]  
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Actual experimental results for some tested iron anodes which could be applied in Fe-air 

batteries are indicated in the table 1 below, to display the performances achieved. Several 

performance characteristics as well as the applied anode structure is present to provide a 

general overview. Performance enhancement is sought in the architecture of the iron anode, 

where present research mainly examines the application micro-and-nanoparticles, as can be 

seen in the table. In a later section will be further elaborated on (other) anode morphologies 

and the use of additives to increase the performance. 

Iron anode 
structure 

Capacity Energy density C-rate Coulombic 
efficiency 

Reversibility Reference 

Particulate 
(microscale) 

400 mAh/g 
(Specific 
discharge) 

- C/5 80% >180 cycles [84] 

Particulate 
(nanoscale) 

854 mAh/g 
(Specific 
discharge) 

453 Wh/kg C/10 88% >20 cycles [27] 

Particulate 
(nanoscale) 

786 mAh/g 
(Specific 
discharge) 

- - 76% 30 cycles [78] 

Particulate 
(microscale) 

300 mAh/g 
(specific 
discharge) 

- C/20 96% >25 cycles [24] 

Particulate 
(microscale) 

230 mAh/g - C/5 92% >1200 cycles [58] 

Particulate 
(microparticle) 

250 mAh/g - C/2 95% 750 cycles [77] 

Table 1) Performance characteristics of several iron anodes  

In the work of Ito et al. [78], the use of Fe3O4 nanoparticles loaded on tubular carbon 

nanofibers (TCNFs) as active material for an iron anode, for the application in an iron-air 

battery, is investigated. Electrochemical measurements are performed using a three-

electrode glass cell for evaluation of the charge/discharge characteristics.            KOH 

electrolyte solutions with and without               K2S additive is utilized. They showed a 

relatively large specific capacity of 786 mAh/g could be achieved and a cycling efficiency of 

76% at the 30th cycle, with the inclusion of K2S additive. The use of sulphide additives on the 

effect of cycle life for electrodes composed of carbonyl iron powder is investigated by 

Manohar et al. [58]. Their experimental setup consists of electrolyte containing 30 wt.% KOH 

solution and carbonyl iron electrodes with bismuth sulphide, iron (II) sulphide or bismuth 

oxide powder mixture additives applied in various concentrations. Electrochemical tests are 

done in a three electrode cell. After an initial formation process, the charging efficiency and 

discharge rate capability are measured. The results show no fade of capacity for carbonyl 

iron with bismuth oxide and iron (II) sulphide after 1200 cycles at 100% DoD.  

Finally, the study of Mitra et al. [77] also attempts to understand the effect of sulphide 

additives on the performance of iron electrodes. Carbonyl iron electrodes with zinc sulphide, 

cuprous sulphide, iron (II) sulphide and iron (II) disulphide are prepared. Electrochemical 

measurements are carried out in three electrode polypropylene cell in a aqueous 30wt.% 

KOH solution. The electrode containing zinc sulphide additive demonstrated a coulombic 

efficiency of 95% for 750 cycles without significant decrease in capacity. These research 

papers indicate that good performance characteristics like capacity and reversibility are 

attainable in practice for iron anode electrodes. So their application in iron-air batteries looks 

well suited to operate in numerous electrical devices in the near future.     
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1.4. Challenges encountered with the iron anode 
 

The iron-air battery turns out to be an interesting (resource-efficient) system to explore, 

compared to other MABs, as is discussed in the previous sections. However, adverse events 

are experienced within the Fe-air battery and predominantly at the iron anode component. 

This section profoundly examines the challenges encountered at the anode, which include 

the evolution of hydrogen gas and the formation of a oxide/hydroxide layer. As will be seen, 

the occurrence of these phenomena can greatly impact the efficiency and re-chargeability of 

the battery.  

1.4.1. Hydrogen evolution reaction 
The operation of the electrochemical Fe-air cell has been shown to produce the barely 

soluble         from iron and hydroxide as primary product during discharging, which 

deposits on the surface of the iron electrode (eq.6). While when charging this reaction occurs 

in the opposite direction. Now the ferrous hydroxide is reduced back to iron and hydroxides 

but that is not the only reaction taking place as seen in practice. In fact, the formation of 

hydrogen gas is observed which is also known as the hydrogen evolution reaction (HER). 

According to equation 11, hydrogen gas is formed upon recharging at the iron electrode [21]:  

                                      vs. SHE    (11) 

The HER can be described as a parasitic side reaction as two unwanted complications arise.  

Namely, pronounced hydrogen evolution leads to the decomposition of water in the aqueous 

electrolyte, resulting in a potentially dried out and subsequently dysfunctional battery. 

Besides that, electrons are diverted into the HER to develop instead of being applied usefully 

to reduce         which is essentially the objective. So the columbic efficiency is drastically 

decreased correspondingly [5].  

 

The origin for this reaction can be found in the thermodynamics of iron in aqueous media. 

Since the battery requires an external electric source to drive the redox reaction against 

spontaneous change (      when charging, it can be considered to be an electrolytic cell. 

In this case, the cell potential is higher than the expected theoretical determined potential 

(1.28 volt) according to the Nernst equation for the battery because of an overpotential 

required to force the electrons in the opposite direction through the circuit [21],[32]. 

On the contrary, during discharge of the iron-air battery behaves like a galvanic cell where a 

redox reaction makes the electrons flow. In this case, the practical working voltage of the 

iron-air battery is less than 1.28V because of internal losses in the cell due to ohmic, 

activation and concentration loss [5],[42]. The thermodynamically predicted cell potential is 

solely obtained under zero current conditions. 

In Figure 8, the polarizations curves (current vs. electrode potential) for iron and oxygen are 

illustrated. For a strong alkaline environment around pH=13.5, the electrode potential of iron 

is -0.88V and 0.40V for oxygen. Arrows indicate deviation from the open circuit cell potential 

for increasing (absolute) currents for discharging and charging. The cyan area in the plot 

depicts the stability region of liquid water. For more negative potentials lying outside this 

stability region, water is unstable relative to hydrogen gas. This means water gets reduced to 

hydrogen gas in this situation. More positive potentials (to the right of the stability region of 
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water) in Figure 8, results in the evolution oxygen gas. Fe-air batteries commonly employ an 

alkaline solution as electrolyte like 6M KOH which helps to enable the use polarization 

graphs as well as Pourbaix diagrams to understand the origin of       development 

[32],[33].     

 

 

 

 

 

 

 

 

 

The region of stability of     can be deduced from the Pourbaix diagram of water. These 

Pourbaix diagrams are more or less equivalent to phase diagrams and indicates the most 

thermodynamically stable state for a material for a certain pH and potential. Besides, for 

metals it can be seen as an equilibrium diagram showing areas where it is protected or 

subjected to corrosion. Figure 9 shows the Pourbaix diagrams for water, with  the ―a‖ and ―b‖ 

lines, specifying the dominant cathodic reactions concerning water, oxygen gas and 

hydrogen gas integrated in the iron E vs. pH diagram. The stability region as indicated in 

Figure 9 is given by the zone between dotted line ―a‖ and ―b‖. 

For the polarization curves in Figure 8, a concentrated alkaline aqueous electrolyte (     ) 

is considered. From the applying reactions one can now observe the hydrogen evolution 

reaction (Figure 12). When recharging the problem arises that the cathodic current at the iron 

electrode leaves the     stability window, allowing the HER to take place. So the relatively 

large overpotential for charging causes the HER to compete with the reduction of         

[32], [34], [35]. Frequently, MMO reference electrodes are applied in iron-air battery studies. 

In strong alkaline solutions, the standard hydrogen electrode which is applied in Figures 8, 9 

and 10 can be converted to the        electrode via:  

 

                                       

 

 

 

 

Fig. 8  Polarization curves potential vs. current of iron and oxygen. Cathodic currents are indicated with the 
red lines. The blue lines are the anodic currents. The discharging process plots  belong  to ―1‖, recharging to 
―2‖. 
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The Pourbaix diagram of iron is a helpful approach to grasp the thermodynamic principles of 

the Fe-air battery. Since the electrochemical stable phases of iron are divided in regions as a 

function of pH and potential. Although for specific information about the rate of reactions, 

continuation of reaction products and overpotentials, other techniques would be required. 

Three regimes can be identified regarding the reactivity of the iron species which are 

immunity, passivity and corrosion. Where pure iron is resistant to any chemical reaction in 

the immunity regime. In the passivation region, a protective oxide layer of         (or other  

iron oxide/hydroxide compound, dependant on pH and potential)  is instantaneous formed 

due to a reaction with the electrolyte and is deposited on the iron electrode preventing 

reactions with the bare iron beneath the oxide/hydroxide layer. Lastly, in the corrosive 

regime, iron corrodes until an eventual protective layer forms which inhibits further oxidation 

processes [32], [33], [35].  

 

 

 

 

 

 

 

 

Fig. 9 Pourbaix diagram of water, displaying stability regions and reactions [23]   

Fig. 10 Pourbaix diagram of iron. Grey area is the immunity region, red regime shows where corrosion takes 
place and the green region indicates passivation formation. Solid black lines indicates the points where two 
species exist in equilibrium. Relevant compounds 𝑭𝒆 𝑶𝑯 𝟐  and 𝑭𝒆 𝑶𝑯 𝟑 are given for the passivation 
regime [10].       
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When analysing Figure 10, a possible problem can be detected. At highly concentrated 

alkaline conditions and a concentration of      
          for an electrode potential higher 

than      -0.8V vs. SHE, iron is unstable. It becomes susceptible to corrosion with a decline in 

potential limit as the pH of the electrolyte rises. Now the situation emerges where the 

discharge reaction and the corrosion reaction can occur both yielding in        ; equation 

12 and 13: 

Discharge:                                           vs. SHE (12)  

Corrosion:                                       spontaneous  (13) 

The reactions showcase that the difference is where the electrons are directed to. In the case 

of the discharge reaction, the electrons are released freely and are navigated through the 

external circuit for practical usage. While the corrosion reaction converts the electrons for the 

spontaneous evolution of hydrogen gas, which impairs the efficiency of the battery [32],[35].      
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1.4.2. Formation of iron oxide/hydroxides 
 

In the previous sections, it has been seen that         forms as oxidation product at the 

anode which is nearly insoluble in the electrolyte. This compound tends to precipitate and 

thereafter accumulate on the surface of the iron electrode, having a twofold effect. Since 

homogeneous oxidation behaviour is seen in iron-air batteries, dendrite formation is 

practically absent. On the other hand, in zinc-air batteries for example, dendrites are 

ubiquitous as inhomogeneous oxidation occurs upon the charging process. Dendrite growth 

adversely effects the coulombic efficiency and can cause a short circuit in the system. 

However, due to the fact that the surface layer get covered by an protective layer, the 

utilization of the anode material is limited. Because the created oxide/hydroxide film acts as 

insulation barrier for the involved species, it disallows the discharge reaction to continue, 

especially due to the irreversible component hematite in the oxide film [32], [36]. An oxide 

layer is developed on to a metal surface due to reactions with the corrosive species in the 

environment and the metal. The structure of the iron oxide layer reduces the oxidation rate 

by obstructing corrosive species to make contact with the metal. The formed protective film 

restraints oxidation reactions with the metal beneath the oxide layer and thereby reduces 

electron and/or ion transfer. Porosity, homogeneity as well as the electrochemical properties 

of the oxide layer influence the corrosion protection. An inhomogeneous and porous film 

layer structure provides easier access for corrosive species to the metal [106], [107].  

The composition of the oxide/hydroxide layer also plays an important role in the corrosion 

resistance. For pure iron, the insulating layer exhibits n-type semiconductor properties. 

Consisting of a bi-layered structure with the inner layer being Fe3O4 (magnetite) and an outer 

layer of either 𝛼/𝛾-Fe2O3 or similar spinel structure. Despite its higher defect concentration, 

the Fe2O3 compound provides a larger electronic resistance in comparison to Fe3O4 [107]. In 

steels, the oxide layer is primarily composed of 𝛼/𝛾-Fe2O3, Fe3O4 and 𝛼/𝛾/δ-FeOOH mixture. 

Also in this case, the hematite is associated with the strongest barrier properties to corrosion 

[18].              

The available surface area of the iron anode plays a key role in the performance 

improvement of the Fe-air battery. That‘s why, H.Weinrich et al. [36] did an in-depth research 

to elucidate the mechanisms involved for the formation of a redox-layer during charge and 

discharge cycles in their work. This work provides a more detailed description of the 

processes as well as the topography changes taking place under specified circumstances. 

The study conducted is comprised of the following: In-situ electrochemical Atomic force 

microscopy (EC-AFM) research for a plane iron surface applied as anode material to 

investigate the evolution of the surface in a strongly alkaline medium; 0.5M KOH (pH =13.7). 

Most notably, they proposed a model which would accurately describe the formation process 

of the redox-layer upon repeated charge and discharging that is in accordance with the 

obtained results from the experiments. 

First of all, an electrochemically iron oxide layer is naturally ubiquitous present upon the iron 

anode surface. This happens after the electrode is exposed to a liquid electrolyte or 

atmospheric environment. Figure 11a. The native iron oxide film is abolished owing to the 

initial reduction which ensures the bare metallic iron is exhibited to the electrolyte. 

Aforementioned allows the uncovered iron to pursue electrochemical reactions in the 

following cycle. The process which puts the removal of the natural oxide layer into operation 
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appears to be the dissolution of       and/or       and subsequently the precipitation of 

        particles on to the surface of the electrode. The particles formation seems to occur 

because of intermediate solute species which are unsoluble and preferential precipitation on 

specific preferred locations [36]. 

 

In the next anodic half cycle (11b), the initial particles and Fe become oxidized. It is 

considered that the dissolution iron and precipitation of        , along with the oxidation of 

ferrous hydroxide (and/or presumably non-stoichiometric particles of hydrated iron(II) oxide) 

to FeOOH, are the responsible reactions.  As a result of the reactions, the following events 

appear: A thin homogeneous redox layer is developed all over the iron electrode which 

inhibits further reactions. Secondly, a significant growth of the initial hydrated iron(II) oxide 

particles. Lastly, extra particles spawn between the initial particles [36]. As a matter of fact, 

the process of the redox layer formation is mostly reversible by means of a reduction 

reaction. The depassivation is probably triggered by the dissolution of the redox layer and 

followed by the precipitation of        , similarly to the initial reduction reaction. Now, the 

metallic iron is yet again exposed to the alkaline liquid, granting electrochemical reactions to 

take place for the next cycle. Also, the superficial particles continuously expand in size. So, 

upon repeated cycling the particle size as well as the amount of precipitated material 

increases gradually. Nonetheless a dense layer of particles does not completely cover or 

forms a firm barrier over the surface of the iron electrode in the first 5 cycles of redox 

reactions [36]. 

 

Therefore, a distinct difference exist between on the one hand the passivation layer (which 

forms parallel to the oxidation of the initial particles and the oxidation of the bare Fe electrode 

material) and the particles laying on top of the electrode surface. Namely, the growth of 

particulate         appear on preferential sites add to the total amount of available active 

material which enhances the capacity of the battery each successive cycle. While the 

homogenous iron oxide/hydroxide layer forming between the present particles inhibits the 

discharge capacity significantly of the iron anode and confines this to a specific surface area 

value [36]. 
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Fig. 11 Hydroxide layer process  a) & b) repeated electrochemical cycling of iron showing the redox-layer 
evolution process in steps (schematically depicted). 11a) exhibits the initial reduction of the native iron oxide 
layer dissolving into the electrolyte and subsequent precipitation of ferrous hydroxide forming ―piles‖ of 
particles on the surface. Next, image b) shows iron dissolution with precipitation of 𝑯𝑭𝒆𝑶𝟐

   and consecutive 

oxidation of 𝑭𝒆 𝑶𝑯 𝟐 towards 𝑭𝒆𝑶𝑶𝑯 to form a 𝑭𝒆𝑶𝑶𝑯 redox-layer. 

Fig. 11 Redox layer process  c) & d), in images c) and d) displays similarly to a) and b) the on-going evolution 
and change in topography of the surface including continuous growth of the particles, increasing the surface 
roughness each cycle. A new cycle after situation d) continues again at c).    
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1.4.3. Secondary difficulties present in the iron-air battery 
 

Other obstacles which are detected in the iron-air battery will be elaborated on in this section. 

The issues will be discussed with the help of experimental observations and results from 

literature studies. This section comprises the subjects of self-discharge of the iron anode, 

bifunctional catalysts and carbonation of the electrolyte.        

1.4.3.1. Self-discharge 

 

The self-discharge phenomenon is a process which reduces the performance of batteries 

during standby. Due to internal reactions, the stored charge is lowered while there is no 

applied external circuit or any connection between the anode and cathode. There are several 

self-discharge processes that could take place. First of all, cathodic and anodic reactions can 

occur simultaneously at the same electrode, where active material is converted due to a 

mixed potential. Another process is the redox shuttle reaction, in which charge is transferred 

from one electrode to another. Lastly, ohmic leakage currents facilitate discharging of the 

battery while no external current is applied [108].       

The consequence is a decreased shelf life for the battery and subsequently to possess a 

reduced charge comparatively to being actually ―fully charged‖ when being in functional 

operation (i.e. discharge capacity loss). Clearly, it is important for iron-air batteries to limit the 

issue of self-discharge as far as possible. Several factors are involved for self-discharge 

including: charge of current, battery type and state of charge. Besides since it is a chemical 

reaction, the self-discharge rate increases as the temperature rises [37]. 

In the study by H.W. Weinrich [32], the self-discharge problem is evaluated by means of 

polarization and OCP-transient measurements for a porous iron electrode. Since the OCP-

transient measurements average the oxidation process within the battery over a longer 

period, it can be considered a more appropriate technique for battery research in this case. 

Some results of the OCP experiments will be briefly highlighted to illustrate the influence of 

self-discharge corrosion process on the discharge capacity. 

 

To investigate the oxidation behaviour, a three electrode half-cell setup is used with a 

Hg/HgO reference electrode and Pt-mesh counter electrode. The anode (working electrode) 

is composed of 86.5 wt.% carbonyl iron powder, 8.5 wt.% bismuth sulphide and 5 wt.% 

polyethylene powder. Further conditions applied are a 6M KOH electrolyte solution, a charge 

time          min, cut-off potential           -0.75 V vs. Hg/HgO, discharge current 

        mA, and      = 125mAh    . After the end of the first OCP-period, a full discharge 

step is done to determine the decrease in discharge capacity as a result of spontaneous 

corrosion. The results are shown in Figure 12. Following the formation period, the final five 

charge/discharge cycles are seen in Figure 12a. It becomes clear that the electrode potential 

as well as the discharge capacity remain entirely identical during these cycles. When an 

OCP-period is submitted amidst discharge and charge and vice versa though, the discharge 

behaviour of the iron anode changes noticeably (Figure 12b). Especially the appliance of an 

OCP period directly after full recharge allows time for the self-discharge to consume the 

active Fe material of the electrode, which reduces the discharge capacity gradually [32].  

This can explicitly be observed in Figure 12c, where the discharge capacity has decreased 

from 115.8 mAh/    to 114.3 mAh/    after an OCP time of 60 minutes is inserted after 5 
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cycles. A stepwise increment of one hour of the OCP period duration causes a steady 

decline in discharge capacity. So larger a large OCP time in between charge and discharge 

is detrimental for the battery‘s  available discharge capacity. The induced discontinues rise of 

OCP periods (in terms of amount of cycles before time increment) employed during the 70 

cycles match the staircase-like decrease in discharge capacity accordingly, confirming the 

self-discharge to occur. At an OCP period time of 8 hours, the discharge capacity has 

become 93.2 mAh/    compared to 115.8 mAh/    initially. A substantial loss of 22.6 

mAh/    (19.5%) has emerged under the aforementioned circumstance [32]. 

 

 

 

 

 

 

 

 

 

 

 

  

Fig. 12 Formation a) & b), in image a) The last five consecutive charge-/discharge cycles at the end of the 
formation period showcase a stable behaviour of the curves. Now introducing an OCP-period as seen in (b) 
shows a drop in potential 𝜟𝑬, implying a decrease in discharge capacity. Both conducted at ambient 

temperature. 

Fig. 12 Formation c), discharge capacity as a function of OCP time between charge and discharge over a total 
of 70 cycles. 
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Remarkably, as soon as the OCP period is completely set to zero again, the discharge 

capacity recovers to its initial value within only 2 charge and discharge cycles. The reason 

therefore is because the corrosion product of self-discharge is the same as the discharge 

product of iron and thus also rechargeable [32].          

 

1.4.3.2. Bifunctional catalysts 

Focussing now on the cathodic side of secondary iron batteries, the challenge arises to 

acquire efficient bifunctional air-breathing electrodes. As discussed in the fundamental 

principles section, the conversion reaction (eq.7) of dissolved oxygen in the electrolyte to 

    (or    ) happens at the air electrode during discharging. While the reverse reaction of 

    (or    ) in the solution into    occurs upon recharging [5],[21]. 

                                                                  vs. SHE  (7) 

So the air electrode has to be able to catalyse the oxygen evolution reaction as well as the 

oxygen reduction reaction, hence bifunctional. Moreover, a gas diffusion layer has to be 

integrated to permit oxygen exchange at the electrocatalyst/electrolyte interface. Also, ideally 

a large electrode surface area is applied to increase the catalytic activity and highly corrosion 

resistant material for a concentrated alkaline environment. Catalysts that have low 

overpotentials for both the OER and ORR are uncommon and often consists of expensive 

precious metals like Pd, Pt and Ru. In reality however, non-precious metals as well as two 

electrocatalysts as separation for the reduction reaction and evolution reactions, respectively, 

are mostly utilized by researchers working with bifunctional electrodes. The oxygen reduction 

turns out to be a sluggish reaction that can progress following a different reaction course in 

the alkaline electrolyte. The formation of the intermediate species peroxide effectuates the 

alternative reactions path according to equations [5], [21], [38]:         

                      
                                      vs. SHE  (14) 

       
                                                          vs. SHE   (15) 

For a few reasons the direct oxygen reduction involving four electrons as in equation 7) 

occurs instead of the steps of 2 electrons per reaction in equations 14) and 15). Namely, the 

direct reaction takes place at a more positive standard electrode potential and delivers a 

higher overall cell voltage. Next to this, the intermediate peroxide compound is reactive, 

enhances the corrosion process and deterioration of the cell components. Metal oxides 

materials like perovskites, pyrochlores and spinels as well as platinum group metals are 

usually convenient choices to incorporate for the four-electron reduction reaction (as seen in 

table 2. For equations 14) and 15) usage of transitional metal oxides, gold and carbon 

materials is often implemented. Upon recharging the evolution of oxygen which concerns 
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the release of oxygen atoms onto the metallic surface of the electrode, via the direct four 

electrons process. The most active catalysts;      and     , are quite costly. That‘s why 

many other metal oxides and mixtures are currently under investigation as they show 

favourable catalytic activity for both the OER and OER. Displayed in table 2 are some of 

these bifunctional catalysts (which are rarely reported in literature) and a summary with their 

electrochemical properties [21], [39], [40]. 

Table 2) Recently developed catalyst and their properties  

      Reproduced from [21]. Literature references of the catalysts from the top down: [44]-[56] 

 

1.4.3.3. Carbonation 

Another related problem with the air-breathing cathode, is the undesired influx of gasses 

other than oxygen. In particular carbon dioxide is addressed to be detrimental for the 

battery‘s performance. As the reaction between carbon dioxide and hydroxide could form 

carbonate precipitates in the solution which clog the electrodes pores and consequently the 

electrolyte channels. This is called carbonation of the electrolyte and occurs in many metal-

air batteries during discharge in alkaline media via the following reaction [42]: 

 

            
               (16) 

 

In addition, hydroxyl ions are converted into water and carbonate species which lowers the 

    concentration in the electrolyte, thereby decreasing the cell capacity. Possible solutions 

to the     sensitivity problem are to apply a membrane exclusively permeable to oxygen or 

supply purified air into the cathode. Furthermore, letting the electrolyte circulate through the 

cell appears to be advantageous since carbonate saturation develops later in the solution 

compared to keeping the electrolyte stationary. Nowadays these promising concepts are 

studied thoroughly but further improvements are still demanded [42],[43]. 
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1.5. Effect of microstructure on the performance and efficiency of 

anodes   
 

The iron anode in the iron-air battery could potentially benefit from an advantageous 

microstructure in order to enhance  the overall performance. More specifically, hydrogen 

evolution and oxide formation are controlled and suppressed to realize a higher coulumbic 

efficiency, larger battery capacity and longer lifespan. The limited amount of battery studies 

published where the effect of a certain (single) microstructural feature is investigated for an 

iron anode in combination with comparable conditions/setup (strong alkaline pH, low carbon 

steel/pure iron etc.) makes it difficult to establish the exact effect of microstructural 

characteristics. Therefore, knowledge currently available in the field corrosion and 

passivation of iron are used.   

Firstly, grain refinement looks promising in order increase corrosion processes by weakening 

the barrier properties of the passivation layer [96]. Next, a relative large dislocation density in 

low-alloyed steel is linked to higher corrosion rates [116]. Moreover, a pearlitic phase in steel 

could be favourable because of inferior passive film properties [112]. Next to this, a steel 

consisting of a single phase (ferrite or pearlite) seems more advantageous in comparison to 

dual phase steels as this gives rise to large anodic and cathodic areas. The anodic regions 

allow for dissolution of the material and could results in a (more) non-uniform corrosion 

distribution compared to a single phase steel. Finally, the chemical composition is ideally 

nearly pure iron (active material) while the addition of elements such as Ca, Mn and Mg is 

prevent as these could form unwanted sulphide inclusions [111]. Experiments could be 

performed in order to verify these presumptions and to better understand the effect of 

microstructure under similar circumstances for the iron-air battery.                      
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1.5.1. Grain size  

 

A relevant research regarding composition of the iron passive layer is conducted by Yilmaz 

et al. [96]. Their goal was to elucidate the role of grain size on the passive layer properties of 

pure iron (>99% Fe) in aerated 0.1M NaOH solution. 

 

Their experimental results using electrochemical impedance and potentiostatic polarisation 

tests imply a degradation of the barrier properties of the passive layer for grain refinement. At 

grain boundaries typically the accommodation of large amounts of lattice defects occurs. It is 

hypothesized that these lattice defects also induces more formation of defects at the 

passivation layer‘s grain boundaries. Thus, higher grain boundary area (grain refinement) 

causes a more defective passive layer. 

Moreover, The lowest fraction of γ-Fe2O3, which accounts for the most barrier properties of 

the passive layer (in comparison to FeO(OH) and Fe3O4), is seen in sample S (Figure 13). 

So, the deterioration of the passive film is enhanced with grain refinement. The effect of 

donor density is the following: the higher the donor density in the passive layer, the higher 

the deterioration of the passive layer. Defects in the passive layer are related to the 

conductivity due to changes in ionic and electronic resistance. Because of defects, a larger 

conductivity in the passive film is generated which is caused by a decreased ionic and 

electronic resistance [96].          

  

Fig. 13 Schematic illustration of passive films for relatively small, medium and large grained samples, with 
according structure changes [96].        
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1.5.2. Defect density 

 

Extensive research on the effect of plastic deformation on corrosion behaviour is performed. 

It is generally known that dislocation density increases if a metal (alloy) experiences plastic 

strain. However, there is not an unified consensus of the influence of dislocation density on 

the corrosion rate of materials. Therefore an attempt is made is understand the effect of 

dislocation density for a low alloy steel, in the paper of Samusawa et al. [116]. Immersion 

tests in an acidic solution (pH≈3.1) were carried out with three steel samples being pre-

strained at 0%, 4% and 8%. Electrochemical characteristics were analysed including the 

amount of weight loss as a result of corrosion. The applied steel is identified to possess a 

ferrite-pearlite microstructure. 

The results show that a positive correlation was found between the dislocation density and 

corrosion weight loss, as seen in Figure 14. The sample exposed to 8% pre-strain has a 25% 

higher corrosion rate compared to sample without pre-strain. Polarization curves display a 

larger anodic current for the 8% strained specimen compared to the 0% pre-strained sample 

near the corrosion potential. Thus promotion of the anodic dissolution reaction is seen. This 

phenomenon is probably best explained by the terrace-ledge-kink model (Figure 15). Since 

more lattice defects are introduced at the steel surface, iron atoms at these defect sites have 

now a small number of nearest neighbour atoms. This is an unstable state and causes higher 

solubility of iron atoms [116]. 

  

  

Fig. 15 Proposed mechanism for enhanced anodic dissolution for metal with a high dislocation density [116].       

      

Fig. 14 Recorded corrosion weight loss as a function of dislocation density in the material [116]. 
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1.5.3. Texture  
 

In a study conducted by He et al. [113], interstitial free (IF) steel samples in 3.5 wt.% NaCl 

solution with various textures and grain sizes were produced by cold-rolling and, 

subsequently an annealing process. Their investigation aimed to clarify the influence of 

crystallographic orientation, grain size and stored energy on the corrosion resistance of IF 

steel. 

  

Upon analysis, it is found that the microstructure of the as-rolled sample displays a structure 

of bands with a thickness of a few micrometers, elongated along the rolling direction (RD). 

The developed texture components formed are the γ-fiber (⟨111⟩//ND), α-fiber (⟨110⟩//RD) 

and the {100} ⟨110⟩ component. Expanding the annealing times further revealed that the 

microstructure continued to coarsen, where grain size increased as well as the volume 

fraction of recrystallized grains. Examination of the crystallographic orientations of the 

samples indicated that recrystallized grains increasingly exhibit the γ-fiber component. 

Meanwhile, the volume fraction of α-fiber component gradually decreased for longer 

annealing times [113]. 

  

Based on their experimental results, the authors argued that corrosion tendency and 

corrosion rates decline for increasing annealing time in cold-rolled, IF steel. The texture 

component γ-fiber is observed to increase for long annealing times while α-fiber intensity 

decreases. The stored energy gradually reduces for relatively long annealing times due to 

the reduction in dislocation density. 

 

Other studies indicate that crystallographic orientation has an effect on corrosion behaviour 

of pure metals, including iron. Fushimi et. al [107]. found for pure iron in sulphuric acid 

solution (pH=1) a decrease in corrosion activity for the crystallographic planes {100}, {111} 

and {101} in that order. This result was attributed to the behaviour of d-orbital electrons. On 

the other hand, the results of Schreiber et. al [120]. showed the largest preferential 

dissolution of iron was seen for the {111} orientation (laterally most dense packed plane). An 

easier formation of an oxide layer was observed for samples possessing the {100} plane. 

These experimental results, which were conducted in acetate buffer solution (pH 6.0), are 

explained by the larger distance between atomic layers leading to a weaker binding of atoms. 
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1.5.4. Phases  
   

The effect of phase fractions present in a steel can significantly influence the corrosion 

behaviour of steel. However, literature papers on the corrosion behaviour of steels do not 

provide a unanimous consensus or comprehensive understanding regarding the specific 

impact of phase constituents on corrosion behaviour in all cases. 

For example, the passivity of a carbon steel (S45C) composed of pearlite and primary ferrite 

is investigated in pH 8.4 boric acid-borate buffer by Fushimi et al. [112]. Micro-

electrochemical measurements are carried out using a micro-capillary cell in order to clarify 

the effect of phases on the passive oxide film. It is found that the oxide film of pearlite is both 

thicker and inferior to that of the pure ferrite passive layer. The ionic/electronic conductivity of 

the pearlite oxide layer is larger. A higher conductivity is seen because of carbon in the oxide 

film, through the presence of cementite, and the resulting finer grain microstructure. The 

development of FeCO3 in the oxide, due to the cementite substrate underneath, reduces 

charge transfer resistance.  

Moreover, the uneven distribution of alloying elements like manganese in the pearlite 

substrate is probably the main cause of the pearlite-ferrite boundary's high activity. The 

structure becomes more active overall due to mismatches and extra energy states at the 

grain boundaries. Because of this, the passive layer structure of the pearlite phase is worse 

than that of pure ferrite [112].  

However, some similar studies contradict the effect of phases on corrosion in low-carbon 

steels. For example, a study by Yilmaz et al. [96] found that a dual-phase ferrite-martensite 

microstructure shows lower barrier properties of the passive film in 0.1M NaOH solution 

during potentiostatic polarisation and EIS experiments compared to a ferrite-pearlite 

microstructure. This is attributed to a higher donor density in the passive layer of ferrite-

martensite specimens. On the other hand, electrochemical tests (in 3.5 wt.% NaCl) of 

Bhagavathi et al. [119] indicate increased corrosion rates for a ferrite-pearlite structure in 

comparison to dual-phase martensite and ferrite. The galvanic couple between pearlite and 

ferrite is mentioned to be stronger than the martensite and ferrite couple. Since martensite is 

structurally, and compositionally homogeneous, and closer to the matrix ferrite phase.  

The coupled galvanic corrosion of a steel composed of a certain ferrite and martensite phase 

volume fraction is extensively reported in literature [32], [121]-[123]. The corrosion behaviour 

is illustrated in Figure 16 below, which shows the polarization curves of a high purity dual 

phase steel consisting of varying proportion of ferrite and martensite. The following behaviour 

is generally observed; these two phases form a galvanic couple in steel where the martensite 

acts as a cathode and ferrite as the anode. This is due to the difference in potential between 

the phases. In this case the martensite is protected. However, when a single phase is 

present, the martensite showcases a higher corrosion rate compared to a completely ferrite 

based material. 
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1.6. Additives for the iron-air battery 

 

Another tool to enhance the performance characteristics is achieved by means of applying 

additives. Specifically the rechargeable anode which relies mostly on impeding the intensity 

of the HER and the reversibility of the oxide/hydroxide species during charging are of 

considerable importance. Many additives have been investigated in order to improve cycle 

capacity and several proved to be suitable in doing so. According to experimental 

observations and data in various literature studies [5],[108], sulphide additives are associated 

to affect the behaviour of alkaline iron anodes in multiple ways. For example, these additives 

could increase the bulk electrical conductivity of the electrodes and raise the overpotential for 

the hydrogen evolution (reaction 11). For those reasons, sulphide additives are extensively 

examined, as will be seen in a moment. 

A division can be made depending on the individual chemical composition and location of 

application of the additive, namely: electrode and electrolyte additives. At the end, an 

overview (table 3) is provided to summarize the performance of several recent research 

experiments conducted and a recommendation for potentially promising results for the future 

will be suggested. 

 

  

Fig. 16 Polarization curves for ferrite-martensite dual phase steel with several fractions in 0.1M sulphuric acid. 
Tafel extrapolation has been applied to determine corrosion current and potential (white circles) [121].       
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1.6.1. Additives applied for the iron anode       

 

A large amount of additives have been identified over the past years, that improved the 

performance of the iron anode and in particular sulphides compounds receive a lot of 

attention. PbS, FeS and       have been employed for porous iron electrode additives in 

alkaline solution by Shukla et al. [57] to elucidate the effects on the charge/discharge 

reactions. The outcome of their experiments demonstrate a suppression of the HER for the 

sulphide additives applied. This is accomplished by affecting the kinetics of the HER at 

recharging while simultaneously impede the passivation of the anode during discharge. 

Especially bismuth sulphide looks like an encouraging additive to enhance the battery 

performance hitherto.  

Although, the precise mechanism for the suppression of the HER by the       additive is not 

yet fully understood, it is presumed that bismuth sulphide is reduced to bismuth (eq.17) when 

the battery charges. The elemental bismuth raises the HER overpotential because of the 

inferior energetics which is present for the electrosorption of the surface bonded hydrogen 

intermediates. On top of that, the iron sulphide which is formed according to equation 18) 

hinders the passivation layer formation, resulting in better rate capability.  

 

                              (17) 

                           (18) 

1.6.2. Additives applied in the electrolyte       

 

Another species for effectively reducing the HER are organosulfur compounds. These 

electrolyte additives are regarded efficient, environment friendly and cheap for the iron 

anode. Self-assembled monolayers made up of alkanethiols onto the iron electrode can 

restrain the HER effectively, as demonstrated by Narayanan et al. [60]. A clear effect of the 

chain length of the alkanethiol on the impeding effect, where the addition of alkanethiol with a 

carbon number     leads to reduction of over 90% for the HER rate. Also is found that 

various structures of the organosulfur compound were able to form a firmly absorbed layer 

on the iron electrode, illustrated in Figure 17. The HER rate is now dependant on the 

coverage surface and the organosulfur compound structure. Coatings of 1,2-ethanedithiol 

and 3,6-dioxa-1,8-ocatanedithiol deposited on carbonyl iron anode showed both a charging 

efficiency of 90-92% at a charge rate of C/2 and discharge rate of C/20.   

The organosulfur species also played a role in the depassivation process at the iron anode. 

Cyclic voltammetry (CV) curves did demonstrate a new peak at -0.75 V when the 

organosulfur coating is applied and an increased reaction current. The formed conductive 

iron sulphide is responsible for this new peak, according to equation (19). Thus rate 

capability is improved using organosulfur compounds for the iron anode [60],[61].     

                       

                           (19) 
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1.6.3. Overview additives reported in literature 

 

In table 3, the application of additives of many papers of the last years are given including 

the conditions present and important performance results obtained.  

Table 3) Specifications of several experiments including the effect of additives   

 

 

 

Active material 
 

Additive 
(Electrode) 

Electrolyte 
(KOH + electrolyte 
additive) 

Discharge 
rate 

Stable 
capacity 
(mAh/g) 

Final 
capacity 
(mAh/g) 

Charge 
efficiency 

Reversibility Ref. 

Nano Fe/Fe3C/Cu 5% Bi2S3 6 M KOH 100 mA/g 350 345 80% 100 cycles [70] 

Sintered Carbonyl 
Fe 

FeS 30 w/v% KOH 1C 190 ≈180 97% 3500 cycles [31] 

Iron powder  10.3% FeS+7.5% 
Bi2S3 

5.1 M KOH+0.1 M 
LiOH+0.1 M K2S 

C/5 290 ≈290 58% 40 cycles [71] 

Iron powder 80% FeS 5.1 M KOH+0.44 M 
K2S+0.3 M LiOH 

C/5 220 ≈220 96% 50  cycles [72] 

Carbonyl Fe 10% Bi2O3+5% FeS 30 w/v% KOH C/2 charge C/5 
discharge 

230 ≈230 92% 1200  cycles [58] 

Iron powder 4% Bi2S3 28.5 w/v% KOH - 325 320 44.5% 40  cycles [59] 

Iron powder 4% Bi2S3 5 M KOH+0.44 M 
K2S+0.3M LiOH 

C/5 350 ≈350 64% 50  cycles [67] 

Carbonyl Fe - 1 M KOH +3,6-dioxa-
1,8-octanedithiol 

C/2 charge C/20 
discharge 

230 ≈230 90-92% 12  cycles [73] 

Carbonyl Fe - 1 M KOH+1,2-
ethanedithiol 

C/2 charge C/20 
discharge 

280 ≈280 90-92% 12  cycles [73] 

Carbon-grafted 
Fe/Fe3O 

1 wt% Bi2S3 6 M KOH+1 w/v% 
LiOH 

100 mA/g 400 356 80% 100  cycles [74] 

Carbonyl Fe 10% Bi2O3+5% FeS 30 w/v% KOH 3C 200 - 92% - [75] 

Carbonyl Fe 5% Bi2S3 30 w/v% KOH C/2 charge C/20 
discharge 

300 - 96 ± 1% 25 cycles [24] 

Iron-carbon paste 
Fe2O3/MWCNT 

5% Bi2S3 6 M KOH - 350 - 82% - [76] 

carbonyl iron 5% zinc sulphide 30 w/v% KOH C/2 250 240 95% 750 cycles [77] 

Fig. 17 Modification of the carbonyl iron anode surface with incorporation of organosulfur compounds [60]. 
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1.7. Electrode concepts for the iron anode 
 

In the search for alleviating measurements to enhance the iron battery‘s performance, 

another branch that is studied is the morphology of the iron electrode. Altering the structure 

of the anode has been observed to bring benefits on several fronts compared to the ‗usual‘ 

electrode plate (sheet) concept. Although not one single concept is perfect in every aspect, it 

will be seen that certain structures might help significantly in overcoming troublesome 

phenomena. In the coming section, five electrode designs with their capabilities, pros and 

cons are reviewed and compared. The probed iron anode concepts include: the plane sheet 

electrode, pressed plate microparticles electrode, sintered electrode, nanoparticle structured 

electrode and finally the iron foam electrode. Next to the structure itself, attention is paid to 

the possibilities in terms of the processing procedure and the composition. At the end, an 

overview (table 4) is provided to summarize the performance of several recent concepts 

applied in experiments.              

1.7.1. Plane sheet electrode  

Perhaps the most applied and standard concept is the sheet concept for the electrode. Since 

it has a very robust and simple shape to manufacture, it‘s convenient for fundamental 

research purposes. However in practice, the applicability of such a sheet electrode is not 

suitable as the surface area exposed to the electrolyte is relatively limited compared to other 

morphologies. The electrochemistry of the iron anode is confined to surface reactions, where 

a large surface area of the electrode allows for more species to react in a given timeframe 

(due to faster diffusion of molecules across a concentration gradient), resulting in a higher 

current flow. 

1.7.2. Microparticles 

One of the first reports of the application of microparticles for iron anodes was done by 

Manohar et al. [24] and later by various other researchers. In an attempt to reduce the HER 

and obtain a high discharge rate capability for the iron-air battery, led them to fabricate a 

pressed plate microparticle electrode. In their work, an iron electrode is provided with 

carbonyl iron powder which are spherical iron particles with a 3-5 µm diameter, as seen in  

 

  

Fig. 18 Image of the morphology of the carbonyl microparticles on the electrode (a). Charge and discharge 
profiles for the carbonyl iron without and with bismuth sulphide additive. Bismuth sulphide further enhances 
the specific capacity (b) [24].      

a) b) 
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Figure 18. The carbonyl powder, consisting of high purity 𝛼-iron effectuates the inhibition of 

the HER and a high discharge rate. The pressed plate electrode are produced using the 

combination of iron as well as polyethylene binder material followed by a heat treatment. It is 

described as low cost manufacturing procedure which is an important aspect to consider for 

potential large scale production for energy storage purposes. A tenfold reduction in relative 

hydrogen evolution rate is claimed for a carbonyl iron electrode with bismuth sulphide 

additive, compared to commercial electrodes, which is composed of magnetite ore and 

graphite. Consequently, a staggering  96% versus 60% charging efficiency was observed, 

respectively. This is attributed to the high overpotential for the HER of the carbonyl iron 

combined with bismuth sulphide. A relatively good discharge capacity of 300 mAh/g is 

reported as well [5], [24]. 

1.7.3. Sintered electrode 

In the extent of the iron electrodes composed of microparticles are the sintered electrodes. 

These concepts resemble each other except for the extra sintering heat treatment applied 

afterwards. This process fuses small particles using heat or pressure to form new solid 

shape. The difference on microscale can be seen in Figure 19a. By doing so, the porosity of 

the material will decrease but in return the strength and electrical conductivity (among other 

things) will be enhanced. Research done Yang et al. [31] studied the effect on the 

performance for CIP electrodes prepared by sintering. More specifically, the relationship 

between pore size and porosity on the utilization of the iron active material is elucidated. The 

heat treatment for the samples consisted of applying a temperature of 850°C for the duration 

of 15 minutes with the provision of argon gas. However, the incorporation of the HER 

suppressing additive bismuth sulphide was not feasible for the iron electrode, since the 

temperature of the sintering process exceeded the melting points of bismuth sulphide and 

bismuth oxide. Despite the absence of bismuth sulphide, a charging efficiency of 96% was 

still achieved [5],[31].  

  

Fig. 19 a) Comparison of microparticles to a sintered electrode. Sintered particles now form an enhanced 
connected structure. b) Various discharge capacities found for varying porosity percentages. Red points and 
green points indicate values calculated with the proposed model and adjusted model, respectively [31]. 

a) b) 
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To predict the effect of the initial porosity quantity on discharge capacity, a model is applied 

besides the results from the experiments as can be seen in Figure 19b. This model assumes 

the maximum specific capacity can be obtained when the pore volume is filled with discharge 

product and accessible for the discharge reaction to take place [31]. The maximum capacity 

is given by: 

      
 

   
           (20) 

with   being a constant based on material properties of the iron anode. The initial porosity is 

indicated by  . Theoretically, the maximum capacity is                 and can be 

achieved at an initial porosity of 73%.  

However a correction value for  ,     (=0.2) in the model is implemented to ensure all iron 

particles are electronically interconnected, as rechargeability of the species would be 

compromised (i.e. percolation threshold should be met). As a consequence, an initial porosity 

value of 61% is obtained. The discharge capacity increases with porosity but there exists a 

discrepancy between the (adjusted) model(s) and the results of the experiment regarding the 

maximum attainable capacity, as displayed in Figure 19b. The reason was discovered while 

inspecting the scanning electrons micrographs, as the pore volume for the inner part of the 

electrode seemed not to be tightly packed with discharge product. A rather significant 

amount of pore volume appears to be still available and was not completely filled. So the 

measured discharge capacity is, because of this, lower than the model predicted. 

Schematically illustrated in Figure 20 can be seen that the overgrow of discharge product on 

the outer parts obstructs the access to interior parts [31].  

 

 

 

 

 

 

Fig. 20 Cross-section of a sintered electrode structure showing the unused pore volume at the end of 
discharging b), compared to the initial stage of discharge, a) [31]. 

a) b) 
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The electrodes for the experiments with higher porosity had a larger thickness, which means 

that the unused inner part would be even worse utilized. So as far as the porosity concerning 

the porosity and thickness for the sintered electrode should be optimized to obtain the 

highest discharge capacity. The authors Yang et al. report a capacity of 0.5 Ah/g for their iron 

electrode at 85% porosity [31].   

By means of adding pore formers particles, the effect of pore size was also examined as 

seen in Figure 21. Larger pores (90-105 µm) ensures better accessibility for the electrolyte 

but cannot provide a large amount of internal surface area compared to smaller pores (20-25 

µm). The experiments conducted now showed a 21% increase in utilization for the electrode 

with smaller pore size compare to the larger pore size electrode (while having the same 

porosity %). This can be explained by the higher active surface being available.          

 

 

 

 

 

 

 

 

 

1.7.4. Nanoparticle structured electrode  

In the last 20 years the incorporation of nanoparticles to gain a highly efficient iron electrode 

received much attention because of the surface area dependant performance. An obstacle 

which arises is the formation of iron oxide due to the increased reactivity of the nanoparticles 

during preparation. This substance is a poor electrical conductor and therefore hinders 

optimal functioning of the battery. Several tactics have been employed by scientists to 

overcome this problem, for example by the use of conductive materials. Nickel powder, a 

nickel foam and carbon black are considered as electrical conductive additives. Also, a more 

complex approach is possible as some researchers have created iron-carbon materials 

which should enhance electrical conductivity effectively. Figueredo-Rodriguez et al. [27] 

manufactured an iron-air battery and utilized iron nanocomposites electrodes in order to 

tackle the described issue. 

 

  

Fig. 21 Cross-section of sintered iron structure with large and smaller pores before  and after discharge. 
Indicating that smaller pores provide a larger surface of the active material for discharging [31]. 
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1.7.5. Iron foam electrode 

An unusual electrode concept is using iron foam as the anode material. Micro-and-nano 

porous foams display a high strength-to-weight ratio and large surface area per unit volume 

(and weight) while also being a good electrical conductor. These aspects provoke the 

interest in application as anode material for iron-based batteries. Four types of porous foams 

can be distinguished, as seen in Figure 22, which are applicable for the iron-air battery 

namely: open/closed cell structure and stochastic/non-stochastic cell structure. All come with 

their individual manufacturing processes and characteristics. For non-metallic foams, often 

additive manufacturing methods are involved. The production of metal foams is mostly 

performed with either metal powders in combination with a blowing agent, which undergoes a 

sintering process or via a metal in molten state where a gas source is used for creating 

porosity. In particular the stochastic cell structures are good obtainable for metals.  

As the name implies, the open cell foam has an open structure that allows for the flow of 

gasses and/or fluids through the material. So, these porous cellular structures are 

interconnected and typically show a 70-98% porosity range. Because of the open pore 

structure, a relatively large specific surface area is present for reactions to occur compared 

to closed pore electrodes. Furthermore, the total density of open cellular foams is lower than 

for closed cell structures, which can be considered an advantage for battery usage [81], 

[120]. 

On the other hand, closed cell metal foams exhibit in general a lower porosity 10-70% and 

lower surface area but are in return mechanically stronger. Although these cells do provide a 

larger surface area compared to a flat solid metal, their usage is typically found in the field of 

structural and impact-absorbing materials due to their excellent combination of stiffness and 

lightweight. Therefore, if one would like to make optimal use of the beneficial properties 

foams supply (relevant for batteries), it is strongly suggested to search in the direction foams 

with an open cellular design.                 

Fig. 22 Division of 3D cellular structures [144].       
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1.7.6. Overview electrode concepts reported in literature 

Concept Material Preparation Additive Formation Discharge & charge 
capacity 

Reversibility Ref. 

Sheet Fe Polishing - Yes 6.8 µAh/cm
2
 &    

200 µAh/cm
2
 

>8 cycles (full 
cell) 

[36] 

Microparticles 3-5µm, Fe Die pressing 8.5% Bi2S3; 
5% PE 

Yes 220 mAh/gFe & 
300 mAh/gFe 

>350 cycles [83] 

Microparticles 3-5µm, Fe Pressed at 
140°C 

10% Bi2O3; 
5% FeS; 
10% PE; 
10% K2CO3 

Yes 240 mAh/gFe & 
500 mAh/gFe 

>1200 cycles [58] 

Microparticles 3-5µm, Fe Coating of 
current 
collector & 
short 
sintering 

10% 
graphite; 
1% Bi2S3; 
6% PTFE; 
0.5% 
NiSO4·7H2O 

Yes 400 mAh/gFe & 
500 mAh/gFe 

>200 cycles [84] 

Microparticles <10µm, Fe Coating of 
current 
collector 

11% FeS; 
6% PTFE; 
LiOH; K2S 

Yes 230 mAh/gFe & 
550 mAh/gFe 

>50 cycles [85] 

Microparticles 1-10µm,           
α-Fe2O3 

(modified) 
polyol method 
incl. NaBH4 

10% PTFE 
 

Yes 120 mAh/g & - >35 cycles [86] 

Microparticles 3-5µm, Fe Pressed at 
140°C 

8.5% Bi2S3; 
6% PE 

Yes 188.2 mAh/gFe & 
200 mAh/gFe 

>450 cycles [87] 

Sintered 3-5µm, Fe Sintering in Ar 
at 850°C 

NH4HCO3; 
Na2S 

Yes 192 mAh/gFe & 
200 mAh/gFe 

>3500 cycles [31] 

Nanoparticles Fe/Fe3O4 Combustion of 
precur. & 
coating 
of current 
collector 

10% carbon; 
1% Bi2S3; 
6% PTFE; 
0.5% 
NiSO4·7H2O 

No 400 mAh/g & 
500 mAh/g 

>100 cycles [88] 

Nanoparticles 15-50nm, Fe2O3 Hot pressed at 
200°C 

10% carbon; 
4% Bi2S3; 
5% PTFE 

No 400 mAh/g & 
900 mAh/g 

>20 cycles 
(full cell) 

[27] 

Nanoparticles <50nm, Fe2O3 Loaded nickel 
foam 

Carbon; 
10% binder 

Yes <700 mAh/g & 
1007 mAh/g 

>100 cycles [89] 

Nanoparticles on 
carbon structure 

<50nm, Fe2O3 Rolling of 
Fe2O3–filled 
CNT 

10% PTFE No <500 mAh/g & 
962 mAh/g 

>30 cycles [90] 

Nanoparticles on 
carbon structure 

<100nm, Fe2O3 Precipitation 
during 
hydrothermal 
method 

Carbon; 
10% PTFE 

No 350 mAh/g &    
1007 mAh/g 

>29 cycles [91] 

Nanoparticles on 
carbon structure 

<20nm, Fe2O3 Rolling of 
Fe2O3–filled CNF 

10% PTFE; 
2% Bi2S3 

No <550 mAh/g & 
1007 mAh/g 

>50 cycles [92] 

Nanoparticles on 
carbon structure 

<100nm, 
FeOx/graphene 

Loaded 
nickel foam 

Glucose; 
PTFE 

No <377 mAh/g & - 
 

>300 cycles [93] 

Nanoparticles on 
carbon structure 

<100nm, 
FeS/graphene 
oxide 

Co-precipitation 10% PTFE; 
10% carbon 
black; 
3% Bi2S3; 
0.5% 
NiSO4·7H2O 

No <325 mAh/g & 
400 mAh/g 

>300 cycles [26] 

Foams Fe Corrosion, PTFE 
coating and 
erosion 

Bi2S3 
carbon 

No 2.83 mAh/cm
2
 & - >25000 cycles [94] 

Table 4)  Specifications of several experiments including the effect of the electrode structure  
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Table 4 on the previous page shows the capabilities of electrode concepts utilized in several 

research papers of the last years. It is however impossible to make a fair, direct one-to-one 

comparison between concepts since all experiments are conducted under specific 

circumstances. With four alternative electrode structures for the ordinary sheet electrode and 

a wide variety of preparation techniques in each study to incorporate additives, ranging from 

hot pressing  and coating of current collectors to rolling of CNF with iron oxide particles. 

Moreover, mostly unique compositions of additive ―mixtures‖ are employed at varying 

concentrations.     

1.8. Research questions and hypotheses 
The primary objective of this thesis is to explore how the microstructure of iron electrodes 

influences their susceptibility to particular redox reactions and their tendency to form 

oxides/hydroxides compounds. Furthermore, the effect of an iron foam material are probed 

next to the application of sodium stannate (Na2SnO3) as additive to the solution. Through 

comprehensive experimental investigations and analyses, the purpose is to elucidate the 

complex interplay between microstructure and oxidation/reduction behaviour in iron anodes, 

with the ultimate goal of enhancing the efficiency and lifetime of iron-air batteries. 

The current work concentrates on the following main research question and sub questions:   

- What is the influence of grain size, dislocation density and phases on the 
formation of iron oxide/hydroxide compounds and hydrogen evolution at iron 
electrodes in a strong alkaline solution? 

 
 
- How does an iron foam anode, exposed to a strong alkaline solution, 

influence the formation of iron oxide/hydroxide compounds and 
hydrogen evolution, compared to a solid iron anode?   

 
- What is the influence of sodium stannate added to a strong alkaline 

solution on the formation of iron oxide/hydroxide compounds and 
hydrogen evolution at iron electrodes?    

 
 
Based on the existing literature and the understanding of microstructural influences on 

electrochemical behaviour, the following hypotheses are proposed: 

 Grain Size: It is hypothesized that the grain size of iron will affect the formation of a 

layer composed of oxide/hydroxide compounds.  Grain refinement may facilitate the 

formation of a relative lower fraction of protective iron oxides and increasing donor 

density in the protective layer, leading to worsening of the barrier properties of the 

film. Moreover, grain refinement may increase oxidation rate due to a higher grain 

boundary density, which is more prone to dissolution.      

 

 Dislocation Density: The dislocation density is expected to be influential to the 

electrochemical reactivity of iron electrodes. The dissolution rate increases due to the 

accumulation of dislocations, which increase the amount of active sites like kinks and 

steps at the surface. The presence of dislocations (line defects) at the substrate can 

be considered as an edge of point defect at the substrate/film interface. This could 

induce a oxide/hydroxide layer which exhibits a higher density of donors.    



 

36 
 

 

 Phase constituents: The effect of an additional secondary phase (martensite) in a 

steel in compared to a single (ferrite) phase is anticipated to decrease oxidation 

resistance because of the more disordered structure caused by the martensitic 

phase. Possibly, a more defective barrier is present with less formation of iron 

oxides/hydroxides species.        

 

 Sodium Stannate Trihydrate: The addition of sodium stannate trihydrate to the 

electrolyte will (to a certain extent) suppress the evolution of hydrogen gas. Since the 

formation of a thin deposition layer consisting of Tin is expected to raise the 

overpotential for the HER.  

 

 Open-cell foam: It is expected that the porous iron foam will showcase  large 

faradaic currents during functional operation as enhanced electrochemical active 

surface area is present (in comparison to flat solid iron).     
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2. Experimental methodology and procedures 
 

In the pursuit of enhancing the electrochemical performance of iron-air batteries, 

understanding the influence of microstructural parameters on the oxidation and reduction 

behaviour of materials becomes of paramount importance. However, to draw reliable 

conclusions from experiments, a systematic and careful approach to preparing the tests  is 

required. In this chapter, methods and procedures are discussed that have been applied for 

each microstructural feature (and foam) specifically and in general. Moreover, two key 

electrochemical techniques which have been in this research are introduced and explained. 

These techniques are cyclic voltammetry and electrochemical impedance spectroscopy.   

 

2.1. Anode materials  
Several materials have been applied during the current research, all of which are mostly 

ferrous. To elucidate the effects of microstructure and topology characteristics, (nearly) pure 

iron, a dual phase steel and an porous iron foam are employed. The specifications of these 

materials are clarified in this section.  

2.1.1. Rolled iron 

As-received hot-rolled and cold-rolled iron samples from Armco® (AK Steel, The 

Netherlands) are applied. Both materials are of high purity iron with composition as seen in 

table 5, which is provided: 

 Fe Mn Cr Ni Cu N S P Si Sn C 

Wt.% 99.912 0.04 0.014 0.012 0.007 0.003 0.003 0.003 0.003 0.002 0.001 

 

The thickness of the hot-rolled and cold-rolled specimens are 3 mm and 2.5 mm, 

respectively. As observed with the naked eye, the hot-rolled iron is characterized by a 

scaly/rough surface while the cold-rolled material has a smooth surface finish.  

2.1.2. Dual phase steel 

A supplied dual phase steel grade; DP1000 (M2i NWO) is utilized to reveal the effect of a 

secondary phase (martensite) in the microstructure during electrochemical experiments. The 

chemical composition is provided and confirmed via XRF analysis and a LECO test, seen in 

table 6.  

 Fe C Si Mn P S Al Cr Cu Mo Ni Sn Ti Ca V 
Wt.% 96.92 0.141 0.051 2.149 0.013 0.014 0.041 0.576 0.012 0.004 0.021 0.001 0.032 0.022 0.007 

 

The thickness of the DP1000 material is 1 mm and has priorly been cold-rolled, resulting in a 

smooth surface finish.  

  

Table 5) Chemical composition cold and hot -rolled iron 

Table 6) Chemical composition DP1000  
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2.1.3. Iron foam 

A supplied open-porous iron foam is applied to show the effect of the topology of the iron 

electrode during electrochemical tests. The XRF test which was conducted showcases high 

iron content along with some important impurities (Si and Mn) and (likely) a surface 

contamination of Na. The chemical composition in its entirety is seen in table 7 below. 

 

The as-received foam shows signs of rust at specific locations, as observed with the unaided 

eye and superficial pores are visible. The thickness of the porous iron material is 1 mm while 

being easily bendable. 

2.2. Microstructure design 

 

The effect of grain size, dislocation density and phase constituents are of interest in current 

thesis. The methods which have been used to get differences at these features are explained 

in this section 

To assess the effect of grain size, the previously described hot-rolled iron samples are 

subjected to distinct heat treatments to produce three relatively different grain sizes: small, 

medium, and large. An electrical heated laboratory furnace is used for the treatments. Pre-

set annealing temperatures of 800, 1000 and 1200°C are applied. The appropriate sample 

size is made using a metal sheet press cutting machine (Cidan) to the dimension: 33 x 33 

mm2  (also all other sheet iron samples are cut by this machine). The samples are cleaned 

with isopropanol and air dried before being putting them in the oven. The iron specimens are 

placed in the oven and heated for 30 minutes under argon gas atmosphere. Afterwards, the 

samples are quenched by submerging them in a large water bath of room temperature 

(Figure 23). 

  

Fig. 23 Course of heat treatment for three hot-rolled iron samples. The graph is purely illustrative and does not 
contain actual measured temperature  profiles  

Table 7) Chemical composition of the iron foam 
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Based on literature and general understanding of rolling processes on the microstructure, it is 

assumed that the supplied cold and hot-rolled iron materials do already differ in dislocation 

density (and possibly also texture). Therefore, treatments in which the microstructures could 

be altered are not applied. Surface identification via EBSD is performed to reveal these 

differences. In order to elucidate the effect of the dual phase material composed of ferrite 

and martensite, it is chosen to compare this material to pure cold-rolled iron. Since the latter 

is solely composed of 𝛼-Fe (ferrite) at atmospheric pressures and ambient temperature, 

while also having been exposed to a cold working process. The electrochemical behaviour of 

the iron foam with porous structure is compared to the solid iron samples. Given the 

inherently different macrostructure of the foam compared to the solid iron samples, 

performing additional (heat) treatments was redundant. 

 

2.3. Surface preparation 
 

Prior to electrochemical tests, the specimens benefit from surface preparation in order to 

accurately determine the effect of microstructural features. The as-received materials can be 

affected by  surface contaminations and irregularities which is unwanted. The sample 

preparation of the iron sheet specimens consisted of the following steps. First, the samples 

are sanded with SiC sanding papers (Struers) with 80 up to 2000 grit size, whereby 

isopropanol is applied as fluid to expel debris during grinding. Next, the samples are polished 

with liquid diamond slurry with 3 µm, 1 µm and finally OP-S. Afterwards, the samples were 

cleansed in an ultrasonic bath for 10 minutes while being immersed in ethanol. Lastly, the 

samples were blown dry with compressed air. 

Due to the unusual structure of the foam, an alternative treatment is applied. Herein, the 

specimens are cut with a scissor to the dimension of approximately 33x33 mm2 and are 

submerged in a two component solution which was composed of concentrated HCl with 

50g/L SnCl2 and 20g/L SbCl3. The foam sample was stirred for 30 sec in this solution,  

subsequently rinsed with deionized water and immediately afterwards dried with a cloth and 

hot-air for 10 min. 

2.4. Surface characterization 

 

The hot-rolled iron samples which have been subjected to the previously described heat 

treatments, are prepared as mentioned in section 2.3. After that, etching with Nital 2% 

solution is utilized to expose the grain boundaries for further microscopy observations. Digital 

microscopy analysis for grain size verification is conducted. Inspection with optical 

microscopy (OM) (Keyence) allows for identification of grain characteristics. The grain size 

was determined by a technique which involves drawing multiple straight (horizontal and 

vertical) lines on the micrographs, where the intercepts with the grain boundaries are 

counted. The average grain size was calculated by dividing the counted intersections by the 

actual line length. 

Regarding the as-received hot and cold-rolled samples, EBSD analysis was applied to 

examine differences in grain structure, the density of Geometrically Necessary dislocations 

(    ) and (preferred) crystallographic orientations. The samples surfaces are prepared as 
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described in the previous section whereby an additional polishing with a Vibro Automatic 

polishing machine was necessary for around 24 hours.  EBSD measurements were 

conducted where a step size of 0.2 µm and working distance of 13 mm are applied. An area 

of 500x500 µm2 is probed for the hot-rolled and cold-rolled sample. The obtained data is 

further processed in OIM analysis software and Image J as an additional tool. A quick 

inverse pole Figure was selected to get a stereographic projection of grain orientations, 

where the appropriate cubic structure (BCC) was chosen. Image J is used to further quantify 

the crystallographic orientations along with the grain size. A GND map is calculated from the 

local misorientation according to the method of [124]. A maximum misorientation angle of 

5°C is used along with the third nearest neighbours for the misorientation calculations. Using 

a method which includes some coding and excel, the average       is calculated. 

The exact phases and phase fractions present in the DP1000 steel are analysed using the 

Scanning Electron Microscope (SEM) and clarified in combination with research papers 

which have investigated DP1000. Identification with SEM consisted primarily of taking 

images of the surface at certain magnifications to display the dual phase structure. 

Additionally, Image J is employed to determine more accurately the phase fractions which 

are present in the material. 

Optical microscopy, SEM, Archimedes immersion test and Atomic Force Microscopy (AFM) 

analyses were performed in order to learn more about the cellular structure, porosity, density 

and micro-roughness. OM and SEM inspection were used to discover the porous network 

and some microstructural aspects of the iron foam by taking images at several 

magnifications. An immersion experiment allowed to accurately determine the volume and 

density of the sample. Subsequently, the porosity could be calculated and be validated via 

the method of simply measuring a fixed dimension of a piece of foam and weighing. The 

AFM is applied to investigate the topography on micro-scale of the foam as well as to acquire 

images on sub-micro scale. For this, a tapping mode was applied on several surfaces of the 

foam struts. The preparation for most of these techniques consisted solely of blowing the 

foam samples with compressed air. 
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2.5. Electrochemical characterization 

 

For all applied materials, it‘s aimed to keep the experimentation parameters as similar as 

possible for optimal comparison purposes. For the solid sheet iron materials this was 

feasible. For the iron foam, slight adjustments of some settings were required as issues 

arose, which will be discussed in the results and discussion chapter.   

The solid iron samples intended to study the effect of microstructures, were evaluated 

according to the following electrochemical methods. Chronoamperometery (CA), Cyclic 

voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were carried out to 

analyse the oxidation and reduction kinetics and impedance (resistance) of the system. The 

electrolyte is composed of 6M KOH and 0.01M              dissolved in distilled water at 

ambient conditions. The experiments were held in three-electrode system consisting of a 

Hg/HgO reference electrode, a platinum wire counter electrode and the iron samples acting 

as working electrode. Initially, chronoamperometry was applied for 120 seconds, in which the 

iron was cathodically polarized at -1.3V (vs. Hg/HgO) and a stable current density reached. 

CV measurements follow, starting at -1.3V (vs. Hg/HgO) towards -0,1V and back. This 

repeated until 12 cycles are completed while a linear scan rate of   = 5 mV/s is implemented. 

Then, one extra half cycle is executed towards -0.1V. Subsequently, CA was applied to 

polarize the samples at -0.1V for 300 seconds. Finally, EIS spectra are collected of the 

samples. A frequency range of 100 kHz to 10 mHz is used with a sinusoidal amplitude of 10 

mV. The obtained EIS data is further examined using the ―Zfit‖ function, available in the EC-

lab software. As opposed to the non-porous iron specimens, the initial CA settings for the 

iron foam are set to -1,0 (vs. Hg/HgO) for 300 seconds. The remaining parameters are kept 

the same.  
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2.6. Electrochemical techniques 

 

2.6.1. Cyclic voltammetry 

In battery research, several electrochemical tests and techniques are commonly used to 

characterize and evaluate the performance of batteries. The choice of test depends on the 

specific objectives of the research, the type of battery being studied, and the information 

researchers seek to obtain. Cyclic voltammetry (CV) is an electrochemical technique used in 

analytical chemistry and materials science to study the reduction and oxidation properties of 

chemical compounds and materials due to electron transfer processes. It provides valuable 

information about the electrochemical behaviour, kinetics, and thermodynamics of redox 

reactions. In CV, a potentiostat supplies a triangular potential waveform to an 

electrochemical system (e.g. three electrode setup). This is performed by ramping the 

potential at the working electrode linearly versus time from an initial potential to a switching 

potential and subsequently to a final potential. The rate at which this happens is referred to 

as the scan/sweep rate ― ‖. The resulting current response is measured, which comprises 

both faradaic and non-faradaic current and is set out against the potential. A characteristic 

shape which is seen in Figure 24. is typically obtained for a simple reversible redox couple of 

an analyte in solution [137]. 

 

 

 

 

 

 

The forward scan (in blue Figure 24) is related to the oxidation of a species at the working 

electrode. At the initial stages of the voltammogram (horizontal segment), only a capacitive 

current is present.  At a certain potential between E1 and E2, a kinetic region is reached 

where oxidation starts to take place and the current rises. The current ― ‖ [A] at this instance 

can be described by the Tafel equation according to equation 21, which is derived from the 

extended Butler-Volmer equation:  

             𝛼 
 

  
    (21) 

Herein, ―n‖ is the amount of electrons exchanged, ―k‖ the reaction rate constant [s-1], ―F‖ the 

Faraday constant, ―C‖ is the concentration of reactive species at the surface of the electrode 

[mol/m2], ―R‖ the universal gas constant,   is the overpotential in [V], ―T‖ the absolute 

temperature  and ―𝛼‖ the charge transfer coefficient. The plus/minus sign in the exponent is 

applied for the anodic/cathodic reaction, respectively. It indicates that the current is 

proportional to the voltage and the process is under electron transfer limitation. 

Fig. 24 a) Triangular, linear voltage sweep as a function of time. b) Direction convention oxidation and reduction 
scan for a reversible redox reaction 
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Next, the current rises rapidly until a peak appears which is often denoted as     at a 

potential    . Similar notation is used for the cathodic peak, observed during reduction. 

Species are now getting oxidized and the process is under mass transport control (or 

diffusion control). The peak develops due to the depletion of available molecules near the 

electrode surface to oxidize. The peak current can be considered as the fastest rate of 

oxidation (i.e. the maximum number of a specific species getting oxidized per second). When 

the conversion of most species has taken place, unoxidized molecules in the bulk solution 

need more diffusion time to the electrode surface. As a result, the current decays at a given 

moment due to a lower rate of oxidation [137].  

The scan rate is an important parameter in CV, since large scan rates lead to decrease in 

diffusion layer and thus to higher currents. For the peak current this can be described by the 

Randles-Sevcik equation which shows a proportional relationship between the current and 

the square root of the scan rate [137]: 

              
     

  
      (22) 

Where, ―n‖ is the amount of electrons exchanged during the redox reaction, ―A‖ is the surface 

area of the electrode [cm2], ―F‖ the Faraday constant, ―C0‖ is the bulk concentration of the 

analyte [mol/cm3], ―R‖ the universal gas constant, ―T‖ the absolute temperature, ― ‖ is the 

scan rate [V/s]   and ―Do‖ is the diffusion coefficient of the oxidized analyte. The equation is 

valid for an electrochemically reversible electron transfer process which involves freely 

diffusing redox molecules. Any deviation from linearity in    vs.      could suggest 

electrochemical quasi-reversibility. This would be expressed by observing peak-to-peak 

separation shifts with scan rate.             

Moreover, Randles-Sevcik formula could indicate whether an analyte is freely diffusing in 

solution or be an adsorbed species to the electrode surface. As for the latter case, the 

current response is described by [137]: 

   
    

   
        (23) 

Where    is the surface coverage of the adsorbed species [mol/cm2]. Now, the current 

response is expected to vary linearly with the scan rate.  

 

 

 

 

  

Fig. 25 Peak potential (Epa, Epc) and peak current (ipa, ipc) location [138].  
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2.6.2. Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is powerful technique used to analyse the 

electrical impedance of an electrochemical system over a range of frequencies. It finds 

extensive use in various fields such as battery research, fuel cell characterization and 

corrosion analysis. EIS offers valuable understandings into the intricate phenomena taking 

place at the interface of the electrode and the electrolyte. In potentiostatic EIS, a potentiostat 

applies a small sinusoidal potential to a electrochemical system (typically a perturbation an 

electrode surface) where a corresponding sinusoidal current (alternating current, AC) output 

is measured. The electrochemical response provides information about oxidation 

mechanisms and reaction kinetics. The input sinusoidal signal can be represented by [125]:  

                    (24) 

Herein, the potential E is a function of time [t] where     represents the magnitude of the 

applied potential [V] (amplitude) and    angular frequency [rad/s]. Similarly, the 

corresponding output current has the same attributes and is given by: 

                        (25) 

However the output response might display a phase shift (offset) relative to the input 

potential signal which is indicated by   [rad]. So, an EIS experiment is centred around a 

potential set point (  ) where a wide range of frequencies (e.g. 10-2 to 105 Hz) is examined 

and the output current signal is registered over the same frequency spectrum. Next, a 

Fourier transform is performed of both signals to convert the data from the time domain  to 

the frequency domain. This is done in order to calculated the impedance (Z) which can be 

seen as a complex resistance in a circuit for an alternating current.  

Furthermore, electrochemical cells can be modelled as a network of  electrical circuit 

elements to construct an equivalent circuit. Bode and Nyquist plots can have supporting role 

in the (manual) modelling procedure, although such a circuit is usually created with 

specialized software with fitting tools. The response of an equivalent circuit can be computed 

and compared with the real EIS response of the electrochemical system. The most common 

electrical elements include: a resistor, capacitor and inductor. Using Eulers equation, the 

impedance can be expressed as follows [125]: 

     
      

      
 | |                      (26) 

 

Processing the impedance data is useful since the data can conveniently be illustrated via 

Bode plots, Nyquist plots and electrical equivalent circuits which allow for easier 

interpretation of the results. The Bode plot shows the magnitude of the impedance (and often 

also phase angle) set out to the applied frequency range on the x-axis. Another mathematical 

method to represent the same information is via the Nyquist plot. Herein the magnitude of the 

impedance is separated into a real and (negative) imaginary part, after converting the polar 

coordinates of equation (z) to Cartesian coordinates. These representations help to 

distinguish different electrochemical phenomena that take place at different characteristic 

frequencies.              
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Furthermore, electrochemical cells can be modelled as a network of  electrical circuit 

elements to construct an equivalent circuit. Bode and Nyquist plots can have supporting role 

in the (manual) modelling procedure, although such a circuit is usually created with 

specialized software with fitting tools. The response of an equivalent circuit can be computed 

and compared with the real EIS response of the electrochemical system. The most common 

electrical elements include: a resistor, capacitor and inductor.  For a relatively simple 

situation, namely a metal/solution interface the equivalent circuit configuration is shown. 

 

 

 

 

 

 

 

 

In the circuit in Figure 27, a capacitor Cdl is applied to simulate the capacitance behaviour of 

the edl with in parallel a resistor Rp for the polarization resistance (charge transfer 

resistance) and in series connected component Rs to represent the solution resistance 

between the double layer and the reference electrode [125].    

  

Fig. 26 a) Representation of a Nyquist plot. b) Representation of a Bode plot. 

a) 

b) 

Fig. 27 Equivalent circuit for a metal/solution interface 

a) 
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2.7. General procedures and cell design  

 
During all experiments in this report, the same cell design is applied for electrochemical 

testing. The custom made cell is used as a three-electrode system, consisting of a working 

electrode, reference electrode and counter electrode. In Figure 28a. all components of the 

cell are exposed, which shows bolts, washers and nuts used to tighten the plates. These 

plates are transparent acrylic panels, forming the casing of the cell. One panel (Figure 28b) 

has a large circular opening in the which functions as the reservoir for a solution and allows 

for the placement of the three electrodes in close vicinity. A cylindrical hole is drilled at the 

top side to incorporate a mercury/mercury oxide (Hg/HgO or MMO) reference electrode. Two 

silicon gaskets (blue outline) surround the platinum wire, the counter electrode, to prevent 

leakage of fluids. The sheet iron material which functions as the working electrode has 

copper tape pasted to the (unpolished) backside. This conductive tape facilitates a 

connection between working electrode and the working electrode connector wire of the 

biologic station (Biologic Sp-200 potentiostat).  A black rubber ring avoids leakage on the 

side of the iron sample. If a foam was applied as electrode material, a thick silicon gasket 

was inserted as well since it was more prone to leakage due to its porous structure. Tests in 

which leaking electrolyte was observed at any moment of the experiment were rejected.    

Fig. 28 All parts and components for the cell assembly displayed, a). Accidental contact of the electrolyte during 
disassembly and leakage issues caused the bolts to slightly corrode over time. b), a close-up of the middle acrylic 
plate. 

a) b) 
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In Figure 29. the assembly is shown in consecutive steps:   

 

During assembling, special attention was paid to positioning the platinum wire flat and in the 

middle of the opening. Also, the square iron sample was carefully placed as the corners were 

in close proximity of the bolts. A connection between the iron sample and the steel bolts 

could affect measurements. After the cell has been assembled, a syringe was used to fill the 

inner compartment with a solution of 6M KOH and 0.01M        . The solution was injected 

in the opening for the reference electrode. A volume of approximately 5ml of solution could 

be inserted. Next, the Hg/HgO electrode was placed in this hole, where the tip was did not 

make contact with the bottom.           

Fig. 29 Step by step construction of the cell. First, bolts are put through the four holes of an acrylic plate  and on 
top, the platinum wire is placed in-between two silicon slabs, a). Next, the middle panel is positioned with a 
rubber ring to seal on the sample side, b). Then, the sample is placed with the polished side inwards, on the 
black ring and the nuts are fixed tightly, c) and d). 

a) b) 

c) d) 
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Finally, the set-up is put inside a metal enclosure which acts as a Faraday cage to restrict 

external electromagnetic fields to interfere with processes occurring in the cell during 

experiments. The reference MMO electrode which was connected to the white wire of the 

potentiostat had such a tight fit that additional mounting of this component to keep it steady 

was practically redundant. All experimentation is performed while keeping conditions and 

parameters as constant as possible. In the context of reliability of the experiments, all tests 

are repeated (at least) two times to the ensure repeatability and acquire meaningful results to 

draw conclusions from. Furthermore, tests have also been conducted in an electrolyte 

consisting of solely 6M KOH. All experiments in which 0.01M         is not added to the 

alkaline solution have the same procedures as the ones in which sodium stannate is used. 

 

  

Fig. 30 The cell connected to the potentiostat. The red wire is connected to the copper tape of the iron 
electrode (working electrode), the white cable is clamped to the Hg/HgO reference electrode and the blue 
cable to the platinum wire (counter electrode). 
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3. Results and discussion 

 

The results of the identification and electrochemical experiments are covered in this chapter. 

Each individual microstructural aspects is dealt with in a separate sections in to present 

results in an organized manner. After that, the results of the foam is displayed and 

discussed. At last, tests results are shown where sodium stannate has not been added to the 

solution.  

However, due to the striking resemblances in CV curves in general, for the solid samples, an 

initial section is dedicated to describe the behaviour which is seen for all these specimens. 

The following sections will go to in detail clarifying the effect grain size, phase constituent 

and dislocation density. Throughout these sections, the most representative CV curves of the 

repeated tests per sample will be shown.  

3.1. characterisation of the anode materials 
 

3.1.1. Annealed hot-rolled samples 

Figure 31 shows the micrographs of the heat treated hot-rolled samples after etching with 2% 

Nital. Relatively small and equal sized grains are observed for the sample heated up to 

800°C. Quite larger grains are seen for the specimen heated to 1000°C and a large variation 

in grain size is present. For the sample heated at 1200°C, the largest grains are realized (on 

average), where a relatively large grain size spread is seen. By means of the line intercept 

method with grain boundaries, the following average grain sizes are obtained (95% CI): 

Sample Grain size (µm) 

Small (800°C) 38 ± 5 

Medium (1000°C) 236 ± 97 

Large (1200°C) 344 ± 129 

 

The grain size distribution looks heterogeneous for the medium and large grain samples 

across the total surface area, making it challenging to accurately determine the average 

grain size. Therefore, rather large confidence intervals are obtained. Observing the 

micrographs, it can be faintly observed that medium and large-grain iron samples have 

stripes across their surface. Likely sub-optimal polishing could be the reason for this. In 

hindsight, shorter annealing times (and lower annealing temperatures) could have been 

applied to obtain more homogeneous and slightly smaller grain sizes for the relatively larger-

grained samples. On the other hand, the differences in grain size between small and large, 

are in the current report immense and consequently very clear.     

 

Table 8) Calculated average grain sizes  
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3.1.2. Hot-rolled and cold-rolled iron 

Due to the additional rolling process the cold-rolled iron has undergone (with respect to the 

hot-rolled material), the defect density in this material is supposedly higher. More specifically, 

differences are expected in the density of geometrically necessary dislocations (  ) and 

possibly crystallographic orientations. Therefore, EBSD analysis of the materials has been 

performed to reveal differences present between hot-rolled and cold-rolled. The 

specifications for the EBSD includes a step size of 0.2 µm and working distance of 13 mm. 

An area of 500x500 µm is probed in each case. The result is seen in Figure 32. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The inverse pole Figures (IPF) are shown in Figure 32. along the normal direction (ND). It is 

found that both samples consists solely of a BCC crystal structure and therefore possess a 

completely ferritic microstructure. Furthermore, equiaxed grains are observed and traces of 

inclusions are not detected within the resolution limits of the measurements, which is 

understandable given the high purity.       

Fig. 31 Micrographs of hot-rolled iron heat treated at a) 800°C, b) 1000°C and c) 1200°C obtained with the 
optical microscope.   

Fig. 32 EBSD results. IPF figures cold and hot rolled; a) and b), respectively. GND map cold and hot-rolled; c) 
and d), respectively   

a) b) c) 

a) b) 

c) d) 
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The spatially resolved crystallographic orientations are seen in the IPF maps and illustrate 

that both samples do not exhibit a strong texture. The cold-rolled material is seen to be 

(slightly) inclined towards the <111> // ND  crystallographic orientation, while the hot-rolled 

specimen shows a weak preference for the component <101> // ND . Both of these 

observation are confirmed via ImageJ, which allows to distinct the colours (RGB) and 

determine their relative intensity. The procedure is described in appendix D.  

Dislocations in crystalline materials are composed of geometrically (GND) necessary 

dislocations as well as statistically stored dislocations (SSD). SSDs are a type of dislocation 

in a crystalline materials that accumulate due to random trapping processes during plastic 

deformation. This accumulation can be caused through a process of multiplication 

(originating from a Frank-Read source for example), where dislocations coincidentally 

encounter each other. Dislocations that result from such occurrences are referred to as 

statistically stored dislocations. The corresponding density of these dislocation is often 

denoted as    [127].   

On the other hand, some dislocations are formed due to the necessity of accommodating 

plastic deformation in regions where the crystal lattice cannot smoothly deform without the 

presence of additional dislocations. These dislocations (GNDs) are required from a 

geometric perspective to enable the crystal lattice to adjust to the applied strain or 

deformation. Unlike statistically stored dislocations, which arise randomly during deformation, 

GNDs have a non-random distribution and are strategically located in regions where they are 

needed to enable plastic deformation. The total dislocation density for a material is given by 

the sum of GND and SSD densities (i.e.       ) [128].  

In Figure 32. the corresponding GND density maps are displayed which show similarities in 

GND density. A method is applied which involves extracting a fraction of the more than 7 

million GND density values in total (per map) and taking the average of these points. This is 

performed in such a manner that values are evenly selected across the total area of the 

maps (no random selection). The GND densities are calculated to be     48 ± 13 · 1012  m-2 

and     56 ± 11 · 1012 m-2 for cold-rolled and hot-rolled, respectively. Thus surprisingly 

indicating that clear differences are not present in terms of   .  

The expectation was that elongated grains in the rolling direction would be visible, as well as 

an larger GND density for the cold-rolled iron. Determination of the grain size indicate a 

nearly identical values:  28 ± 5 μm and 29 ± 4 μm, for ―cold‖ and hot rolled iron, respectively. 

For convenience, some comparisons are made with the annealed hot-rolled iron anodes in 

the CV and EIS results section, to detect possible differences. An important note is that the 

hot and cold rolled samples described in this section are not subjected to any additional 

(heat) treatment.         
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3.1.3. Phase constituents 

The cold-rolled DP1000 steel is examined under the Optical microscope and SEM after being 

etched with 2% Nital. The micrographs showcase a quite homogenous distribution of two 

phases across the  surface. These phases can be identified as ferrite and martensite [129]. A 

ferritic matrix with regions of martensite can be observed with an islands-like appearance. 

Image J software allowed for phase fractions determination (appendix A) which resulted in 

38% ferrite and 62% martensite, using the SEM image in Figure 33b. For the electrochemical 

tests results, it is decided to apply the earlier used cold-rolled pure iron for comparison 

purposes with respect to the DP1000 material, as the former was revealed to be fully ferrite 

phase.      

 

 

3.1.4. Topology – Iron foam 

In the SEM Figure 34, the cellular structure of the iron foam is revealed. The stochastic 

structure of the porous network contributes to a system which consists of pores with different 

sizes. Based on estimations of SEM images, the pore size ranges from 50-500 µm while the 

strut (rod-like connections) thickness is typically 50-100 µm.  The porosity is determined to 

be 69.5% using Archimedes principle of water displacement in combination with measuring 

and weighing a fixed dimension of a (large) piece of foam.  

 

 

 

 

 

 

 

Fig. 33 a) optical microscope image showing global microstructure. b) SEM image displaying more detailed 
phase constituents 

Fig. 34 SEM photos reveal the cellular structure of the iron foam   

a) b) 
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The AFM allowed for characterizing another property like the (micro)-roughness of the 

material and higher magnified images of the foams microstructure. A higher magnification on 

the top level surface (Figure 35a), indicates that the porous iron is composed of small micro 

particles in the range of ±2µm. This observation leads to think that a sintering process has 

been employed with fine powdered iron to produce this porous network. Likely, small iron 

particles have been mixed with so called sacrificial space filler material, which create a 

spaces of void in the foam. During or after sintering, these fillers dissolve or thermally 

degrade upon. What remains is an open-cell foam where iron particles have fused while 

(ideally) all residual pore forming powder is gone. This process is more thoroughly described 

by Kennedy et al. [130]. 

On top of that, AFM identification also seems confirm the presence of the microparticles. 

Additionally, the micro-roughness of the foam has been determined by scanning a surface 

along the struts direction (not the top level as in Figure 35a) which resulted in a roughness of 

350 nm (RMS).  

 

 

 

 

3.2. CV behaviour observed during experiments 
 

3.2.1. General CV course    

Half-cell tests are performed where iron anodes act as working electrode, a platinum wire as 

counter electrode and Hg/HgO electrode (MMO) functioning as reference electrode.    

Electrochemical tests are performed by means of cyclic voltammetry (CV) and potentiostatic 

electrochemical impedance spectroscopy (PEIS) in order to identify the conversion reactions 

taking place and the charge transfer processes (resistance) of the involved species for the 

tested specimens. 

Fig. 35 a) Highly magnified SEM image with a yellow circle indicating the presence of iron micro particles. b) 
AFM data of the height profile to indicate roughness, using tapping mode  

a) 
b) 
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Among repeated tests of flat, non-porous samples, the CV graphs are globally similar in 

shape. Below in Figure 36. the CV curve for a small grain sample test is shown to illustrate 

the typically course.    

 

 

 

 

 

 

 

 

 

 

The peaks observed during cyclic voltammetry tests can be associated to reactions taking 

place at the iron electrode. Supported by related literature reports and the potential locations 

(vs. Hg/HgO) of the peaks a link can be made to the most probable redox reaction. The 

operation range for the electrode potential is always kept between -1,3V to -0,1V vs. 

Hg/HgO. 

In general, mainly two oxidation reactions can be distinguished during CV experiments as 

described by papers which apply iron electrodes in (strong) alkaline media. These discharge 

reactions include the oxidation of metallic iron to ferrous hydroxide and the subsequent 

oxidation of this iron hydroxide to iron oxide and/or oxyhydroxide species. Furthermore, upon 

charging, the reduction of the formed oxide/hydroxide products takes place as well as the 

reduction reaction of water to form hydrogen gas. From a ―theoretical‖ point of view, these 

reactions seem to occur at or close to the following potentials (e.g. see Pourbaix diagram of 

iron) [5], [21], [26], [32]: 

                         (27) -0,98 V vs. Hg/HgO 

                                 (28) -0,76 V vs. Hg/HgO 

                           (29) -0,66 V vs. Hg/HgO 

                    (30) -0,93 V vs. Hg/HgO 

 

The first anodic peak experimentally encountered during the forward scan is labelled ―A1‖ 

and is located around -1,04 V. Besides, a second peak A2 is always seen near -0,87 V.  

These oxidation peaks are very likely ascribed to the two-step conjunction process, in which 

OH- ions are adsorbed by iron. The partial adsorption occurs via the following reaction (A1): 

                        (A1)  -1,05 V vs. Hg/HgO  

Fig. 36 Cyclic voltammogram response for a tested small grained sample. Serving as an example for the 
general behaviour which has been observed for all flat specimens. A close-up of more subtle peaks is 
provided       
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Next, the iron hydroxide is formed according to equation (A2): 

                           (A2) -0,87 V vs. Hg/HgO  

The formation of         on its turn, is thought to proceed via the development of 

intermediate soluble species      
  after reaction (A1). The concentration of this species is 

highly temperature dependant, and the in-between process proceeds through the following 

path: 

                   
             (31) 

And  

     
                       (32) 

Taking papers with nearly identical conditions in consideration reporting similar peak 

locations [32] as well as the given electrode potential of equation (27), the first two anodic 

(A1 and A2) peak reactions observed during CV tests seems to be justified.  

The next anodic peak A3 observed at -0,70 V involves the further oxidation of iron hydroxide. 

The compound which is formed, is an iron oxide namely       (magnetite). The 

corresponding reaction is: 

                                  (A3) -0,71 V vs. Hg/HgO 

Lastly, a peak is consecutively found which can be coupled with a high degree of certainty to 

the formation of ferric oxyhydroxide: 

                           (A4) -0,52 V vs. Hg/HgO 

Often, the A3 and A4 reactions appear to be difficult to differentiate for CV experiments in 

literature studies. Since often only a singular peak is seen after the oxidation peak of iron. It 

is assumed that one of these or both reactions occur while only one (large) peak in the CV 

curve is present. A reason for this (among others) could be the applied scan rate, as the 

reaction kinetics are affected by this parameter. In this report, a scan rate of    5mV/s is 

employed. During initial trial tests with a 0.5 mV/s sweep rate, A3 and A4 would also not be 

visible as separate peaks, but rather a single peak.   

The clear individual peaks A3 and A4 indicate that these are separate reactions taking place 

which are most likely due to the formation of       and       as previously described. As 

these reactions are often mentioned in literature [32], [90]. Figure 37 below shows 

differences between theoretically expected (dashed line) and experimentally observed (solid 

line) peak potentials. Due to resistances present in the system the actual potentials where 

the reactions occur is higher (overpotential). 
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After the reversion of the CV curve at -0,1V vs. Hg/HgO, reduction processes start to occur. 

In total, 4 cathodic ―peaks‖ can be recognized. Some of these are not always (very well) 

defined and can therefore not strictly be called a peak. The observed ―deviations‖ in the 

graph can be better described as a bump or inclination in the curve.   However, during the 

course of this report, the terms bump and peak will be used interchangeably for 

convenience‘s sake. The cathodic peaks are associated to the reduction reactions of the 

formed oxide/hydroxide products during the anodic part of the cycle and the evolution of 

hydrogen gas. 

The first cathodic peak C1, that seems to occur is a bump located at approximately -0,92V 

vs. Hg/HgO in the tests. The most straight forward reaction, which is responsible for this, 

would be the reduction of      . Since this species was last oxidized, it is reasonable to 

assume that this is the earliest product to be reduced. 

                                   (C1) -0,91V vs. Hg/HgO 

Similarly, the next peak C2 refers to the opposite reaction of peak A3, which means the 

reduction of      : 

                                (C2) -1,02V vs. Hg/HgO 

The C3 peak can be observed in Figure (36), as it is orders of magnitude larger compared to 

C2 and C1. This can be clarified as follows; the reduction of         to iron appears to 

happen in singular single reaction, as opposed to the two oxidations A1 and A2. On top of 

that, the HER has already set in when this C3 reaction takes place. Thus, the C3 reaction is 

partially concealed by the HER and lies at much lower current density. It is however difficult 

to pinpoint the exact moment where the HER has initiated. Based on the CV graphs, it looks 

like it happened just before the reduction of iron hydroxide at approximately -1,10V vs. 

Hg/HgO. The reaction corresponding to C3 is: 

                       (C3) -1,16V vs. Hg/HgO 

As said, the HER has started and continues to take place as the potential becomes more 

negative. The increase in (negative) current density progresses until the maximum value is 

reached at the point -1,3V vs. Hg/HgO (see Figure (36)). So for this process a true peak is 

also not found. It has been chosen to signify this potential as the peak location for the HER, 

Fig. 37 Cyclic voltammogram response for a tested small grained sample. Dashed lines indicate the expected 
potential for peaks to occur (in strong alkaline solution; ―theoretically‖). Arrows indicate the potential at which 
the supposed reaction is observed during experiments    
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since it is the turnover point for cycles and the (absolute) maximum value reached. The 

according reaction is: 

                        (C4) -1,30V vs. Hg/HgO 

Thus to summarize the following reactions are identified with their according potential 

locations. All potentials are referred versus Hg/HgO reference electrode. 

A1 (-1,04V):                        

A2 (-0,87V):                             

A3 (-0,71V):                                

A4 (-0,52V):                            

    

C1 (-0,91V):                           

C2 (-1,02V):                               

C3 (-1,16V):                      

C4 (-1,30V):                  

 

The convention in the Figure 36 is applied throughout the results and discussion section. 

Hereby, the first peak observed during oxidation is called ―A1‖, the second peak ―A2‖ etc.  

Similarly, when the reverse scan begins the first peak encountered is ―C1‖. Moreover, A3 for 

example is always equivalent to reaction it has been linked. 

In order to obtain more quantitative information of the processes, certain features of the CV 

curves are more closely analysed. The peak height ratio of A2/A3 and A2/A4 have been 

computed, the surface area of the C3 peak is approximated and the HER slope is determine 

at the end of cycles. In the next section, the relevance of understanding these attributes in 

relation to the battery performance is discussed.    

3.2.2. Peak analysis 

The oxidation and reduction peaks observed during CV experiments can provide key 

information of the processes taking place in the electrochemical cell [140]. The anodic 

reactions in the previous section are linked to formation of iron oxide/hydroxide species. 

Beside the initial redox product        ;       and       are formed and contribute to the 

generation of a thin layer which is electronically insulating. In particular the conversion of 

        to magnetite and ferric oxyhydroxide is undesirable. Since, the latter are        -

species, which appear to be more stable and are, as a result, prone to incomplete reduction 

[5]. Because of this, the performance of the iron electrode is impaired as surface coverage of 

these molecules act as barrier for electron transfer, preventing electrochemical activity of the 

anode. Thus, the formation of these oxide/hydroxide compounds is ideally avoided (or 

minimized) as long as possible.   
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By means of calculation of the peak current height ratio over cycling, the development of the 

oxidation peaks A2, A3 and A4 are compared relative to each other for all samples. An 

example in shown in Figure 38, which clearly demonstrates an increase and decrease of 

peaks over repeated cycling. The evolution of these peaks over cycling could be a useful tool 

to reveal how much of formed iron hydroxide is converted to highly stable (almost 

irreversible)        and      . The ratios are defined as follows: peak height of A2/A3 and 

A2/A4 whereby the values of the current density are read off for a particular cycle. In Figure 

38, this is shown for a cold rolled sample in the 12th cycle. The values are read-off at the 

peak locations as illustrated in Figure 38. 

In general, large and increasing ratio values over cycling  are preferred as these imply 

relatively much conversion of iron to         (A2) compared to the follow up reactions of 

        to       (A3)  and       (A4).       

 

 

 

 

 

 

 

 

 

 

Furthermore, the surface area of the third reduction peak is integrated. The C3 peak is 

related to the cathodic reaction:  

                      (C3) 

Given the very well-defined shape and large intensity of this peak, the method of calculating 

the surface area makes it highly suitable and accurate as opposed to all other peaks. 

Numerical integration is applied using the Riemann sum to approximate the area under the 

peak. An appropriate baseline is chosen as reference which sets the boundaries for the 

interval of integration and encloses the region of interest (see Figure 39). The area under this 

part of curve is equal to the charge in Coulomb. The magnitude of this area (amount of 

charge) can be linked to the quantity of reversion of         to   . By convention, it is 

chosen to express this as a positive value and apply the unit of Coulomb per square meter 

[C/m2]. 

Consisting of a (finite) sum of rectangles, the unit obtained after integration is  
       

    . Using 

the identity          , and substituting this in the obtained unit, where the ―m‖ (milli) unit 

Fig. 38 A cold-rolled CV test which demonstrates the growth and decline of anodic peaks A2, A3 and A4.   
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prefix has been converted, one gets   
     

         . Finally, the latter unit is divided by the scan 

rate (5 mV/s), while      is converted to   . Following this procedure, the unit [C/m2] is 

obtained.  

The relevance of knowing the peak area value, is that it can be associated to the quantity of 

iron hydroxide reversion. This is closely related to the reversibility of formed oxide/hydroxide 

species, formed during the oxidation process. Besides the magnitude, it is particularly 

interesting to see how it develops over multiple cycles. For example, a significant decrease 

of this peak area over cycling could point towards less efficient conversion stable 

oxide/hydroxide species, which can result in a built-up of insulating compounds which enable 

coverage of the electrode surface. 

 

 

 

The reduction of        , which is driven by a relatively high overpotential during charging in 

the iron-air battery, competes with the HER according to reaction C4. The anode electrode 

performance decreases because of this phenomena. Firstly, the coulombic efficiency of the 

cell significantly decreases as some of the applied charge is redirected into this unintentional 

side reaction. Secondly, extensive hydrogen formation can result in a pronounced loss of 

water in the electrolyte, which could cause the battery to dry-up and fail eventually.     

The C4 peak is investigated  to elucidate the HER intensity for the different microstructures. 

The gradient at the end of the backwards scan can be directly related to the severity of 

hydrogen gas evolution, as this marks the onset and progression, the C4 peak has made. A 

steep slope suggests that the HER has advanced to more negative current density values, 

and thus formed a larger peak. The slope is calculated by taking the linear gradient of the 

last 50 mV of cycles from -1250 mV to -1300 mV. The difference in current density is divided 

by the change in potential (= 50 mV). At this region, the CV curve has approximately reached 

a linear section. Using a larger range would make the assumption of a linear gradient less 

accurate as the CV is becomes horizontal at potentials higher than -1250 mV. A smaller 

range is more susceptible to errors. 

Fig. 39 A hot-rolled CV test which shows the surface area of the C3 peak in the 12
th

 cycles (shaded blue). 
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It could be argued that simply the current density value at -1,30V could be read-off and 

utilized as indication for the HER. Since more negative values of the current density of a 

cycle implies a more intense hydrogen gas production. However, it is observed that during 

some CV tests, the curves as a whole are translated in vertical direction (upwards or 

downwards) compared to other CV experiments. This influences the value of the C4 peak at 

-1,30V. Thus, determining the HER magnitude via a linear slope approximation is a more 

independent method. 

   

 

 

 

 

 

 

 

 

 

 
 

  

Fig. 40 A CV test with a large grained iron samples showing the slope at the backwards scan at the C4 peak, 
related to the intensity of the HER. 
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3.3. Electrochemical results  

3.3.1. Electrochemical results grain size 

3.3.1.1. Chronoamperometry 

Chronoamperometric measurements are initial started as the first electrochemical test. 

Herein, the current density [mA/cm2] is set out to the time [sec]. The purpose of this, is to let 

the system stabilize at starting potential (-1,3V) for CV cycling while also reverting most iron 

oxide/hydroxide species present at the iron surface to   . As a pre-conditioning step, CA is 

performed at -1,3V vs. Hg/HgO and kept for 120 seconds (cathodic polarization), to ensure 

all specimens have the same surface conditions at  the start of the CV test. In Figure 41 

below, the CA curves for the annealed hot-rolled anodes are shown. 

 

 

 

 

 

 

 

 

  

Fig. 41 Typical chronoamperometric response of the different grained samples at -1.3V vs. MMO in 6M KOH 
and 0.01M sodium stannate for 2 minutes.  
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3.3.1.2. cyclic voltammetry 

Next the Cyclic voltammetry technique would follow. The CV graphs for the samples are 

shown in Figure 42, which showcase similarities in peaks and overall structure.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Considering the first anodic peak A1, it can be observed that the coarse grained samples 

increase in current density with cycles while the small grain anode does show a constant 

peak height current. This oxidation reaction is linked to the initial process in which     

anions are adsorbed by iron to form        . Therefore, the extent of this electrochemical 

reaction increases, resulting in higher concentrations of         for the medium and large 

grain specimens over cycles compared to the small grained sample. Subsequently, it is seen 

that the grain refined sample has a more pronounced A2 peak as opposed to the larger grain 

electrodes. It could indicate that the dominant reaction for the small grain sample is rather 

the direct oxidation of iron to iron hydroxide while the other specimens rely more on the 

intermediate oxidation reaction step.      

The next oxidation reaction is seen at peak A3, which corresponds to the reaction of 

        to      . For all samples, it can be observed that in the first cycle, no clear A3 peak 

is visible. Meanwhile, as the CV continues with cycling, a gradual increase in intensity of 

Fig. 42 Behaviour of various grained iron electrodes for 12 cycles in 6M KOH and 0.01M sodium stannate at a 
5 mV/s scan rate.    
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these peaks during  12 cycles arises. Particularly, the small grain sample shows an obvious 

increment of this peak. The equivalent cathodic redox reaction at the C2 peak is seen to 

decrease in magnitude for the coarse grained samples while the current density rises for the 

small grain sample with cycles. This demonstrates the accumulation of an oxide layer 

composed of       for especially the medium and larger grain samples, as the reversibility of 

this compound is lower for these samples. Surface coverage of these oxides deactivates the 

electrochemical reactivity of the iron anode, impeding the capacity of the anode.  

The last anodic reaction (A4), in which       is formed from iron hydroxide, is seen to be 

practically constant over cycles for all samples. The corresponding reduction of      , 

which is related to C1, shows differences among the anodes. Comparing the first with the 

last cycle, the magnitude of the C1 current density increases for the small grained sample. 

On the other the same cathodic reaction seems to stay stable or decrease slightly for the 

larger grained samples. This implies that reversibility of       at the small grain electrode is 

better as cycling progresses compared to its coarser grained electrode counterparts.    

3.3.1.3. Peak height ratios 

 

The height (current density) of three anodic peaks are determined and calculated as fraction 

of each other, as seen in Figure 43. The oxidation peaks A2, A3 and A4 are considered, as 

the corresponding reactions of these peaks mark the formation of        ,       and 

     , respectively. The oxidation of iron to iron hydroxide is the most important reaction, 

as this initial process provides the electrons, which flow through an external circuit, for 

functional purposes (in an iron-air battery). The subsequent reactions (A3 and A4) involve 

the oxidation of         to       and      . Although also providing electrons, the 

formation of the latter compounds is ideally avoided or minimal. Since these          

species appear to be more stable (than        ) and are, thus, prone to incomplete 

reduction [5]. In the iron-air battery, these stable molecules are therefore hindering the 

charging and discharging process, since they cover the anode surface with their inherent 

denser film. This coverage deactivates (locally) the activity of the anode for oxidation of iron 

in the next cycles. In this context, the ratios A2/A3 and A2/A4 are calculated, as these values 

provide an indication of the relative amount of iron hydroxide formed, which is further 

oxidized to the previous mentioned more stable oxide/hydroxide products.   

Overall, the largest fraction values of A2/A3 in cycles 1, 6, and 12 are seen for the small 

grain sample. Having a value of 1.25 in the first cycle and 1.06 at the 12th cycle. While for the 

medium and large grained samples, the ratios are lower. If the 12th cycle is considered, the 

A2/A3 ratio of the small grain sample is about 20% higher compared to other samples. This 

would mean that formation of       is relatively small compared to the formation of        . 

Therefore, it looks like a trend can be observed with grain size. However, when taking the CV 

graphs into account, the reason for large A2/A3 values could be explained by the more 

preferred immediately oxidation of    into         for the small grain anode. This results in 

a large current for the A2 reaction while, the larger grained samples are more reliant on the 

intermediate step oxidation process in which electrons are released consecutively.         

Moreover, the A2/A3 fraction for the small and medium grain anodes in the 12th cycle 

declines compared to the initial cycle, implying that these anodes tend to perform worse over 

cycling as relatively more iron oxides are formed. On the other hand, the coarse grained 

sample shows the opposite trend. This could suggest that grain refinement facilitates an 

initial higher reactivity of the first oxidation reaction of iron in alkaline solution compared the 

larger grained anodes. The link to the effect of grain size can be explained by taking the work 
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of  Ralston et al. [134], [135] in consideration. They suggest that because of the inherent 

higher energy and chemical activity of grain boundaries, impact the oxidation processes. 

Since a large grain boundary density raises the reactivity of the surface through increased 

diffusion and electron activity [136]. The pronounced A2 peak in the CV graph for the small 

grain sample could be an indication of the increased reactivity as this peak is not as clearly 

seen for the larger grained specimens. Experiments in which an increased number of CV 

cycles are applied, could be performed to check how these fractions develop further.     

The peaks ratios of A2/A4 demonstrates similarities with the progression of the A2/A3 

fractions over cycles. First a decrease is present from cycle 1 to 6 followed by increase from 

the 6th  to 12th cycle, for the small and medium grain electrodes. The largest A2/A4 values 

are seen for the grain refined specimen compared to the larger grained samples. This could 

imply that the grain refinement is beneficial as a lower fraction of oxides/hydroxides are 

formed. However, the large grain anode showcases a significant rise although starting at a 

low ratio values\. This indicates that in the first cycles relatively much       is formed, and 

in later cycles less.   

      

 

 

  

Fig. 43 Column graphs showing the progress of the A2/A3 and A2/A4 peak height ratios for the various grain 
sized samples for cycle 1,6 and 12. 



 

65 
 

3.3.1.4. Peak area C3 

 

Next, the calculated surface area of the C3 peak is reviewed. Relating to the reaction in 

which         is reduced to metallic iron, the area of the this peak could hint to towards a 

better or worse reversibility of the iron hydroxide species among samples. In the reverse 

cathodic cycle,         can be formed via the reaction according to C1 and C2. Ideally, the 

formation of iron hydroxide is attributed to the reduction of      . Since the presence of the 

cathodic C2 peak would indicate that       (the most stable and insulating product) has 

been produced in the first place. Looking at the CV results in Figure 42, it can be observed 

that the C1 and C2 peak current densities increase and become more distinguishable as 

cycling continues for the small grain electrode. On the contrary, the medium and large grain 

samples show that these peak currents tend to decrease with cycling. Thus, the contribution 

of the C3 peak area is largely attributed the C1 and C2 cathodic reactions for the small grain 

specimen, while this is not the case for the larger grained anodes. The peak surface areas 

are nearly constant over 12 cycles and approximately similar (± 60 C/m2) for all electrodes. 

Given the result of the CV and the calculated peak area of C3 in Figure 44, it suggests that 

amount of        and       formed, in absolute sense, is larger for the small grain sample.                    

 

 

 

 

 

 

 

 

 

3.3.1.5. HER intensity 

 

Finally, the curve gradients at the end of cycle 1,6 and 12 are considered for the small and 

large grain iron samples in Figure 45. This can be linked to the intensity of hydrogen gas 

evolution at the end of the reverse cathodic scan. Evolution of hydrogen gas is a parasitic 

side reaction which lowers the coulombic efficiency in iron-air batteries due to irreversible 

loss of electrons in every cycle. Ideally, solely the reduction         takes place to recharge 

the battery. Data from tests with the medium grain specimen was heavily influenced by 

outliers caused by errors occurring with the EC-lab software. Because of that, these results 

have been omitted. The results indicate that the HER slope gradually decreases after initial 

cycling for both anodes. Moreover, the intensity for both materials is seen to be quite similar, 

being around 450 A/(V·cm2) in the first cycle, dropping to 400 A/(V·cm2) at the 12th cycle.   

Notably, the gradient decline is larger for the small grain sample from the first to the last 

Fig. 44 Column graphs showing the progress of the C3 peak area of the various grain sized samples for cycle 
1,6 and 12. 
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cycle. A decrease of nearly 15% is seen for the small grain electrode, while only a reduction 

of 7% is observed for the anode composed of larger grains. This implies that the grain 

refined anode becomes more efficient as cycling proceeds.        

 

 

 

 

 

 

 

 

 

 

3.3.1.6. Impedance tests 

 

After the CV tests have completed 12 and one half cycle, CA is again utilized, now at 

potential of -0,1V vs. Hg/HgO for five minutes to ensure the samples have the same surface 

conditions at the start of EIS experiment. The extra half cycle performed is the forward scan 

in which the iron anode is subjected to all anodic peaks, as discussed earlier. Therefore,  a 

layer of iron oxide/hydroxide compounds is expected to be present on the electrode surface.  

A frequency range of 10 mHz to 100 kHz is applied. The results are presented by Bode plots 

and Nyquist plots in Figure 46. At a low frequency of 10 mHz, it is seen that the average 

impedance values are 35.5 kΩ, 42.7 kΩ and 33.1 kΩ for the small, medium and large 

sample, respectively. These resistances at low frequencies can mostly be ascribed to the 

presence of iron oxide compound       which typically provide a larger resistances for 

charge transfer in comparison to most iron hydroxide molecules [125], [139]. This is due to 

more crystalline lattice structure of oxides which forms a less defective structure, which 

results in higher resistances observed.   The highest resistance, which is seen for the 

medium grain sized electrode could therefore indicate that here, relatively more unwanted 

      is formed. A justification which supports this presumption with the cyclic voltammetry 

results can unfortunately not be discovered. Since CV tests of the medium grain electrode do 

not clearly indicate a more significant rise of oxidation peak A3 compared to the other 

anodes.           

Fig. 45 Column graphs showing the progress of the HER intensity of the various grain sized samples for cycle 
1,6 and 12. 
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A good fit was difficult to acquire for the samples. The most suitable fit that could be obtained 

with Zfit, resulted in the circuit seen in Figure 47. This equivalent circuit is comparable to 

other applied circuits in literature to represent a corroding metal in a (corrosive) solution 

where a layer of piled up corrosion products is formed [125] and to mimic the corrosion of 

metal with a defective/porous coating [126]. Therefore, the proposed model in Figure 47 is 

assumed to be correct, given the similarities to these systems.  

 

 

 

 

 

The circuit in the Figure 47 above consist of two time constants wherein R1 represents the 

ohmic resistance of the electrolyte, R2 the resistance of the oxide/hydroxide layer, C1 the 

oxide/hydroxide layer film capacitance, R3 the polarization resistance at the iron/solution 

interface and C2 the double layer capacitance at iron/solution interface. Most likely, the 

capacitor components C1 and C2 in the given equivalent circuit are in reality ―imperfect‖ 

capacitors, which could be better modelled by constant phase elements (CPE). Proper fitting 

of data could point out if this is the case.         

 Log(|Z|/Ohm) at 10 mHz |Z|/Ohm at 10 mHz 

Small 4.55 ± 0.22 3.55×104±0.22 

Medium 4.63 ± 0.19 4.27×104±0.19 

Large 4.52 ± 0.17 3.31×104±0.17 

Fig. 46 Bode plot and Nyquist plot for samples small, medium and large grain sample with frequency range 
10

5
 to 10

-2
 Hz. 

Fig. 47 Proposed equivalent circuit to interpret the EIS data 

Table 9) Calculated average impedance  grain size anodes  at 10 mHz 
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3.4. Hot/cold rolled results 

3.4.1. Electrochemical examination 

3.4.1.1. chronoamperometry 

CA measurements  are initial started as the first electrochemical test. The CA is performed at 

-1,3V vs. Hg/HgO and kept for 120 seconds (cathodic polarization). After this period, the 

current density has largely stabilized at a value around of J = -5 mA/cm2 . Overall the rolled 

samples did exhibit similar behaviour at this stage of the experiment as observed in Figure 

48. 

 

 

 

 

 

 

 

 

3.4.1.2. cyclic voltammetry 

Sequentially, cyclic voltammetry technique follow the CA. The CV graphs for the hot-rolled 

and cold-rolled samples are shown in Figure 49, which showcase similarities in peaks and 

overall structure. 

 

 

 

 

 

 

 

  

Fig. 48 Typical chronoamperometric response of the hot and cold rolled samples at -1.3V vs. MMO in 6M 
KOH and 0.01M sodium stannate for 2 minutes.    

Fig. 49 Behaviour of rolled iron electrodes for 12 cycles in 6M KOH and 0.01M sodium stannate at a 5 mV/s 
scan rate.    
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Considering the first oxidation peak A1, it can be seen the hot rolled sample showcases a 

significant peak increase over cycling, which is to lesser extent observed for the cold rolled 

electrode. This could indicate, as previously described in the grain size section, that the 

dominant reaction for the hot rolled anode relies (increasing) more on the intermediate 

oxidation reaction step compared to cold rolled sample. Remarkably, the A3 and A4 peaks in 

the CV of the cold rolled sample remain practically constant over cycling while also be 

suppressed effectively over 12 cycles. This demonstrates that the formation of unfavourable 

especially       (and also      ) compounds remains under control, a feature which was 

not seen for the heat treated hot rolled anodes. For the as-received hot rolled sample, a 

minimal, but noticeable increase of the A3 peak current can be seen as well as a constant A4 

anodic peak. In the reverse scan, shows a constant peak for C1 current while a slightly 

decrease of the C2 peak is seen for the cold rolled sample. The hot rolled electrode exhibits 

a more pronounced decrease for both these reduction reaction peaks. An accumulation of 

oxide/hydroxides layer is therefore expected to occur to a greater extent for the hot rolled 

specimen. Meanwhile, the cold rolled sample displays a better reversibility of the formed 

oxides/hydroxides.  

3.4.1.3. Peak height ratios  

The A2/A3 peak height fractions (Figure 50) of the cold rolled electrode shows that, on 

average, an increasing trend is observed, suggesting that over cycling relatively less iron 

oxides are formed. On the other hand, the hot rolled sample illustrates a more or less 

consistent A2/A3 ratio at a value around 0.9. Similarly for the A2/A4 a similar course 

recognized. Because of a constant C4 peak height during all experiments, the rise in A2/A4 

for the cold rolled electrode indicates that this can be ascribed to an increase of the A2 

oxidation reaction which is beneficial. The results of the hot rolled specimen shows that this 

fraction remains almost stable. Experiments where more cycles are executed as well as 

more repeated tests should confirm if more clear differences are present among these 

materials (or not).              

  

 

 

The oxidation peak height ratios obtained, present a marginal improvement in performance 

exists for the cold-rolled sample compared to the hot-rolled counterpart. This is primarily 

based on the growing peak ratios tendency of A2/A3 and A2/A4 for the cold-rolled iron over 

12 cycles.   

Fig. 50 Column graphs showing the progress of the A2/A3 and A2/A4 peak height ratios for rolled iron 
samples for cycle 1,6 and 12. 
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3.4.1.4. Peak area C3 

Subsequently, an assessment is conducted on the computed surface area of the C3 peak. 

Considering the outcomes depicted in the column chart (Figure 51) presented below, it 

becomes evident that variations in rolled materials do not appear to significantly affect this 

process during cycling. The peak area values uniformly cluster around 100 C/m², and the 

error bars consistently overlap to a considerable extent. However, when comparing the 

charge densities with the electrodes in the grain size section, the values are significantly 

larger. For the anodes in which the grain size is varied, the charge density is nearly 40% 

lower (around 60 C/m²). The C3 peak area, which is linked to the conversion of         to 

  , implies that iron oxide/hydroxide species are more reversible. Since         is formed 

from the reduction reactions according to C1 and C2.      

 

 

 

 

 

 

 

 

 

 

3.4.1.5. HER intensity 

The HER slopes of the C3 peak showcase a descending pattern of the gradient over 12 

cycles, in Figure 52 for both cold and hot rolled. Although slightly affected by an outlier, the 

HER intensity seems around 15% lower for the cold rolled sample compared to its hot rolled 

counterpart. Since a small variation of crystallographic orientation is found between the cold 

and hot rolled iron, the HER kinetics might be affected by this microstructural factor. Limited 

relevant studies  are available in which this has been extensively investigated. A few papers 

which did investigate the effect of crystallographic orientation on the HER kinetics for pure 

metals like Au [142] and Pt [141] show contrasting findings. For a gold (Au) single crystal in 

an acidic environment, the HER kinetics are described to follow a cathodic activity sequence 

of (111) > (100) > (110). On the other hand, a platinum low-index single-crystal shows an 

orientation sequence (110) > (001) > (111) for the HER kinetics in alkaline solution. Reasons 

that might play a role are hydrogen adsorption free energy, the work function of the surface 

and hydrogen coverage on the surface [142], [143].          

Fig. 51 Column graphs showing the progress of the C3 peak area of the rolled iron samples for cycle 1,6 and 
12. 
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3.4.1.6. Impedance tests 

The electrochemical impedance tests, represented through Bode plots and Nyquist plots in 

Figure 53, align mostly with the findings from cyclic voltammetry. Specifically, there is a 

minimal difference between hot-rolled and cold-rolled iron regarding the amount of oxide 

compounds formed. The resistance for the systems with cold rolled and hot rolled iron 

specimens is practically similar, with the cold rolled being slightly lower on average. When 

these results are put next EIS results from the samples from the grain size section, a 

significant lower impedance is observed. This is in correspondence with the CV tests for the 

rolled samples, where clearly less formation of       is seen. Therefore, grain refinement 

could be a factor influencing the formation of the iron oxides. Producing pure iron anodes 

with even smaller grains and similar testing techniques should indicate if there is a 

correlation with grain size. 

 

 

 

  

 Log(|Z|/Ohm) at 10 mHz |Z|/Ohm at 10 mHz 

Cold-rolled 4.37 ± 0.19 2.34×104±0.19 

Hot-rolled 4.42 ± 0.18 2.63×104±0.18 

Fig. 52 Column graphs showing the progress of the HER intensity of rolled iron samples for cycle 1,6 and 12. 

Fig. 53 Bode plot and Nyquist plot for samples hot-rolled and cold-rolled iron with frequency range 10
5
 to   10

-2
 

Hz. 

Table 10) Calculated average impedance  rolled iron at 10 mHz 



 

72 
 

3.5. Dual phase steel results 

3.5.1. Electrochemical examination 

3.5.1.1. chronoamperometry 

Chronoamperometric measurements  are initial started as the first electrochemical test. 

Herein, the current density [mA/cm2] is set out to the time [sec]. The CA is performed at -1,3V 

vs. Hg/HgO and kept for 120 seconds (cathodic polarization). After this period, the current 

density has largely stabilized at a value around of J = -5 mA/cm2  for both the ferrite iron and 

dual phase steel.  

 

 

 

 

 

 

 

3.5.1.2. cyclic voltammetry 

Next the Cyclic voltammetry technique would follow. The CV graphs for the samples are 

shown in Figure 55 , which showcase similarities in peaks and overall structure.    

 

Fig. 54 Typical chronoamperometric response of ferrite and ferrtite+martensite samples at -1.3V vs. MMO in 
6M KOH and 0.01M sodium stannate for 2 minutes.    

Fig. 55 Behaviour of DP1000 vs. cold rolled iron for 12 cycles in 6M KOH and 0.01M sodium stannate at a 5 
mV/s scan rate.    
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The CV results indicate the DP1000 electrode shows an increment in current density for the 

oxidation reaction at A1, A2, and A3. Thus, indicating that the conversion of formation of    

to         and         to       is enhanced with cycles. This is in contrast to the earlier 

discussed rolled iron which exhibits hardly any increase of the first three oxidation reactions. 

Furthermore, the anodic reaction of A4 is stable for 12 cycles as is seen in all other samples. 

The reduction reactions for the dual phase steel specimen shows an increasing C1 cathodic 

current, which suggests       shows better reversibility over cycles. Meanwhile, the C2 

peak is observed to remain constant. Overall, the anodic currents in the dual phase material 

are rising as cycling proceeds while the anodic peaks in the cold rolled sample are seen to 

stay more constant. The could imply that less stable      is formed for the iron anode 

composed of solely ferrite.  

3.5.1.3. peak height ratios 

Regarding the A2/A3 ratio, the dual phase sample exhibits a nearly constant progress over 

cycling which has an average value of 0.99 in the 1st cycle and 0.94 at the 12th cycle as seen 

in Figure 56. The single phased iron sample shows an increasing trend of the ratio over 

consecutive cycling, being 0.95 at the initial cycle and 1.06 at the last cycle. This could imply 

that the α-iron specimen becomes increasingly effective in the conversion of iron to iron 

hydroxide, relative to the subsequent oxidation reaction to      . Although, these differences 

in behaviour are small and on average the ratio of the A2/A3 ratio is similar. Experiments 

where more cycles are executed as well as more repeated tests could confirm if more clear 

differences are present among these materials.  

The peak height ratio A2/A4 development of DP1000 is determined. The sample displays a 

rising ratio over 12 cycles, achieving a value of 1.13 at the 12th cycle. This is (partially) in 

contrast with cold-rolled ferrite sample. On the one hand, the pure (ferritic) iron sample also 

exhibits an increasing development of the A2/A4 ratio over cycling. On the other hand 

however, the average A2/A4 value of the dual phase steel is 1.02 versus 0.66 for the pure 

iron specimen. Despite the error margins present, this difference is approximately 55%. This 

suggests that the martensite/ferrite material considerably outperforms the α-iron sample. 

Since it demonstrates that the conversion of iron to iron hydroxide, relative to the subsequent 

oxidation reaction to       is highly more effective.                  

 

 

 

Fig. 56 Column graphs showing the progress of the A2/A3 and A2/A4 peak height ratios for a ferrite and 
ferrite+martensite samples for cycle 1,6 and 12. 
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In summary, a difference in A2/A3 ratio between DP1000 and ferrite phase iron, which is 

related to the formation of      , is somewhat present. A slight upwards trend is seen for the 

single phased pure iron.  The difference in A2/A4 ratio between DP1000 and ferrite phase 

iron, which is related to the formation of       is more pronounced. Relatively, less       

product is formed for dual phase steel compared to the pure iron sample. On average, this 

difference in ratio is over 50%. This could indicate that less hydroxides are formed for the DP 

anode. 

 

3.5.1.4. peak area C3 

The surface area calculated of the C3 peak, associated to the reaction:             

        for DP1000 is illustrated in Figure 57. The dual phase steel shows an increasing 

trend in peak area over cycling, indicating more iron hydroxide is converted in later cycles. 

Being 35 C/m2 in the initial stage and 44 C/m2 at the last cycle. The α-iron sample also 

displays an  increasing trend over cycling from 95 to 103 C/m2. Though in Figure 57, it‘s 

observed  that the mean C3 peak area of pure iron is over twice as large in comparison to 

DP1000. It seems that the more intense HER  can partly be clarify the lower C3 peak area. 

Due to this phenomena, more electrons are diverted to the HER and less towards the 

reaction for C3. Taking all CV graphs for the DP1000 electrodes  in consideration, the C3 

peak potential seems slightly shifted towards the HER reaction which could also explain the 

lower C3 peak area, as this is now more concealed.                   

 

 

 

 

 

 

 

 

 

3.5.1.5. HER intensity 

Lastly, the HER C4 peak is inspected for DP1000 steel. The HER gradient progress over 12 

cycles is depicted in Figure 58. A familiar trend is observed in which the HER slope slowly 

decreases over cycling from 700 to 600 A/(V·cm2). Compared to the single phase iron, 

DP1000 displays as slightly higher HER rate if the uncertainty bars are left aside. A 17% rise 

in HER gradient for is present which could mean that pure iron sample exhibit less hydrogen 

gas formation. Given the extensive overlap of error margins, the current result could be 

verified by conducting additional rerun experiments.   

Fig. 57 Column graphs showing the progress of the C3 peak area of the DP1000 and cold-rolled iron samples 
for cycle 1,6 and 12. 



 

75 
 

 

 

 

 

 

3.5.1.6. Impedance Tests 

Bode plots indicate a similar course over the frequency range applied for both specimens, in 

Figure 59. Looking at the Nyquist plot it becomes clear that the α-iron specimen shows a 

marginally higher resistance at low frequencies which implies that the oxide/hydroxide film 

produced on this sample after 12 consecutive cycles forms a greater barrier for charge 

transfer. A total resistance of 17.4 kΩ versus 23.4 kΩ are found at 10 mHz for the dual phase 

and pure iron sample, respectively (34% larger impedance for the purely ferritic specimen).     

Possibly a denser layer is formed which consist of more       and/or      . Given the CV 

findings, the most probable explanation is the relatively lower A2/A4 ratio for the α-iron 

material which suggests more (irreversible)       could be present after 12 cycles. Future 

experiments where the data fitting is applied in which a suitable equivalent circuit is obtained, 

including fitting values could validate if this presumption justified. 

  
 Log(|Z|/Ohm) at 10 mHz |Z|/Ohm at 10 mHz 

DP1000 4.24 ± 0.14 1.74×104±0.14 

Cold rolled 4.37 ± 0.19 2.34×104±0.19 

Fig. 59 Bode plot and Nyquist plot for samples dual phase steel vs. pure (ferrite) iron with frequency range 10
5
 

to   10
-2

 Hz. 

Table 11) Calculated average impedance  DP1000 and cold rolled at 10 mHz 

Fig. 58 Column graphs showing the progress of the HER intensity of DP1000 and pure cold rolled samples for 
cycle 1,6 and 12. 
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3.6. Iron foam 

3.6.1. Electrochemical examination 

An iron foam which has been probed as anode material, exhibits a somewhat different CV 

curve overall compared to solid iron electrodes. This is very likely due to porous nature of 

this material, which allows electrolyte to be slowly absorbed into the material over time. The 

enlarged available surface area permits a larger amount of active material to react with the 

solution. The latter translates to a greater amount of species to oxidize and reduce, which is 

seen in the CV in Figure 60.     

 

 

 

 

 

 

 

 

 

 

More specifically, the foam showcases peak current densities which are order of magnitudes 

higher compared to the flat non-porous iron pieces. At the same time, the peaks locations 

are not as well pronounced as for the solid samples, since peak widening as a consequence 

of overlap has occurred. In addition, due to the slow absorption of the solution, peak shifts 

appear to have taken place as some reactions could have occurred simultaneously . Another 

factor that could have played a role was the preparation applied to remove initial rust of the 

foam. Due to the characteristic porous nature of this material, it doesn‘t lend itself for the 

conventional sample preparation routine, consisting of sanding and polishing. Therefore the 

alternative method applied, as earlier described could have been less effective in removing 

superficial contaminations and irregularities.      

The cyclic voltammetry graph for the iron foam illustrates the rise of peaks over cycling 

(some of which apparently extend over a wide potential range)  as well as a possible shift in 

peak locations. The exact processes taking place are complicated to identify at first sight. 

Therefore the behaviour of the curve is clarified for the initial cycling stages followed by the 

final cycling phase. 

Initially, CA is applied for 5 minutes at a potential of -1.0V vs. Hg/HgO. Next, CV is started at 

-1.3V to -0.1V vs. Hg/HgO and back, for 12 cycles. Then, after one half cycle, CA is again 

Fig. 60 Behaviour of the iron foam for 12 cycles in 6M KOH and 0.01M sodium stannate at a 5 mV/s scan 
rate.    
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implemented at -0.1V vs. Hg/HgO for 5 minutes. Lastly, EIS is applied with the same settings 

as described for the solid iron electrodes.      

In cycle 1 (red line), a broad top spans over -0,8 and -0,5V which seems to be composed of 

two individual overlapping peaks. This phenomena can be ascribed to initial oxidation of iron 

(with or without intermediate product         formation) to        . This peak just exceeds 

100 mA/cm2 as its maximum current density. Further oxidation peaks are not detected in the 

CV for the potential range applied. In the reverse reduction process of the first cycle, likewise 

only one distinct  wide peak is present between -1,0V and -1,2V. Logically, this one could be 

related to the reduction of iron hydroxide. At -1,3V the HER has initiated.  

  

Alternatively, since the first oxidation peak shows to form an abundance        , the 

possible subsequent oxidation of         into another oxide/hydroxide product could be 

concealed by the initial broad anodic peak. For example, due to capillary effect of the 

absorbing electrolyte in the foam, it‘s not ruled out that the peak locations have shifted 

wherein the peak maximum at -0,6V is caused by the reaction:  

                                    

Which would be the expected successive reaction taking place (as observed for the solid iron 

samples). A CV test consisting of solely one anodic half cycle and subsequent surface 

analysis (for example SEM/EDX) of species could prove or disprove its presence.    

As cycling continues, the CV curves decrease in magnitude while some peaks are seen to 

arise. Considering the last cycle (blue line), the previous mentioned broad peak between -

0,8V and -0,5V, flattened and is narrower. Two obvious peaks cannot be distinguished 

anymore but rather a single one at -0,7V. Moreover, two other oxidation peaks emerge at -

0,45V and -0,3V. These are most likely linked to the further oxidation of         to       

and       , respectively. Similarly, surface analysis after 12 and one anodic half cycle could 

clarify which species are present and in what quantity. Because of the relative lower purity 

iron composition of the foam (table. 7), other elements/chemical compounds could also be 

responsible for the curve behaviour. 

In the last reduction cycle, two peaks are identified at -0,9V and -1,17V. The latter is nearly 

identical to the potential for the reduction reaction of         (C3, -1,16V) observed in the 

solid pure iron samples. Therefore, this peak is attributed to the aforementioned reaction. 

Lastly, the peak at -0,9V is similar to the reduction of iron hydroxide to       (C1) which 

was determined to be located at -0,91V for pure iron. Thus after repeated cycling this peak 

develops and corresponds to reduction of        .       

The rather small bump which arises near -0,45V vs. Hg/HgO in the final cycles is likely due to 

the formation of      . As the reaction potential typically lies between the potentials of the 

A1 and A3 reactions earlier discussed. Because of its limited intensity (and possible 

irreversibility), the corresponding reduction peak is also hard to recognize in the cathodic half 

cycle.       

Suggestions for getting a better understanding of the oxidation/reduction of the iron foam 

include applying more cycles in order to see the progress of peaks more clearly over cycling. 

Another approach could be to vary scan rates to possibly observe different behaviour of the 

reaction kinetics in the cyclic voltammogram.       
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Overall, peaks in the CV are more complex to classify compared to solid (pure) iron 

specimen. Most importantly, the specific cellular design of the foam is responsible for this 

phenomenon. Initial cycling seems to indicate a lot of iron is conversed to         while the 

formation of unwanted iron oxide products is minimal. As cycling progresses however, the 

current density peak for the conversion to         is seen to decline to about 67 mA/cm2 in 

the 12th cycle. Meanwhile the reaction peaks associated to the evolution of        and 

      grow steadily. It implies that iron oxide and hydroxide species built up over time, as 

the reduction peak for         to    becomes less effective.  

3.6.2. Impedance tests 

The Nyquist and Bode plots for the iron foam are illustrated in Figure 61. The plots showcase 

different behaviour compared to the planar iron electrodes. Firstly, the total impedance which 

is reached at low frequencies, is almost three orders of magnitudes smaller.  

First, considering the pre-set anode surface area (exposed to the electrolyte) in EC-lab. The 

total surface of samples is required to fill in, in order to acquire and compare CV plots 

(current density in [mA/cm2]) of samples. Solid (non-porous) specimens inherently have a 

fixed surface area which can be determined. For a porous foam which has an irregular 

permeable structure, this is not the case. For convenience, the same surface area exposed 

to the electrolyte is applied for the iron foam material as the exact area is difficult to calculate. 

In reality, the surface area exposed to solution for the foam is considerably higher. Due to 

more ―impure‖ composition of the foam, the oxide/hydroxide film that forms in are more 

imperfect compared to iron oxide/hydroxides formed for the high purity iron anodes. 

Moreover, due to the porous structure, the oxides/hydroxides might not able to form a stable 

layer at the surface of the foam. This translate to a more defective, porous film with a lower 

resistance at the surface.    

The impedance plots do display realistic data which is useful to compare with the solid 

samples. Particularly, the presence of a semi-circle with a tail in the Nyquist plot is observed. 

This is linked to a Warburg element for equivalent circuit in EIS fitting, which is related to 

diffusion control mechanism. This process is expected since a cellular network in foam 

allows for diffusion of electrolyte and species through the foam.    

 Log(|Z|/Ohm) at 10 mHz |Z|/Ohm at 10 mHz 

Iron foam 1.41 ± 0.25 2.57×101±0.25 

 

 

 
Fig. 61 Bode plot and Nyquist plot for iron foam with frequency range 10

5
 to 10

-2
 Hz. 

Table 12) Calculated average impedance  foam at 10 mHz 
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3.7. Sodium stannate 
 

Sodium stannate              (also represented as              or         as its 

anhydrous form)  is an inorganic compound which has a variety of applications in several 

different industries. Most commonly, it is applied as a salt in alkaline tin plating electrolyte. 

Herein, the surface of a metal or alloy is coated with thin film composed of Tin. It can function 

as a corrosion resistant layer for iron and steels for example, inhibiting oxidation processes. 

Furthermore, electronic components in circuits and electrical wiring benefits from tinplating 

as it provides excellent conductivity as well as clean smooth surface [131].  

A few studies suggests that sodium stannate in small quantities (added to the electrolyte) in 

certain metal battery applications can be advantageous. 

Chang et al. [132] has investigated the effect of stannate as an electrolyte additive on 

corrosion and electrochemical performances for aluminium electrodes in an alkaline solution 

in the context of aluminium batteries. Most notably, problems arise in the form of self-

discharge reactions and evolution of hydrogen gas which are undesirable. Pure aluminium in 

4 mol·L-1 KOH methanol-water mixed solution is subjected to galvanostatic discharge and 

polarization curve experiments.  Na2SnO3 with various concentration 0.0 – 10 mmol·L-1 (0 – 

0,01M) are added to the solution. The EDAX results indicate that the aluminium surface is 

covered with a dense and thin deposition film in the electrolyte composed of elemental Tin, 

which facilitates a higher overpotential for hydrogen evolution. As stannate content 

increases, the film is said to grow in thickness, but cracks start to occur in the deposition 

layer. The following reaction (33) is stated to take place in the system: 

     
                        

          (33) 

It is observed that severe corrosion is present in the electrolyte for the aluminium without 

added sodium stannate. A reduction in current density of 87% is observed for 1.5 mmol·L-1 

compared to 0 mmol·L-1 Na2SnO3 solved in solution. This (low) concentration is shown to be 

the most effective.  

In a similar report, the same authors also studied the effect of pure aluminium samples pre-

treated in alkaline stannate solutions on the galvanostatic discharge performance and the 

effect of partial replacement of water solvent by methanol for the electrolyte on hydrogen gas 

formation [132], [133]. These studies reveal relatively low corrosion rate, better discharge 

performance and inhibition of the HER are obtained. The presence of elemental Sn in the 

deposition layer supposedly facilitates the formation of a porous discharge product film at the 

discharge surface, enhancing discharge performance.    
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Initially, the provided solution for electrochemical tests was composed of 6M KOH and 0.01M 

sodium stannate trihydrate. During the course of the research, the interest towards the actual 

effect of this stannate in the electrolyte was evoked. Therefore, tests have also been carried 

out in which stannate is not added to the solution. Tests where no sodium stannate was 

added to the electrolyte are described in this section. Due to the time constraints for the 

thesis, an elaborate, in detail analysis with the peak height ratios etc. (as in previous 

sections) could not be completely performed unfortunately. Since not for all samples a total 

of two (successful) repeated experiment could be acquired in time.  However, some very 

clear effects of tests without sodium stannate did appear to be present.  

For all tests that could be performed, it was seen that the HER was much more intense 

during 12 cycles for all solid sample when no              was present in the solution. 

This is directly observable by the far more negative values reached for the C4 peak. When 

calculating the gradient in the same manner as described before, slopes of around 1500-

1900 A/(V·cm2) are seen on average as opposed to 400-700 A/(V·cm2) for the experiments 

including stannate. Thus sodium stannate additive in the solution provides approximately a 

threefold reduction in HER gradient. 

For convenience sake only the hot-rolled iron and DP1000 steel are shown to illustrate this 

discrepancy in HER magnitude in Figure 62. 

  

Fig. 62 a) hot-rolled iron without sodium stannate. b) DP1000 steel without sodium stannate 
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Regarding the remaining oxidation and reduction reactions peaks the sodium stannate did 

not appear to have any meaningful effect for the solid samples. 

Furthermore, the iron foam is demonstrated with and without 0.01M             , as seen 

in Figure 63. 

  

 

As well as a higher HER, the CV graph of the foam without stannate seems to have overall a 

more steady behaviour of the oxidation and reduction reactions over 12 cycles. Peaks do not 

to alter in magnitude drastically except for one. At -300mV a peak is seen to arise which can 

be linked to the Ox2, as in the Figure on the left. Suggesting that sodium stannate could also 

play a role in inhibiting the formation of iron oxides/hydroxides products.   

Due to the (apparently) significant impact of sodium stannate, some solid samples exposed 

to 6M KOH and 0.01M         have been carefully blown dry and investigated via SEM and 

XRF after CV and EIS tests. However, any traces of stannate (i.e. elements Na and Sn) 

could not be found on the specimens. Thus, indicating that (at least after tests), this species 

itself does not adhere to the iron surface. For the foam this procedure was not performed. 

Additional tests should confirm if the effects of stannate are truly significant and were not 

influenced by other factors like a switch in measurement station or caused by ambient 

disturbances and such.    

 

  

Fig. 63 On the left, CV curve of iron foam with sodium stannate. On the right, CV graphs without stannate in 
the solution. 
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4. Conclusion and recommendations 
 

The current Thesis has attempted to clarify the complex relationship between the 

microstructure of iron and its oxidation and reduction behaviour. This was specifically 

performed in an alkaline electrolyte and with electrochemical experiments which imitates the 

conditions for iron electrodes in Fe-air batteries. Several microstructures have been created 

and tested to recognize trends, whereby ideally the effect of one isolated microstructural 

feature could be explained.  Moreover, an iron foam was tested as an alternative electrode 

topology for comparison with solid iron samples. Finally, the influence of 0,01M         

     was probed as it could be effective to suppress the HER.  

 

Considering the hypotheses proposed, the following conclusions can be made based on the 

findings in the present research report: 

  

- Regarding grain size; cyclic voltammetry experiments indicate that small grained iron 

exhibits slightly better reversibility of the oxide/hydroxide products. A weak trend with 

grain size was observed here. However, EIS did demonstrates the largest resistance 

was found for the medium grained sample, followed by the small grain anode and, 

lastly, the large grain electrode, which contradicts the CV results. In terms of HER 

kinetics, a slightly larger decline in HER slope was observed for the small grain 

sample. The proposed hypothesis in section 1.8. is thus refuted.  

 

- Identification of the microstructures did reveal no difference was present in      

between the provided hot-rolled and cold-rolled iron. Therefore, the effect of      

could not be established and the proposed hypothesis not be verified or refuted. A 

difference in crystallographic orientation was found instead. The cold-rolled sample 

with a relatively strong <111> // ND  orientation, exhibits a tendency to form relatively 

less oxide/hydroxide products over cycling compared to the hot-rolled sample, which 

a weak preference of the <101> // ND component. On average, the cold-rolled 

sample shows a lower HER intensity. EIS results for both samples are nearly 

identical. The proposed hypothesis in section 1.8. could neither be confirmed nor  

refuted. 

 

- Regarding phase constituents; The cold-rolled dual phase steel forms relative less 

      compared to cold-rolled iron (fully ferrite), according to CV tests. Furthermore, 

impedance experiments do show a lower resistance at low frequencies for DP1000 

steel in comparison to the pure iron anode. Meanwhile, the HER intensity is slightly 

lower for the pure iron specimen. Therefore, proposed hypothesis in section 1.8 is 

confirmed.    

 

- Open-cell foam; An iron foam composed of a cellular structure demonstrates anodic 

and cathodic currents which are order of magnitudes larger compared to solid iron 

electrodes. Nonetheless, reactions are more difficult identify due to absorption of the 

electrolyte. The proposed hypothesis in section 1.8. is confirmed.   
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- Regarding sodium stannate; The addition of 0,01M              to the electrolyte 

greatly reduces the HER intensity for solid samples. A two to threefold reduction is 

observed. Other reactions occurring do not seem to be affected by this additive for 

the solid samples. For the foam material, the reduction in HER is also seen to 

decrease, although to a lesser extent. An oxidation reaction related to the formation 

of insulative oxide species seems to be repressed in the presence of sodium 

stannate. A deposition layer formed containing Tin could be the cause for these 

phenomena. The proposed hypothesis in section 1.8. is confirmed.      

 

 

Recommendations for future research considering the observations of the current study 

include: 

 

- More investigation is performed towards the effect and efficacy of sodium stannate as 

electrolyte additive. Several concentrations could be applied to find an optimum 

concentration for reducing certain (unwanted) reactions.  

 

- The iron foam concept is further improved by adding additives to this electrode. 

Potentially, such a modified foam can provide more current while also providing 

excellent resistance to the formation of insulating species.  

 

- One could perform similar tests as in the current thesis with iron samples having  

distinct differences in defect density aspects, in order to unveil the effect of these 

properties.   

  

- During cyclic voltammetry in the current thesis, more cycles could have been applied 

for all CV tests, to showcase a more clear course of the samples. Also, EIS 

experiments in which proper fitting values and equivalent circuits are obtained could 

be pursued. Since this could help to better analyse the impedance contributions of 

certain compounds.  

 

- In this thesis, surface characterization after electrochemical experiments is barely 

conducted. Techniques like XPS analysis could be used to determine the quantity or 

fractions of oxide and hydroxides on the anode surface after tests. 

 

- In the context of improving iron-air batteries, full-cell (charge/discharge) tests could 

also be employed to investigate the effect of specific microstructures in these type of 

experiments.  
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A. ImageJ 
 

ImageJ is an image processing program which can (among other things) distinguish optical 

differences in colour intensities. This feature makes it ideal to perform analysis of certain 

results acquired. In the current report, the software is applied to determine the phase 

fractions of martensite and ferrite of the DP1000 steel and identify the crystallographic 

orientation differences for the hot-rolled and cold-rolled samples.  

For the EBSD images, the obtained IPF Figure is opened in ImageJ. Then, the option split 

channels is chosen to separate red, green and blue colours from the IPF. Three channels are 

now made for these colours and provided in black and white shades. White having a high 

colour code of ―255‖ while (completely) black is signified by ―0‖.  

Next the threshold of 250-255 is selected to obtain the fraction of a particular orientation in 

the IPF Figure. In Figure 64 below, the crystallographic orientation corresponding to <111> // 

ND  (blue in the IPF) is marked red. The total area coverage fraction is given in the panel on 

the right. The same threshold range is applied each time.  

 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 64 ImageJ screenshot of the relative area fraction of crystal orientations. 



 

95 
 

The dual phase steel is identified in a similar manner. Given the already grey shades of the 

SEM image, simply a threshold is applied to distinguish light grey from dark grey and black 

regions. In Figure 65 below the more dark regions are marked by the colour red, which 

indicates ferrite phase. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 65 ImageJ screenshot of the phase fraction determination of DP1000. 


