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1 Introduction   

The paradigm shift towards 100% environmentally friendly electricity consumption is the 

major goal worldwide and especially in Europe. To achieve this goal, technologies for the generation 

and conversion of electricity from renewable energy sources are needed. However, challenges such 

as fluctuating wind and solar power generation and electricity consumption patterns result in a 

surplus of wind and solar power. Increasingly, this surplus can neither be consumed nor fully stored. 

In addition, the frequency fluctuations of the transmission grid must be reduced to ensure stable 50 

Hz and prevent damage to the entire grid or potential electricity blackouts. As a result, responsive 

energy conversion technologies such as fuel cells, electrolyzers, and batteries are of great importance 

to store this excess energy through electrochemical processes. The stored excess energy can then be 

used to meet power demand and stabilize frequency, thereby better protecting the power grid from 

blackouts.  

Electrolyzers, batteries and fuel cells are increasingly becoming the focus of industry and 

research institutes in order to meet European CO2 emission targets. The main basic components of 

these electrochemical systems, such as electrolyte, separator and electrodes (anode and cathode), are 

similar to each other and are constantly being optimized. One class of electrodes is the gas diffusion 

electrode (GDE), which electrochemically catalyzes the reactions at the interface between solid, gas 

and liquid phases. GDEs are used in: 

¶ - Fuel cells based on proton exchange membranes (PEMFC), anion exchange 

membranes (AEMFC), alkaline media (AFC) or in a unitized regenerative mode 

(URFC).  

¶ - Metal-air batteries such as Zn-Air and Fe-Air batteries (MAB).  

¶ - Certain water electrolyzers with open anodes or cathodes based on proton exchange 

membranes (PEMEL) or anion exchange membranes (AEMEL).  

¶ - Chlorine production by chlore-alkali electrolysis with oxygen depolarized cathodes 

(ODC). 

¶ - Electrochemical CO2 reduction (ECR) applications.  

The combination of a catalyst, PTFE as a binder, and porous carbon is a fundamental method 

for producing state-of-the-art GDEs. These GDEs are used for various reaction combinations such 

as:  

¶ oxygen evolution   |  oxygen reduction reactions (OER | ORR)  

¶ chloride evolution   |  ORR  

¶ hydrogen evolution   |  OER  

¶ carbon dioxide reduction  |  OER  

Some of these applications such as MAB and URFC use GDEs that must be capable of two 

opposite electrochemical reactions such as OER and ORR. These are bifunctional GDEs. There are 
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quite a number of studies showing new bifunctional catalysts, their combinations with different 

elements, materials, architectures of surface structures and crystal planes to develop low cost and 

noble metal free GDEs.[1] [2] [3].  

However, bifunctional carbon-based GDEs exhibit carbon corrosion in alkaline media, leading 

to technology malfunction. Therefore, new carbon-free (CF-)GDEs [4] [5] [6] [7] [8] are being developed 

to avoid carbon corrosion and its unstable behavior during OER /ORR [2] [9] [10] [11]. In general, carbon 

is oxidized by the attack of reactive species (peroxide) generated during ORR. This leads to higher 

overpotentials on OER, which cause direct oxidation of carbon. This carbon corrosion leads to 

mechanical destabilization, reduction in conductivity, loss of catalyst, and eventually a collapse in 

electrochemical performance. Therefore, the durability of state-of-the-art GDEs is limited. However, 

there is an opportunity to develop CF-GDE designs that could have higher durability than state-of-

the-art GDE designs. One way to replace carbon is to use a porous metal as a current collector, which 

is then coated with an electrocatalyst [7] [8].  
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1.1 Objective and Research Strategy 

The goal of this work is to propose a novel, long-term stable, bifunctional, carbon-free 

(CF-)GDE design for alkaline energy converters.  

This is achieved by understanding how the electrochemical activity of GDEs is affected by the 

pore size and the surface properties (hydrophobic and hydrophilic) of the electrode.  

In addition, combinations of different pore sizes and surface properties (hydrophobic and 

hydrophilic) and their influence on electrochemical activity will also be investigated.  

It is also necessary to understand the difference between the designed CF-GDE and the state-

of-the-art carbon-based GDEref.  

 

To accomplish this, I used the following research strategy. 

 

Alternatives for carbon in GDEs for alkaline applications are porous metal substrates. 

Therefore, nickel and/or stainless-steel alloys are used as substrates because they are stable in the 

applied electrochemical environment. It is also of great importance to use metal substrates with a 

large coatable specific surface area, such as metal foams or fleeces. Thus, metal substrates with three 

different pore sizes (500 ï 600 µm, 20 < x Ò 200 µm and 20 µm) are used. They serve as electrode 

bodies, which are electrochemically coated with MnOx as electrocatalyst, which is also 

electrochemically stable in an alkaline medium.  

The MnOx is electrodeposited on the metal substrates using an electrochemical setup similar 

to that of Tsai at el. [12]. The electrodeposition setup is a combination of potentiostatic and 

potentiodynamic deposition. The difference with Tsai at el. [12] is that the setup of the 

potentiodynamic deposition is varied by the cycle number and dynamic scan rate (rscan) to obtain the 

most suitable electrodeposition setup for the OER and ORR activity. Therefore, the deposited MnOx 

is analyzed by X-ray diffraction (XRD) and transmission electron microscopy (TEM) to determine 

the crystal phase.  

Then, some of the MnOx-coated metal substrates are hydrophobized with PTFE to obtain a 

hydrophobic surface property.  

In general, the different pore sizes and surface properties (hydrophobic and hydrophilic) of the 

considered metal substrates affect the electrochemical activity. Therefore, these differences need to 

be compared with each other and with the carbon-based GDE to determine at which pore size, surface 

properties and their combinations a high electrochemical activity is obtained. Therefore, all metal 

substrates coated with MnOx and PTFE as GDEref will be analyzed with different surface 

measurement methods to investigate their surface structure (field emission scanning electron 

microscopy - FEREM), pore structure (X-ray tomography), specific surface area (nitrogen sorption 

- Brunauer-Emmet-Teller - BET) and hydrophobicity (contact angle - CA).  
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Then, they are electrochemically characterized by electrochemical impedance spectroscopy, 

galvanostatic and potentiostatic measurements with a half-cell setup.  

Impedance spectroscopy characterizes the individual parameters (charge transfer resistance, 

ohmic resistance of electrolyte and membrane, Warburg diffusion coefficient and electrochemically 

active surface area) that determine the electrical response and indicate the electrochemical activity. 

Consequently, it is possible to understand which parameter or electrochemical process is more 

dominant.  

In addition, GDEs are also tested at higher electrical loads to determine their electrochemical 

behavior in near-application environments. For a given current density, the galvanostatic 

measurement indicates the total cell potential, from which the overpotential is calculated for OER 

and ORR. This is because the overpotential is an indirectly proportional parameter value for 

electrochemical activity. The potentiostatic measurement works similarly to the galvanostatic 

measurement, but is used for long-term stability measurements to determine the degradation of the 

GDE at specific electrical potentials for OER and ORR.  

Based on the individual CF-GDE surface and electrochemical results, hydrophobic and non-

hydrophobic MnOx-coated metal substrates are combined to design a layered CF-GDE with a specific 

pore size gradient and a hydrophilic/hydrophobic transition. They are also electrochemically 

analyzed to describe the influence of the pore size gradient and hydrophilic/hydrophobic transitions 

on OER and ORR activity.  

All the above measurement methods and their results are used to highlight and understand the 

differences between GDEs and to explore their interrelationships. Based on this, a novel CF-GDE 

design can be proposed that can potentially compete with the state-of-the-art carbon-based GDEref. 

 

The approach of this work is divided into three parts: 

The first part is the determination of a coating method for the preparation of a catalyst that can 

be applied in a standardized manner to various metal substrates (nickel foam, pressed nickel foam, 

and stainless-steel fleece).  

The second part is the study of different substrates with specific macropore sizes coated with 

MnOx and the influence of PTFE on them.  

The third part is the design of layered bifunctional carbon-free GDEs. It is necessary to design 

a hydrophilic/hydrophobic porosity gradient by combining several MnOx and PTFE coated substrates 

with different macropore sizes.  
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2 Literature  

2.1 Gas Diffusion Electrodes 

2.1.1 Applications 

Electrochemical applications such as proton exchange membrane (PEMFC)[13], anion 

exchange membrane (AEMFC)[14] and alkaline (AFC)[14] [15] [16] fuel cells, metal-air batteries 

(MAB) [17], zero gap, membrane electrode assembly (MEA) or AEM electrolyzers[18] [19] (AEMEL) 

and electrochemical CO2 reduction (ECR) systems[20] use GDEs or GDE-related electrodes[21]. The 

starting point of alkaline GDE applications is the Bacon fuel cell, developed by Francis Thomas 

Bacon in the late 1930s[22]. All of the above applications are similar in design. They consist of an 

anode, a cathode, an electrolyte and a separator. Their electrodes require contact with a gas phase 

and an aqueous phase. For this reason, the electrodes are commonly referred to as GDEs[23]. Some of 

them, such as PEMFC, AEMFC, and AEMEL, have a polymer electrolyte membrane that is proton 

or anion conductive and therefore does not require an aqueous electrolyte and separator. These 

polymer membranes are wetted by supplying H2O to provide OH- or H+ transport during operation 

of the specific applications. The schematic depictions of the above technologies and their GDEs can 

be seen below in Figure 1, with the exception of the Bacon fuel cell.  

 

 

Figure 1. Schematic depiction of different gas diffusion electrode applications (ALFC: alkaline fuel cell; 

AEMFC: anion exchange membrane fuel cell; PEMFC: proton exchange membrane fuel cell; ECR: 

electrochemical CO2 reduction system; AEMEL: anion exchange membrane electrolyzer; MAB: metal-air-

battery).  
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There are even more applications than those shown in Figure 1 that use a GDE or GDE-related 

electrodes, such as solid oxide fuel cells (SOFC[24]), phosphoric acid fuel cells (PAFC[25]), or proton 

exchange membrane electrolyzers (PEMEL[26]). In general, they are similar in design to the other 

applications shown (Figure 1), but with different separators and/or GDEs, resulting in different 

operating principles. Nevertheless, the selection shown in Figure 1 will be introduced. All 

applications shown schematically (Figure 1) have a GDE on the anode and cathode side, with the 

exception of MAB, which has a GDE on only one side. 

 

Fuel cell applications (AFC, AEMFC and PEMFC) are supplied with hydrogen (H2) and 

oxygen (O2) to generate electricity. H2 is electrochemically oxidized at the anode, while O2 is reduced 

at the cathode, resulting in the production of H2O. The chemical reactions used are hydrogen 

oxidation (HOR) and oxygen reduction reaction (ORR). AFC and AEMFC show the same reaction 

and due to their alkaline environment (E 1 and E 2), have different membranes. The AFC has a 

porous hydrophilic membrane that is permeable to liquid electrolytes, while the AEMFC has an anion 

exchange membrane that is conductive only to anions. The PEMFC, on the other hand, has a proton 

exchange membrane and is more similar to the AEMFC than the AFC because the PEM is permeable 

only to protons (H+). In addition, the PEMFC also has HOR and ORR, which are different from the 

reactions of the AFC because they occur in an acidic environment (E 4 and E 5). The reactions are 

shown for both environments in the following chemical equations. 

 

Alkaline: 

Anode / positive electrode: 

2 H2 + 4 OH- ᵵ 4 H2O + 4 e-      E 1 

Cathode / negative electrode: 

O2 + 2 H2O + 4 e- ᵵ 4 OH-      E 2 

Cell-reaction: 

2 H2 + O2 ᵵ 2 H2O       E 3 

 

Acidic: 

Anode / positive electrode: 

2 H2 + 4 H2O ᵵ 4 H3O+ + 4 e-      E 4 

Cathode / negative electrode: 

O2 + 4 H3O+ + 4 e- ᵵ 6 H2O      E 5 

Cell-reaction: 

2 H2 + O2 ᵵ 2 H2O       E 6 
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These reactions on the electrodes take place at the respective catalyst layer on the GDEs. 

However, the catalysts differ depending on the alkaline or acidic environment of a FC and the 

electrolyzer[19] [27]. The principle and design of GDEs are explained in more detail in the next chapter.  

Furthermore, different ion conducting media lead to different transport mechanisms. In the 

alkaline environment, anions (OH-) transport the charge from the cathode to the anode. 

Consequently, the electrolyte in alkaline aqueous applications is usually a 5 to 7 M (25 - 30 %) KOH 

solution (FC and EL) because it has the highest ionic conductivity compared to other alkaline 

electrolytes[28] [19].  

In AFCs, both sides (anode and cathode) are separated by a diaphragm[14]. Zirfon® is often 

used as state-of-the-art diaphragm[19]. It consists of ceramic powder (zirconia) and a polymer matrix 

(polysulfone)[29]. The electrolyte fills the mesopores of the diaphragm and provides ionic 

conductivity between the anode and cathode. This description of the electrolyte and diaphragm 

provides the framework for the design of AFC and alkaline water electrolysis. In alkaline water 

electrolysis, the reverse reaction occurs as in AFC, but with electrodes derived from GDEs. This is 

because the electrodes are fully  immersed in the electrolyte.  

The difference between AFC and AEMFC is their ion transport medium. The AEMFC has an 

AEM (anion exchange membrane) that replaces the electrolyte and diaphragm of the AFC. Generally, 

the AEM contains a polymer backbone to which cationic functional groups are attached to provide 

anion conductivity. But AEMs still have low chemical stability under alkaline conditions, which has 

been intensively researched[30] [31] [32]. The occurrence of chemical degradation is caused by the 

chemical instability of cationic functional groups and polymer backbone[33] [34]. However, cationic 

functional groups such as quaternary ammonium[35], imidazolium[36] and some phosphonium[37] 

groups and aliphatic or mixed aromatic/aliphatic polymer backbones[34] are promising to improve the 

chemical stability of AEMs[38]. Therefore, they are currently being developed for applications such 

as AEMFC and AEMEL, as these were originally optimized for less aggressive environments 

(desalination, electrode ionization, electrodialysis)[30]. 

On the other hand, PEMFC is fully commercialized and works with Nafion©, the state-of-the-

art proton exchange membrane polymer[13]. Proton conductivity is provided by functionalized 

sulfonic acid groups on the tetrafluoroethylene (PTFE) polymer backbone[39].  

GDE-derived electrodes are used in electrolyzers[21], such as AEMEL, AEL or PEMEL, to 

produce H2 and O2 by water splitting. The corresponding electrochemical reactions are oxygen 

evolution (OER) and hydrogen evolution reaction (HER), which are the reverse reactions of an AFC 

and AEMFC, respectively (E 1 and E 2). There is also the PEM water electrolysis (PEMEL), which 

has the reverse electrochemical reactions of a PEMFC (E 4 and E 5). Accordingly, the FC is 

potentially capable of electrolyzing water through its reverse operation. The reverse operation of 

HOR and ORR is HER and OER and leads to the unitized regenerative (UR-)PEMFC[40] technology, 

which focuses on water electrolysis and FC operation by bifunctional GDEs. Bifunctional GDEs 
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have catalysts suitable for both processes. However, the efficiency of UR-PEMFC is lower compared 

to a single PEM water electrolyzer or a single PEMFC due to the slow kinetic rate of the ORR and 

the limitations in mass transport of the gaseous reactants to the reaction sites[41].  

 

In addition, there is also an application of GDEs that enables electrochemical CO2 reduction 

(ECR) to produce hydrocarbon fuels and feedstocks[42] [20]. This ECR system is under development 

and is used in three common configurations: 

 

I. Microfluidic cell: as shown in Figure 1 (ECR), but with an electrolyte flow channel[43]. 

II.  Hybrid cell: same design as MAB but the GDE (cathode) is gassed with CO2
[44]. 

III.  Zero-gap cell: same design as AEM or PEM electrolyzer cells[45] [46]. 

 

The ECR system operates in neutral or alkaline electrolytes (KOH) and the electrochemical 

reactions for CO evolution are as follows: 

 

Anode / positive electrode: 

4 OH- ᵵ O2 + 2 H2O + 4 e-      E 7 

Cathode / negative electrode: 

2 CO2 + 2 H2O + 4 e- ᵵ 2 CO + 4 OH-     E 8 

Cell-reaction: 

2 CO2 ᵵ 2 CO + O2       E 9 

 

As mentioned above, it is also possible to produce other carbon products such as CH4, C2H4 

or HCOOH[47]. The electrochemical reactions take place at the catalyst layer on the respective GDE. 

OH- is split into oxygen and recombines at the anode to form H2O. The H2O diffuses through the 

membrane and reaches the cathode. CO2 and water are reduced to CO and hydroxide ions at the 

cathode, and the hydroxide ions diffuse to the anode. The separator of an ECR system can consist of 

different ion exchange membranes[45] [48] [49]. It depends on the media conditions whether a 

bipolar-membrane, a cation exchange membrane or an anion exchange membrane is used[20] [45] [49]. 

The ECR system is still under development due to problems with stability and product selectivity[20] 

[47] [48] [50] [51]. Stability is affected by poisoning mechanisms due to metal impurities in the electrolyte. 

These impurities reduce the active surface area of the catalyst and consequently affect the product 

selectivity[52] [53]. Selectivity is also affected by pH variations and the occurrence of HER, which must 

be suppressed to maintain selectivity[50] [54].  
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The solid oxide electrolysis cell (SOEC) is a highly efficient approach for the co-electrolysis 

of CO2 and H2O to syngas (H2 and CO) at high temperatures[55]. However, SOEC is beyond the scope 

of this work.  

 

The last GDE application presented is MAB (Figure 1). It consists of a metal anode, an 

aqueous, non-aqueous or solid electrolyte, a separator and a GDE. There are various metals that can 

be used as anode, such as Zn, Mg, Si, Fe, Al, Li, K, or Na[17] [56] [57]. However, Zn was the first 

researched anode for MAB applications and is state-of-the-art (e.g., primary battery for hearing 

aids)[58]. For highly active metals such as Li, K, and Na, non-aqueous aprotic electrolytes such as 

ether-, sulfoxide-, or amide-based solvents[59] [60] with an anode-specific metal salt (such as 

LiCF3SO3, LiTFSI, or LiPF6 [61]) are needed. For the other metals such as Zn, Mg, Si, Fe, and Al, an 

alkaline or neutral aqueous electrolyte such as KOH[56] [58] or chloride-based electrolytes[17] are used. 

There are also combinations of ionic liquids with aqueous and non-aqueous electrolytes due to their 

wide potential window, low volatility, high ionic conductivity and non-flammability[58] [62].  

Furthermore, solid-state electrolytes are divided into three different types: Gel-polymer, solid 

polymer and ceramic electrolyte[58]. Gel-polymer electrolytes are very flexible and have slightly 

lower ionic conductivity than aqueous electrolytes. This is because they are a combination of a 3D 

polymer skeleton and a liquid electrolyte[63] [64]. A solid polymer electrolyte, on the other hand, has 

an ion-conducting polymer matrix but no liquid solvent. As a result, the ionic conductivity is lower 

compared to a gel-polymer[65]. In addition, there are also ceramic electrolytes, for example, of the 

NASICON, garnet, sulfide, or perovskite type[65] [66]. These electrolytes have high mechanical 

strength but low conductivity. For this reason, research is focused on increasing ionic conductivity 

and electrochemical stability[66]. The interface between electrolyte and electrode plays an important 

role. Based on the many different types of electrolytes and anodes, it is possible to develop a wide 

variety of MABs.  

Some of them require a separator between the electrodes to avoid their contact and to control 

dendrite growth. In general, the separator must be ionically conductive, electronically insulating, 

mechanically and dimensionally stable, chemically resistant, migration inhibiting, and wettable by 

the electrolyte[67]. Therefore, there are different types and materials of separators depending on the 

MAB electrolyte and anode. Fibers, polymer films, and solid ionic conductors are materials that are 

used[67].  

The last component of the MAB is a GDE that makes the air electrochemically available. The 

electrochemical reactions are initiated by a catalyst. However, MABs are distinguished between 

aqueous and non-aqueous, as these two types have different GDE reactions[57] [58]. In the following, 

only the aqueous GDE type will be discussed (E 10 ï E 12). Compared to the other GDEs presented, 

which are electrochemically active for only one reaction, the GDE of a MAB must be 

electrochemically active for ORR and OER, such as UR-PEMFC. Therefore, it is referred to as a 
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bifunctional GDE. These bifunctional GDEs are used in secondary batteries. They are discharged by 

ORR and charged by OER. The corresponding reactions are shown below in the discharge direction.  

 

GDE / ORR / cathode /negative electrode: 

O2 + 2 H2O + 4 e- ᵵ 4 OH-      E 10 

Zinc metal electrode / anode / positive electrode: 

2 Zn + 4 OH- ᵵ 2 ZnO + 2 H2O + 4 e-     E 11 

Cell-reaction: 

O2 + 2 Zn ᵵ 2 ZnO        E 12 

 

These exemplary reactions of a Zn-air-battery are reversible. The other metal anodes 

mentioned (Mg, Si, Fe, Al, Li, K or Na) are also reversible or theoretically reversible. However, the 

secondary MABs are still under development to increase the durability and bifunctional 

electrochemical activity and avoid capacity degradation[17]. In highly simplified terms, the 

capacitance is determined by the metal electrode, the OER/ORR activity is affected by the GDE, and 

the durability depends on both electrodes. In this context, there are three main problems: 

Passivation[57] of the metal anode, dendrite growth[58] of the metal anode and carbon corrosion[9] of 

the GDE[17]. Based on the above components, there are a variety of MABs, all of which are under 

development. Nevertheless, there are already commercial primary Zn-air-batteries for hearing aids[4].   
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2.1.2 Working Principle 

In the previous chapter, various applications were shown that use a GDE. In this chapter, the 

basic principles and operation of the GDE are described. In the following, only the alkaline 

environment will be considered. In general, a GDE can be defined as follows:  

A GDE has an interface between the solid, gaseous, and liquid phases, at which it 

electrochemically catalyzes the reactions between the liquid and gaseous phases through the 

electrically conductive solid phase of the catalyst.  

Therefore, a GDE is designed to provide a large electrolyte surface area to allow the gas to 

dissolve in the liquid phase and then diffuse to the electrochemically active site for its reaction.  

Generally, the largest possible electrolyte surface area for dissolving the gas is achieved by 

combining materials that have certain properties: a large specific surface area and 

hydrophilic/hydrophobic behavior. Their combination forms an electrolyte wetting film inside the 

GDE in which the gas can dissolve without the electrolyte leaking. Thus, if the wetting film is large, 

the amount of dissolved gas in the electrolyte is also large. In the following, two different standard 

designs of GDE are presented, which are shown schematically in Figure 2.  

 

 

Figure 2. Schematic depiction of GDE designs: (a) a layered electrode GDE: combination of gas diffusion 

layer (GDL) (macro porous substrate (MPS) & micro porous layer (MPL)) with catalyst layer (CL); (b) a 

porous electrode GDE: mixture of carbon, catalyst and PTFE[15] [20] [68] [69].   

 

The layered electrode GDE design in Figure 2 (a) consists of two main layers, a gas diffusion 

layer (GDL) and a catalyst (CL). The GDL provides gas transport toward CL and serves as a physical 

carrier. In general, the GDL is hydrophobic to prevent electrolyte leakage and flooding of the GDL-

pores. Therefore, the GDL is mixed or coated with a hydrophobic additive such as PTFE[51]. In 

addition, there are two different types of GDL. A single-layer GDL, which consists of only a 
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macroporous substrate (MPS), and a double-layer GDL, which also has a microporous layer 

(MPL)[20]. Thus, the electrolyte wetting film is formed between CL and GDL. The thickness of the 

GDL affects the gas supply and the sensitivity of liquid water accumulation[70] [71]. It has been shown 

that an additional microporous layer is beneficial for higher performance[70]. However, there are 

competing trends when the thickness of the diffusion layer is varied. Thicker GDLs are less sensitive 

to liquid water accumulation, but the extended transport channels contribute to mass transfer 

limitations and vice versa[70]. These GDLs are composed of porous carbon materials such as carbon 

fibers (MPS) and/or compressed activated carbon powder (MPL).  

 

In contrast, the porous electrode GDE (Figure 2 (b)) consists of a GDL completely covered 

with catalyst particles bound by a hydrophobic additive[23] [72]. Accordingly, the porous electrode 

GDE is a combination of a PTFE-bound GDL and CL, resulting in a hydrophobic/hydrophilic all-in-

one approach. The electrolyte wetting film forms near the bulk electrolyte side at the 

hydrophobic/hydrophilic pore system of the porous electrode. Generally, the GDL is a percolation 

system of electrically conductive powder such as carbon, silver or nickel[22] [72] [73]. It depends on the 

application of the GDE whether an additional catalyst is needed, which is then applied to the GDL 

surface. Therefore, it is possible to fabricate a carbon-free bifunctional porous electrode GDE with 

this design by using only catalyst powder and PTFE that is stable in alkaline electrolytes[74].   

 

The GDE design with two main layers (GDL and CL, Figure 2 (a)) is usually the most 

commonly used, especially in FCs, MABs, and electrolyzers. This is because of the low catalyst mass 

of CL, which is only a few micrometers thick layer on the hydrophobized carbon GDL. As a result, 

expensive catalysts such as Pt, Ru, or Ir are affordable when this design is used. One way to replace 

noble metal catalysts with non-noble metals is to increase the mass of the non-noble metal catalysts 

to compensate the total electrochemical activity [2]. For this reason, the porous electrode is a well-

suited option for this purpose. The nickel GDE of Bacon-FC is a good example[22]. However, there 

are also special applications such as oxygen depolarized cathodes (ODCs) for alkaline chlorine 

production, where the design of hydrophobic porous electrode is used (Figure 2 (b))[72] [75]. As 

indicated above, a commercial ODC consist of a mixture of silver powder and PTFE pressed onto a 

metal mesh current collector[76] [77]. In addition to the ODC, the most state-of-the-art GDEs have a 

carbon-based GDL, which is known for its carbon corrosion during OER/ORR operation in alkaline 

medium[2] [9] [10] [11]. Therefore, novel GDE designs and/or carbon-free material combinations have 

been investigated and are presented below.  

 

The goal of various research groups is to develop a GDE that has high electrochemical activity 

and is electrochemically stable over the long term. These GDE designs (Figure 3) are carbon-free 

and carbon-based for OER/ORR and OER/CO2RR applications. In general, they can still be broken 
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down to the single functional layer of CL and GDL. Figure 3 shows examples of novel GDEs. The 

first of the GDEs shown (Figure 3 (a)) was developed for Zn-Air -Batteries[7]. Ke Xu et al. used a 

hydrothermal method to grow MnO2 nanospheres directly on nickel foam (MnO2/Ni). CNTs and a 

PTFE emulsion were used to prepare a GDL that was fitted on the MnO2/Ni and then also attached 

to a Teflon membrane. In general, the coated nickel foam is actually a CL on a GDL, similar to the 

porous electrode described (Figure 2 (b)). The PTFE/CNT is a hydrophobic/hydrophilic transition 

region between MnO2/Ni and PTFE membrane, which provides the largest possible electrolyte 

surface area for O2 solvation. They presented the positive effect of the hydrophobic agent (PTFE), 

which modified the pore structure and contributed to the large wetting film and efficient gas transport. 

As a result, this GDE achieved a discharge voltage of 0.8 V at 100 mA cm-2 and exhibited a 

completely stable discharge for four hours at 20 mA cm-2.  

 

 

Figure 3. Schematic depiction of different GDE designs: (a) MnO2/nickel foam/carbon nanotubes 

(CNT)/PTFE/PTFE membrane GDE[7] ; (b) graphite/carbon nanoparticles/Cu/PTFE GDE[44]; (c) 

MnO2/stainless steel mesh (ss)[8] ; (d) NiFe-Hydroxysulfide/nickel foam GDE[6] . 

 

In Figure 3 (b), the second GDE is used for the electrochemical reduction of CO2 (ECR) to 

ethylene[44]. Dinh et al. sputtered a Cu catalyst onto a porous PTFE membrane. They then spray-

coated carbon black nanoparticles on top to make electrical contact with CL and achieve uniform 

distribution of current density. The graphite layer serves as the overall support and current collector. 

The direct connection of CL with the electrically non-conducting GDL (porous PTFE) leads to the 

formation of the electrolyte wetting film at their interface. Accordingly, this design has very short 

transport distances for the dissolved CO2 to its reaction site since there is no hydrophilic/hydrophobic 

carbon between CL and PTFE. In this design, the porous carbon layer is used only as a current 
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collector that is fully immersed in the alkaline aqueous electrolyte. Moreover, the carbon-based 

current collector layer was not consumed during the CO2 reduction reaction (CO2RR). This ECR 

GDE had an average current density of 110 mA cm-2 at an applied voltage of 2.4 V for one hour. In 

addition, the ethylene selectivity indicated no loss for 150 hours at current densities between 

75 ï 100 mA cm-2.  

In Figure 3 (c), the third GDE is a simple design and was used as an O2 electrode in a MEA 

operated in an UR-AEMFC (unitized regenerative ï anion exchange membrane ï fuel cell)[8]. Ng et 

al. electrodeposited MnOx on stainless steel (ss) mesh and then annealed it at 480 °C. Thus, the CL 

(MnOx coating) covers the inside and outside of the GDL (ss mesh), which has similar short transport 

distances for O2 as the previously mentioned ECR GDE. However, the catalyst-coated ss mesh is not 

hydrophobic and thus requires a hydrophobic GDL for electrochemical systems with aqueous 

electrolytes. Nevertheless, this GDE exhibited stable electrochemical activity during OER and ORR 

alternating operation for 100 cycles in 0.1 M KOH, measured with a rotating disk electrode assembly. 

Subsequently, the coated mesh was used in a MEA setup in an UR-AEMFC that exhibited a current 

density of 60 mA cm-2 at 1.75 V in electrolyzer mode and a current density between 43 and 

57 mA cm- 2 at 0.45 V in FC mode.  

The last GDE (Figure 3 (d)) was used in a Zn-Air -Battery (OER/ORR) and as a water-splitting 

electrode (HER/OER)[6]. Wang et al. electrodeposited Ni2.3Fe(OH)7.6 on a nickel foam and then 

immersed it in a Na2S solution at 25 °C for one hour. This resulted in a conversion of Ni2.3Fe(OH)7.6 

to Ni1.9FeS1.09(OH)4.6 on the nickel foam. All in all, this is a similar approach as the coated ss mesh, 

but with a potentially larger coatable surface area due to the 3D pore structure of the nickel foam. 

For this reason, the transport distances for dissolved O2 are also short and the GDE is also not 

hydrophobic. Nevertheless, the CL has uniform electrical contact due to the electrically conductive 

GDL (Ni foam). The coated nickel foam GDE exhibited stable charge (1.8 V) and discharge (0.77 V) 

voltage at 2 mA cm- 2 in a flexible solid-state rechargeable Zn-Air-Battery using an alkaline gel 

electrolyte. In addition, it exhibited excellent long-term stability after a test of 25 hours for 75 charge 

and discharge cycles. Moreover, it achieved an overpotential of 266 mV at 10 mA cm-2 during OER 

in 1.0 M KOH, which outperformed the Ir/C setup. Lastly, it exhibited a water splitting voltage of 

1.62 V at 10 mA cm- 2 when used on both sides (anode and cathode). 

In general, all novel GDE designs (Figure 3) have their own advantages over the state-of-the-

art due to their different arrangement of functional layers and different materials. These advantages 

can be summarized as follows:  

 

¶ shorter transport distances for dissolved gasses  

¶ more uniform and direct electrical conductivity of CL  

¶ carbon-free materials to avoid carbon corrosion  
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To understand these advantages, it is necessary to take a closer look at the GDE, where the 

three phases, solid, liquid and gas, are in contact with each other. The three phases are: 

 

Solid: CL (typically consisting of a catalyst and an electron conducting material) 

Liquid: Electrolyte 

Gas: Oxygen 

 

It is known that the gas reduction reaction (ORR or CO2RR) occurs at the three-phase-

boundary (TPB). The three phases meet at a point on the catalyst in the GDE. This and the oxygen 

transport through the gas-solid double-phase-boundary (DPBgs) to the TPB is shown schematically 

in Figure 4. The oxygen adsorbs on the catalyst surface. It then dissociates and travels by interfacial 

diffusion to the TPB, where the reduction reaction takes place.  

 

 

Figure 4. Schematic depiction of a gas-solid oxygen mass transport to the three-phase-boundary (TPB)[78]. 

Blue: electrolyte; yellow: catalyst 

 

However, Nesbitt et al.[79] have shown that the liquid-solid DPB (DPBls) dominates the gas 

reduction reaction activity due to higher diffusion rates than at the gas-solid (DPBgs) interface[80] [81]. 

This higher diffusion rate of oxygen to the active site at the liquid-solid interface (DPBls) occurs only 

in the electrolyte thin film. However, the diffusion rate depends on the thickness of the electrolyte 

film, which will be discussed below. In addition, this DPBls region has a larger active surface area 

than the TPB because the micro- and nanometer pore structure of CL is flooded by an electrolyte 

thin film[82]. Consequently, the DPBls region contributes more to the electrochemical activity than the 
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TPB region. These facts are consistent with the high current densities in an ORR or CO2RR GDE 

that they observed.  

Bekisch et al.[83] experimentally confirmed a DPBls GDE (schematically shown in Figure 

3 (c)). They electrochemically coated a nickel mesh with MnOx and electrochemically characterized 

the coated mesh in a symmetric cell in which the GDE was completely wetted with an electrolyte 

thin film.  

Moreover, Bockris and Cahan[84] displayed different current distributions along a Pt surface 

in contact with a H2SO4 electrolyte meniscus (finite contact angle of ~ 3 ° at the tip, Figure 5). The 

Pt surface exhibited currents within a few micrometers of the meniscus tip depending on the applied 

electrical potential. Lower potentials (0.39 V vs RHE) resulted in extension of the current 

contributing Pt surface within the meniscus to as much as 6 µm. Therefore, the thickness of the 

meniscus electrolyte film ranged from 3 to  ~ 300 nm on the current contributing Pt surface[84] [79].  

In addition, Röhe et al.[75] presented a model of water activity for an oxygen depolarized 

cathode (ODC), which is a state-of-the-art porous electrode design (Figure 2 (b)) consisting of silver 

particles and PTFE. They described the DPBls region as a thin-film region with a thickness of 80 nm 

and displayed oxygen concentration profiles for different current densities under a convective 

electrolyte flow and a stagnant electrolyte. In the thin-film region (80 nm thick), the initial 

concentration and the slope of the concentration profile depend on the applied current density. At 

higher current densities, the initial concentration decreases, and the slope becomes more negative. 

Convective electrolyte flow has a positive effect on the profiles. This confirms that water activity at 

low local electrolyte viscosity favors the solubility of O2 and its rapid diffusion. However, the oxygen 

concentration profile decreases with increasing film thickness.  

These results by Bekisch et al. [83], Bockris et al. [84] and Röhe et al. [75] support the findings of 

Nesbitt et al. [79] that liquid-solid DPB dominates the gas reduction reaction activity.  

 

On this basis, a schematic representation of an electrode surface in contact with an electrolyte 

meniscus is shown in Figure 5 on the left. The contact surfaces are divided into a ñflooded zoneò at 

the oxygen- and electrolyte-bulk and a ñhigh current density zoneò where the electrolyte film 

thickness is thin. The high current density zone is represented by the dashed rectangular box. The 

arrows symbolize the processes described in the enlargement of the dashed box on the right.  
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Figure 5. Schematic depiction of the three-phase zone at a meniscus and the processes for the oxygen reduction 

reaction at the gas-liquid and liquid-solid double-phase-boundaries (DPBlg and DPBls)[68] [79]. 

 

In the magnification, the individual process steps show the path of the oxygen molecule from 

the DPBgl (gas-electrolyte) to the DPBls (electrolyte-CL). First, the oxygen molecule diffuses near 

the electrolyte film (DPBgl), then dissolves there and is transported by diffusion near the CL surface 

(DPBls) [79]. There it adsorbs at the catalytically active site and subsequently the oxygen is reduced 

to a hydroxide ion[68].  

Dissolution of CO2 in an electrolyte film, for example, occurs by the formation of a thin CO2 

film on the electrolyte. The CO2 molecules lose their kinetic energy from the gas phase and then 

dissolve in the electrolyte. This has been described by DFT and molecular dynamic (MD) 

simulations, and density measurements have shown that the density of the electrolyte decreases at 

the interface, confirming this[79] [85]. These simulations resulted in a CO2 film of about 0.5 nm 

thickness on the electrolyte[79]. In addition, Nesbitt et al.[79] concluded that the transfer of CO2 

between phases (gas to liquid) is faster than CO2 diffusion through the liquid phase to the catalyst 

site.  

The dissolution of oxygen in an electrolyte thin film is expected to be similar to the dissolution 

of CO2. This is because the similarity of the energy profiles and the reduced electrolyte density[79] [85] 

[86] indicate that the thickness of the oxygen film is comparable.  

Moreover, comparison of the results of Somasundaram et al. [85] and Vácha et al. [86] shows 

that the free solvation energy of oxygen is lower than that of CO2. This suggests that the dissolution 

of oxygen is faster than that of CO2. The transition from the thin O2 film to the electrolyte is 

symbolized by the light blue color of the electrolyte in Figure 5 on the right. In general, thin 

electrolyte films are advantageous for oxygen mass transport because the transport distances to the 

active site are shorter.  
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However, water activity and thus ionic conductivity play an important role in the solubility 

and diffusivity of O2
[75] [79] [87]. Hydration of ions (e.g., K+ and OH-), i.e., the binding of ions to water 

molecules, reduces water activity[75] [88]. The water covering capacity is inversely dependent on the 

electrolyte concentration[89]. The solubility of oxygen decreases with increasing electrolyte 

concentration[87], as ions occupy excess water molecules[75] [88]. For this reason, fewer water 

molecules are available for the hydration shell of an oxygen molecule, which requires six water 

molecules for solvation[90]. In addition, low water activity of an electrolyte leads to low diffusivity 

of oxygen[87] and thus slower reaction rates[91]. For this reason, very thin electrolyte films (about 3 nm 

or less) potentially have comparatively low water activity[84].  

Consequently, the cation concentration (K+) on the wetted CL is expected to increase locally 

with increasing current density. This was confirmed by Weng et al.[92], which also supports the 

previously mentioned results of Röhe et al.[75]. Therefore, due to the higher water activity and lower 

ion accumulation, the local reaction zones on CL are generally closer to the electrolyte bulk in DPBgl 

(gas-liquid interface) than in TPB[79]. This is also supported by the fact that the ionic resistance 

increases at the thin tips of the electrolyte meniscus of porous electrodes ((Figure 2 (b))[93].  

In summary, most of the electrochemical reactions occur in the high current density zone[68] 

(Figure 5). The DPB concept contributes the most to the high current density zone compared to the 

TPB concept due to the faster oxygen diffusivity in the electrolyte and the larger available 

electrochemically active surface area (DPBgl Ą DPBls). This is illustrated by Nesbitt et al.[79] for CO2 

reduction (Figure 6). 

 

 

Figure 6. Comparison of the contribution of the TPB and DPB to the current density of CO2 reduction. 

Reprinted with permission from Nesbitt et al.[79] Copyright © 2020, American Chemical Society.  

 

The contributions of TPB and DPB (DPBgl + DPBls) to the current density are affected by the 

conductivity of the electrolyte, the gas activity, and the water activity, as shown in the plots in Figure 

https://pubs.acs.org/doi/10.1021/acscatal.0c03319
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6. As a function of distance, gas activity peaks at the gas film and decreases with increasing distance 

from the gas bulk. In contrast, water activity and electrolyte conductivity increase with increasing 

proximity to the electrolyte bulk. These variables affect the current density of the reduction reaction 

(green graph in Figure 6). The TPB contributes mainly in the region of the gas film, leading to the 

first increase in the reduction current density. After the region of the gas film, the current density 

increases much more in the region of the electrolyte thin film or DPBls, respectively. The reason for 

this is the increase in water activity and conductivity of the electrolyte.  

Moreover, the reduction reaction takes place under the electrolyte film with a film thickness 

of several nanometers to one micrometer[79]. This reaction depth depends on the water activity, as it 

affects the solubility or dissolution of O2 in the electrolyte. Accordingly, the water activity also 

affects the oxygen concentration and its diffusivity. Therefore, high electrolyte concentrations should 

be avoided to maintain high water activity. This will ensure that the external convection of the 

electrolyte will compensate for the local increase in ions, thus maintaining sufficient water activity. 

Nevertheless, thin electrolyte films on an electrochemically active surface should not become too 

thick so that the transport distance (diffusion length) of the active substances is short to maintain 

high current densities[72] [94].  

 

As shown, the high current density zone ï also called the ñthin-film-zoneò ï is essential for 

the GDE. This is because the supply of electric current is ensured by the electrochemical reactions 

that take place in each pore with a thin-film-zone. This zone is influenced by the porosity of the CL, 

the hydrophobicity of the CL or the GDL (depending on the GDE design), the electrolyte- and gas-

pressure. It is also necessary to achieve a balance between the flooded, thin-film and gas zones in the 

GDE by using a hydrophobic additive such as PTFE. This is because the capillary pressure of the 

electrolyte in the pores must be controlled to prevent flooding of the pores. However, the gas- or 

electrolyte-pressure must not be too high, otherwise the electrolyte will be forced out of the pores, 

or the pores will be completely flooded.  

Figure 7 shows a schematic depiction of a state-of-the-art GDE with the corresponding mass-

transport processes in the gas bulk, in the thin-film-zone and in the electrolyte bulk.  
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Figure 7. Schematic depiction of a state-of-the-art porous electrode GDE and the mass-transport processes 

during operation. 

 

Mass transport of oxygen begins in the gas bulk during ORR (battery discharging):  

Oxygen is transported through the gas pores of the electrode to the hydrophobic electrode 

surface, mainly by Knudsen-diffusion[95] or sometimes by convection[23]. Oxygen dissolves up to 

10- 3 mol l-1 at aqueous electrolyte concentrations between 0.1 ï 1 mol l-1, at a temperature of 293 K 

and atmospheric pressure[87] in the thin-film-zone, which is schematically shown in Figure 5. In the 

DPBgl (thin-film-zone), a concentration equilibrium between gaseous and dissolved oxygen is 

targeted during ORR operation (discharge of MAB, Figure 1). Consequently, oxygen consumption 

by the GDE leads to further oxygen dissolution to maintain the concentration equilibrium[95]. 

Evaporation of the electrolyte is driven in the same way[23]. Dissolved O2 diffuses through the pores 

into the Helmholtz double layer. It adsorbs at the catalyst reaction site and the ORR takes place. The 

position of the thin-film-zone is influenced by the capillary pressure of the electrolyte, which is 

affected by wetting properties of the electrode and the hydrostatic pressure of the gas- and liquid-

phases[23].  

 

Mass transport of hydroxide ions begins in the electrolyte bulk during OER (battery charging): 

Mass transport of hydroxide ions occurs by convection and migration from the electrolyte-

bulk to the vicinity of the electrode surface[23] [72]. At this point, the Nernst diffusion layer is reached, 

and the ions are transported to the Helmholtz double layer by diffusion only. Then they adsorb on the 

catalyst active site by losing their hydration shell, and the OER takes place. For this diffusion through 

the Helmholtz double layer, an activation energy or charge transfer potential, respectively, is 

required. The energy for diffusion through the double layer depends on the active species, the 

electrolyte and its concentration and the properties of the electrode/catalyst. 
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These transport processes lead to spatial gradients in electrolyte concentration (hydroxide ions 

and dissolved oxygen) and electric potential[23]. The mass transport resistance for the particular 

electrochemical reaction (OER or ORR) is the sum of all individual transport processes involved in 

the reduction or oxidation of oxygen. Ohmic losses are determined by the conduction of e- in the 

electrode and the conduction of ions in the electrolyte and membrane. Their influence on the total 

cell voltage in dependence of current density is shown schematically in the following Figure 8.  

 

 

Figure 8. Current density as a function of the voltage divided into the single factors involved and their 

corresponding cause. 

 

The thermodynamic potential is a constant value for the reaction, but the overpotential of the 

anode and cathode varies depending on their electrochemical activity, the electrochemical 

environment used, and the transport mechanisms at the applied current density. In addition, the 

limited ionic and electron conductivity of important parts of the cell, such as the membrane and 

electrolyte, the current collector, and ï possibly ï the celĺ s housing plates, results in ohmic 

resistance, also known as ohmic drop. This contributes to the fact that the total voltage of the cell 

increases with increasing current density.  

 

The group of Krewer[23] [72]  and Turek[96] [97] summarized some modeling options for various 

GDE applications. However, the most critical point of a GDE is its electrolyte thin film. Accordingly, 

mass transport plays a key role. The mass transport of oxygen during ORR is the rate-determining 

step, since the active reactant (OH-) is already dissolved during OER and is available in large amounts 

near the catalyst sites. Since the oxygen must first be dissolved in the electrolyte thin film before 

diffusing to the active site, where it is finally adsorbed on the catalyst site during ORR. The mass 

transport of oxygen and OH- have been studied in a model-based manner to understand their critical 

influence and limitations and to find possible improvement potential of the GDE[94] [97] [98] [99].   
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2.1.3 Hydrophobicity  

Hydrophobicity is required in GDEs for the GDL, which provides gas transport but inhibits 

aqueous fluid transport or evaporation[100]. The GDL is critical for the thin electrolyte film that affects 

the electrochemical performance of the entire GDE. To understand the GDL, the fundamentals of 

hydrophobicity are important. In general, hydrophobic surfaces increase the corrosion resistance of 

exposed surfaces in the environment and maintain their long-term chemical stability. One measure 

of hydrophobicity is the contact angle of the liquid on the solid surface, described as wettability. 

Figure 9 shows three schematic examples of possible contact angles. 

 

 

Figure 9. Schematic depiction of sessile liquid drops on a smooth homogeneous solid surface and their 

corresponding formed contact angles (ɔlg: liquid-gas interface tension; ɔsg: solid-gas interface tension, ɔsl: 

solid-liquid interface tension). Yuan and Lee, 2013[101]. Added with permission of Barati Darband, G. et al., 

2018[102]. CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 

 

Solid surfaces with a contact angle of about 90 ° are hydrophobic, greater than 90 ° are 

superhydrophobic, and less than 90 ° are hydrophilic. The contact angle is affected by the surface 

energy, surface roughness, and surface tension of the liquid. The surface energy can be lowered, for 

example, by using silane groups, which increases the electrical resistance[102]. Surface tension is the 

derivative of free enthalpy (Ὃ) as a function of surface area (ὃ) at constant temperature and pressure. 

This is shown in the following equation: 

 

‎  
ȟ

        m. Eq. 1 

 

The interfacial tensions between phases (‎ : solid-gas; ‎ : solid-liquid;  ‎ :liquid-gas) 

determine the contact angle of a liquid droplet on an ideal flat surface. Therefore, Younǵs equation 

is used (mathematical equation 2 (m. Eq. 2))[102]: 

 

ὧέί —         m. Eq. 2 

 

https://link.springer.com/chapter/10.1007/978-3-642-34243-1_1
https://www.sciencedirect.com/science/article/pii/S1878535218300224?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1878535218300224?via%3Dihub
https://creativecommons.org/licenses/by-nc-nd/4.0/
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However, surface roughness is not considered in Younǵs equation. Therefore, Wenzel 

introduced an equation (m. Eq. 4) in which the surface roughness is taken into account by the 

roughness factor ñὶò (m. Eq. 3) [103]: 

 

ὶ          m. Eq. 3 

 

ὶz ‎ ‎ ‎ ὧέί—       m. Eq. 4 

 

This equation represents the change in wettability as a function of the surface property. Surface 

roughness increases the contact angle of a flat surface when the contact angle is greater than 90 °. If 

it is smaller than 90 °, the contact angle is decreased due to the increase in surface roughness[104]. 

Consequently, the Wenzel model is applicable only for homogeneous surfaces and not for 

heterogeneous surfaces[102] [104].  

This model is helpful to understand that rough surfaces of a GDL or CL behave completely 

differently when they are in contact with the aqueous electrolyte and their roughness increases. In 

general, both have homogeneous surface structure but different contact angles. GDL is hydrophobic 

and for this reason higher roughness increases the contact angle. However, the contact angle of the 

CL becomes smaller as the roughness increases. Since the CL should be hydrophilic to ensure a large 

contact area with the electrolyte.  

The heterogeneous rough surfaces are assumed to be heterogeneous solid surfaces with air 

pockets. Therefore, Cassie and Baxter[105] defined the contact angle with the following equation 

(m. Eq. 5): 

 

ὧέί—Ǫ  Ὢ ὧzέί— Ὢ ὧzέί—     m. Eq. 5 

 

The cosine of the contact angle of a liquid droplet on a heterogeneous surface is equal to the 

sum of the cosines of the contact angles on two different homogeneous surfaces of the respective 

materials, each multiplied by its surface area (fs1 and fs2). The contact angle of the air-surface is 

assumed to be 180° and thus the equation is (m. Eq. 6)[105]:  

 

ὧέί—Ǫ  Ὢᶻὧέί— ρ ρ     m. Eq. 6 

 

Figure 10 shows schematically the three wetting models mentioned. It must be emphasized 

that a hydrophobic rough heterogeneous surface in contact with a liquid has air pockets (Cassie and 

Baxter model). For example, a heterogeneous rough surface has nanometer-scale structures overlying 
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micrometer-scale structures[106] [107]. They are therefore also referred to as hierarchical surface 

structures (Figure 11). 

 

 

Figure 10. Schematic depiction of the three different mathematical wetting models. Added with permission 

from Barati Darband, G. et al., 2018 [102]. CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/). 

 

 

Figure 11. Schematic depiction of a hierarchical surface structure with a droplet exhibiting trapped air pockets 

((a) hydrophobic[106]; (b) hydrophilic[107]).  

 

In Figure 11 (a), hydrophobic hierarchical structures show nano- and micrometer-scale air 

entrapment, as described by Nagayama and Zhang[107]. In contrast, the hydrophilic hierarchical 

structure (Figure 11 (b)) shows filled capillaries in nanometer-scale structures and partially filled 

micrometer-scale structures with an entrapped air pocket, as described by Bormashenko and 

Starov[106]. This helps to understand the wetting behavior of the aqueous electrolyte of a CL and GDL 

in terms of hierarchical structures.  

 

In nature, there are even combinations of hydrophobic and hydrophilic surfaces such as the 

leaf of the Salvinia plant, which has a superhydrophobic surface (Figure 12)[108]. This 

superhydrophobic plant leaf exhibits a stable air-film under water due to the hydrophilic tip of the 

plant hairs. The hydrophilic properties of the hair-tips are shown in Figure 12 (b).  

 

https://www.sciencedirect.com/science/article/pii/S1878535218300224?via%3Dihub
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
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Figure 12. SEM image of Salvinia leaf and their hairs with a droplet of a water-glycerol solution in (a) 1 mm 

and (b) 500 µm range. Barthlott et al., 2010;  Reproduced with permission. All rights reserved[108]. 

 

This combination of completely different surface properties inherently helped the leaf to create 

a large DPB surface area between gas- and liquid-phase. A similar combination approach could be 

applied to the GDE to increase the surface area of the electrolyte thin film. Since the electrolyte thin 

film on the CL, as mentioned earlier, is the main factor for the ORR on a GDE.  

 

In general, the CL should be in good contact with the electrolyte (wetted) for the 

electrochemical reactions, i.e., it should be hydrophilic. The hydrophobic GDL restricts the passage 

of the electrolyte to ensure gas transport. The GDLs are made of carbon-[15] [20] [68] [69], PTFE-[44], or 

metal-based [109] [110] [111]. Carbon materials coated with polytetrafluoroethylene (PTFE - Figure 13 

(a)) are most commonly used[20] [47] [51] [112]. There are also other additives such as polyvinylidene 

fluoride (PVDF - Figure 13 (b)) and fluorinated ethylene propylene (FEP - Figure 13 (c)) that are 

used as hydrophobic additives for the GDL[20] [113]. Their chemical structures are shown in Figure 13. 

There are several methods to apply the hydrophobic additive into the GDL. Dipping, spraying, 

or brushing, with dipping being the most commonly used method[20]. 

 

Figure 13. Chemical structures of (a) polytetrafluoroethylene (PTFE), (b) polyvinylidene fluoride (PVDF) and 

(c) fluorinated ethylene propylene (FEP).  

 

The hydrophobicity is regulated by the applied mass of the hydrophobic additive. Chan and 

Wang[113] developed a carbon paper with a FEP mass fraction of 10 % that served as a GDL. This 

https://onlinelibrary.wiley.com/doi/full/10.1002/adma.200904411
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displayed the highest current densities at different operating temperatures. It was mentioned that a 

higher FEP mass fraction tends to clog the pores and therefore reduces reactant transport and product 

removal. For this reason, the proper amount of hydrophobic additive is also critical to the 

electrochemical performance of a GDE.  

In general, the hydrophobicity in the GDE or GDL is controlled by the amount of PTFE 

compared to the total mass of the GDE and by its surface structure.  
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2.1.4 Bifunctionality 

Certain GDE applications must be electrochemically capable of the back-and-forth reaction 

such as OER and ORR or HER and HOR. These are bifunctional GDEs used, for example, in UR-

PEMFCs and MABs (chapter 2.1.1). Regenerative fuel cells, such as the UR-PEMFC, have two 

different bifunctional GDEs to enable an electrolyzer working mode to produce H2 (HER) and O2 

(OER) and a fuel cell working mode to consume H2 (HOR) and O2 (ORR) to produce electricity. The 

MAB has only a bifunctional GDE that charges the MAB through OER and discharges through ORR. 

This bifunctionality is achieved by the using bifunctional catalysts or combining individual catalysts 

for each reaction in the CL. The catalysts should be suitable for the particular environment (alkaline 

or acidic) to enable the reaction.  

The specific reactions of UR-PEMFC in an acidic environment require mainly noble metals 

such as Pt, Ir, and Ru to achieve high current densities[40]. This is because these noble metals are 

thermodynamically stable in this environment[19]. However, there are several research approaches for 

catalysts based on non-precious metals for UR-PEMFCs, such as N-doped carbon (N-BCE3)[114] or 

copper/manganese oxide (Cu1.5Mn1.5O4)[115]. In general, Pt has the highest activity for the ORR[116] in 

the FC mode. However, it oxidizes and this leads to stability problems in the electrolyzer mode[40]. 

Therefore, Ir-based catalysts are used for the OER[117] despite their low ORR activity[118]. On the 

other electrode side, the HOR and HER take place, which are also supported by Pt and Ir with minor 

mass transport limitations[119] [40]. However, the stability of HER is limited by impurities in the 

supplied water, chemical decomposition, and thermomechanical deformation[19]. A comparison of 

the hydrogen and oxygen electrode sides shows that the bottleneck of UR-PEMFC is on the oxygen 

side. Attempts are being made to overcome this bottleneck with noble metals. In general, noble 

metals such as platinum or iridium oxide on a carbon support are the most common and commercially 

used catalysts for acidic reaction environments because they are thermodynamically stable[10] [120] 

[121].  

As mentioned earlier, the MAB has only a bifunctional GDE for the OER and ORR. For these 

reactions in alkaline environment, the same noble metals are used as in UR-PEMFC. These noble 

metal catalysts (Pt, Ru or Ir) can be alloyed[122] [123] and hybridized[124] [125] with transition metals to 

increase the bifunctional activity and stability and reduce the cost[17]. However, there are more 

alternatives to noble metal catalysts in alkaline media than in acidic media. Non-noble metals such 

as nickel, manganese, and cobalt and their oxides are thermodynamically stable above the OER and 

below the ORR electrical potentials at high pH[19]. With great effort, the same methods (alloying and 

hybridization with transition metals) are applied to non-noble metal catalysts to increase their activity 

and durability. Their lower cost compared to noble metals makes them attractive. Consequently, 

various perovskites, spinels and oxides and their combinations are used as bifunctional catalysts to 

overcome the dependence on noble metals[126] [127] [128]. The different types of catalysts are categorized 
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into carbon-based and non-noble metal-based catalysts [1] [2] [3] [10] [128]. These categories can also be 

divided into several subcategories, which are shown in Figure 14.  

 

 

Figure 14. Overview of bifunctional catalyst materials and their cumulative overpotentials ȹE at 10 mA cm-2 

for OER and 3 mA cm-2 for ORR. (cumulative overpotential: sum of ɖOER and ɖORR; (a): Noble metal; (b): Single 

metal-oxides; (c): Perovskites; (d): Composite oxides; (e): carbon materials; (f): Metal oxides/carbon 

composites; (g): Metal/metal oxides heteroatom doped-carbon composites). Wu et al., 2020;slightly 

redesigned; Reproduced with permission. All rights reserved[128] 

 

In Figure 14, Wu et al. [128] summarized bifunctional catalysts and their cumulative 

overpotentials (sum of ɖOER and ɖORR) of composite oxides (d), carbon materials (e), metal 

oxides/carbon composites (f), and metal/metal oxides heteroatom doped-carbon composites (g). 

These cumulative overpotentials are similarly low or even lower than the overpotentials of the noble 

metal category. Thus, there are many alternatives to noble metal catalysts. Single metal-oxides and 

perovskites have higher cumulative overpotentials than noble metals. However, they overlap and 

therefore it is possible to use single metal-oxides and perovskites that can compete with noble metals 

by using more non-noble metal catalyst mass[2].  

 

Transition metals such as nickel, manganese, iron, cobalt, and the corresponding oxides are 

discussed in more detail below. Dresp and Strasser[2] have presented some non-noble metal oxides 

as bifunctional catalysts and compared them with the commercial catalysts (Pt and Ir). The results 

are summarized in Figure 15. 

https://chemistry-europe.onlinelibrary.wiley.com/doi/full/10.1002/chem.201905346
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Figure 15. (a) Diagram of catalyst materials at -1 mA cm-2 (ORR) and 1 mA cm-2 (OER). (b) Elemental metal 

mass activities for different catalysts at 1.53 V (OER) and 0.8 V (ORR) vs. RHE. (LDH: layered double 

hydroxide). Dresp and Strasser, 2018; Reproduced with permission. All rights reserved[2]  

 

Monometallic and bimetallic catalysts were studied and categorized as ORR- or OER-favored 

at different workloads. In general, many characterized catalysts are OER-favored at ± 1 mA cm-2. 

Some of the non-noble metal catalysts were approximately in the same overpotential range as the 

noble metals at this galvanostatic workload (Figure 15 (a)). However, the elemental metal mass 

activities show the superiority of Pt and Ir (Figure 15 (b)). This can be compensated by higher masses 

of non-noble metal catalysts. NiOx, CoOx, and FeOx tend to favor OER and MnOx tends to favor 

ORR in the elemental metal mass activity analysis (Figure 15 (b)). These single metal- or 

monometallic-oxides have a relatively low synthesis effort. Therefore, these catalysts are a good way 

to get a first look at a novel GDE design by using these materials as catalysts. In general, the 

following orders of single metal-oxides show which of them have lower overpotentials at OER and 

ORR [128]:   

OER: NiOx > CoOx > FeOx > MnOx 

ORR: MnOx > CoOx > FeOx > NiOx 

NiOx at OER and MnOx at ORR are good complementary catalysts, when combined with each 

other.  

 

There are several approaches to combine these materials and several methods to apply a 

catalyst (MnOx) to the surface of an electrically conductive, carbon-free support (nickel or nickel 

alloy). For example, there is atmospheric plasma spraying (APS)[129] [130], sputtering[44] [47], 

hydrothermal synthesis[131] [132], and electrochemical deposition [8] [133] [134] [12].  

Electrochemical deposition is discussed in more detail below. Electrochemical deposition can 

be used to apply catalyst coatings with different properties by varying various factors: 

https://chemistry-europe.onlinelibrary.wiley.com/doi/10.1002/cctc.201800660
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¶ electrical potential/current 

¶ potentio-/galvanostatic/ or potentio-/galvanodynamic mode 

¶ deposition time 

¶ temperature  

¶ concentration of the deposition-electrolyte  

 

Chou et al.[133] electrochemically deposited thin films of starfruit-like (carambola-like) 

ɔ-MnO2 nanoflakes with a thickness of 20 nm on nickel sheets. They combined potentiostatic and 

cyclic voltametric electrodeposition techniques. Electrochemical measurements have shown a high 

potential plateau of about 1 V vs. Zn in a primary Zn/MnO2 cell at 500 mA g-1 and a high specific 

capacitance of 240 F g- 1 at 1 mA cm-2.  

Cao et al.[134] deposited hierarchical radial nickel phosphide (NixP) nanospheres on nickel 

foam by potentiostatic electrodeposition. This bifunctional NixP/Ni foam electrode exhibited an 

overpotential of 63 mV at 10 mA cm-2 in 1 M KOH. Moreover, this electrode exhibited a high 

specific capacitance of 382.7 F g- 1 at 2 mA cm-2.  

Tsai et al.[12] deposited meso-macroporous structures of pyrolusite MnO2 on nickel foam by 

combinations of potentiostatic and potentiodynamic electrodeposition techniques. In addition, an 

asymmetric supercapacitor was fabricated by combining MnO2/Ni foam as the positive electrode and 

activated carbon as the negative electrode. It provided 7.7 Wh kg-1 at 600 W kg-1 and exhibited a 

retention ratio of 98 % of the original capacity after 10,000 cycles.  

Ng et al.[8] coated MnOx on stainless steel mesh by cyclovoltammetry and calcined it at 480 °C 

in air for 10 hours. This electrode exhibited high oxygen reduction and water oxidation activity in a 

rotating disk electrode assembly. It also exhibited stable OER and ORR current densities for 

100 cycles.  

These four examples of electrodeposited coatings show that they are suitable for MABs and 

URFCs. It is also possible to control the applied surface structure, thickness and mass of the catalyst.   
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2.1.5 Durability 

One possible definition of the durability of a GDE is the electrochemically stable performance 

over a certain time or over a certain number of cycles, understood here as alternating sequences of 

OER and ORR. The electrochemically stable performance depends on the electrochemical and 

chemical stability of CL and GDL. The mechanisms behind the stability losses of CL and GDL are 

described below.  

There are chemical and physical changes of CL, which reduce the electrochemical activity. In 

general, it is necessary to use catalysts that are stable in the electrolyte and the electrical potential 

range in which it is used. The thermodynamic diagrams of Pourbaix[135] show certain regions of 

stability, passivation, and corrosion for different materials. Nevertheless, there are still some negative 

mechanisms that reduce the electrocatalytic activity of CL (Figure 16).  

 

1. Catalyst poisoning by adsorption of metallic impurities of the electrolyte[136] [51] [19]. 

This can be reversed by a reoxidation step that desorbs the adsorbed species[137].  

2. Pulverization of the catalyst layer[51] due to the incorporation of hydrogen into the 

catalyst lattice, leading to catalyst fracture. This was shown by Wu et al.[138].  

3. Ostwald ripening leads to agglomeration of electrocatalysts by dissolution and 

redeposition on larger catalyst particles[19] [139] [140] [141]. This leads to a reduction in the 

electrocatalytically active surface area and ergo to a lower electrochemical activity of 

the GDE.  

4. Chemical degradation of the catalyst binder (e.g., Nafion®) due to anion attack on the 

fluorinated structures causing molecular changes. This leads to depolymerization or 

alteration of the side chains resulting in loss of catalyst particles[51] [142].  

5. Detachment of the catalyst from the substrate (GDL) due to changes in the passivation 

layer and/or corrosion of the catalyst or carbon substrate[19] [140] [141].  
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Figure 16. Schematic depiction of various CL activity reduction mechanisms. 

 

In addition to these problems of CL, there is the problem of GDL flooding caused by the 

reduction of hydrophobicity. The result is a decrease in performance due to the reduction of gas 

channels. GDL flooding can result from several mechanisms, which are described below (Figure 17).  

 

1. Electrowetting is controlled by the applied electric potential as it affects the surface 

tension of the liquid-solid phase[112] [143] [144]. Yang et al.[112] pointed out that 

electrowetting in the carbon-based GDL occurred at ï 0.68 V and the flooding rate 

actually increased with increasing negative potential (ï 0.83 V vs. RHE). However, 

no flooding occurred at ï 0.60 V vs. RHE. Therefore, they recommend the use of 

highly active catalysts that exhibit low overpotentials.  

2. Flooding is caused by a local increase in the concentration of OH- during ORR[15] [144] 

[145]. Hull et al. [145] have shown that the ORR zone moves or narrows, respectively, 

due to the local increase in OH- concentration through the electrode. Since these ions 

must be hydrated by water molecules, which result in a movement of water from the 

electrolyte bulk toward the high ion concentration. This leads to flooding of the GDE.  

3. Precipitation of K2CO3 due to CO2 in the air[15] [51] [144] [146]. First, the dissolution of 

CO2 leads to a slow exchange of OH- with CO3
2-, which causes a decrease in ionic 

conductivity. Then, K2CO3 particles form in the pore structure, leading to a decrease 

in hydrophobicity, and the GDE is slowly flooded. Moreover, these salt particles also 

block the surface of CL, and their solubility is low in CO3
2- saturated electrolyte.  

4. Pressure difference between the liquid and gas sides[15] [143] [147]. It is important to 

control the pressure on both sides. Otherwise, the electrolyte will be forced out on the 
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gas side and the number of gas channels will be reduced, or the gas will be forced out 

on the electrolyte side and the gas bubbles will reduce the contact surface area between 

CL and the electrolyte. Both scenarios lead to a reduction in electrochemical 

performance.  

5. Corrosion of carbon by peroxide. It slowly oxidizes the edges of exposed carbon to 

C-O bonds and converts them to CO2 in the reduction reaction of GDE. This leads to 

hydrophilic surfaces due to the oxygen bonds on the carbon surface and loss of carbon 

material due to corrosion. Therefore, the flooding of carbon-based GDLs is slowly 

increasing. Moreover, anodization of carbon to CO2 also occurs at high electrical 

potentials due to low OER electrochemical activity. As a result, anodization 

intensifies the flooding mechanism. There are several studies that conclude this[15] [44] 

[51] [144] [146].  

6. Chemical alteration of PTFE by high electrochemical potentials. Shapoval et al.[148] 

pointed out that PTFE decomposes at ï 2 V vs. SCE, Yang et al.[112] displayed that 

decomposition of PTFE can occur at less negative potentials. Schulze et al.[149] and 

Yang et al.[112] described the decomposition mechanism of PTFE-bonded GDEs by 

XPS measurements. The C-F bonds of PTFE break during decomposition and C=C 

and/or C-O bonds are formed, which are hydrophilic. This mechanism contributes to 

the flooding of the GDL, but only to a small extent. This is because other mechanisms 

are faster (electrowetting) and more destructive (carbon corrosion)[51] [112].  

 

 

Figure 17. Schematic depiction of various GDL flooding mechanisms. 
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All in all, some of the negative mechanisms described are slower than others and become 

noticeable only after a certain long period of operation, such as the chemical stability of PTFE and 

Nafion®. In addition, the material limits are known. Therefore, the operating environment can be 

kept within these limits by adjusting the electrolyte concentration and using highly active 

electrocatalysts to achieve low electrical potentials.  

Otherwise, other electrolytes or materials are used to replace those that are harmful or unstable. 

For example, the replacement of carbon materials as substrates or GDLs is necessary to prevent the 

influence of carbon corrosion. This eliminates two negative mechanisms that lead to flooding and 

loss of catalysts. It is important to look at the electrode reactions of oxygen in alkaline environments 

to understand OER and ORR and why carbon corrosion is caused.  
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2.2 Electrochemical Reactions in the Gas Diffusion Electrode 

2.2.1 Alkaline Oxygen Evolution and Reduction Reaction 

The oxygen evolution reaction (OER) and the oxygen reduction reaction (ORR) are the key 

reactions for applications such as electrolyzers, fuel cells or metal-air batteries. For example, in 

metal-air batteries (Figure 18), the charging process is the evolution of oxygen (OER) and the 

discharging process is the consumption of oxygen (ORR).  

 

 

Figure 18. Schematic depiction of a metal-air battery and its reactions. 

 

In OER the reactants are OH- in alkaline and H2O in acidic electrolytes. The steps for the 

alkaline OER are shown in the following general reaction pathway (S is an active catalyst site)[150]:  

 

OH- + S ᵵ SOH + e-       E 13 

SOH + OH- ᵵ SO + H2O + e-      E 14 

2 SO ᵵ O2 + 2 S       E 15 

 

However, there are four other possible OER paths, each with several intermediate steps in the 

alkaline electrolyte, summarized by Matsumoto and Sato[151]. The indicated reaction pathway (E 13 

ï E 15) is assumed to have also a hydrogen peroxide and a peroxide path[150]. The different 

electrochemical paths were summarized by Giordano et al.[152], which are shown below in 

dependence of the pH environment (Figure 19).  
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Figure 19. Schematic depiction of OER pathway for alkaline and acidic regime. Added with permission from 

Giordano et al., 2016 [152]. Copyright © 2015 Elsevier B.V. All rights reserved. 

 

Figure 19 shows schematically the complex OER pathway through the blue arrows for alkaline 

electrolytes, where each intermediate represents an electron step. It begins with the adsorption of 

water at the active site and continues with one-electron steps leading to a peroxide ion intermediate 

in the third step. Peroxide is known to be reactive and can attack the carbon in the GDE, leading to 

carbon corrosion[4] [153]. However, the peroxide usually reacts with a hydroxide ion in the final step 

to form water and molecular oxygen at the catalyst site. However, the reaction path also depends on 

the crystal structure and oxidation state of the catalyst. For example, RuO2 has two or four electron 

paths without the intermediate step of peroxide[152].  

 

The Pourbaix[135] diagram of oxygen is calculated thermodynamically as a function of pH and 

electric potential (Figure 20).  

This diagram shows that as pH increases, the electrical potential for oxygen evolution and 

reduction decreases. The alkaline regime is so attractive for OER and ORR systems because more 

non-noble metal catalysts are available that are stable in this alkaline regime and at these electrical 

potentials (chapter 2.1.4). The light blue area marks an alkaline regime between a pH of 12 and 13. 

The different colored bars within the long bar show the calculated equilibrium of all oxidation and 

reduction reactions of oxygen. In general, the production of O3 and H2O2 or HO2
- should be avoided 

due to their highly reactive properties.  

This thermodynamically derived Pourbaix[135] diagram is only an orientation for the particular 

electrochemical setup, which helps to estimate the reaction product at a given electric potential and 

pH. The electrochemical kinetics play an important role in the formation of products, which can be 

controlled by the proper use of catalysts.  

 

https://www.sciencedirect.com/science/article/pii/S0920586115006227
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Figure 20. Potential-pH equilibrium diagram of the oxygen ï water system at 25 °C. Diagram slightly changed. 

Added with permission from Pourbaix [135]. Rightsholder: AMPP GLOBAL CENTER, INC All rights reserved.  

 

On the other hand, there is the alkaline ORR. The four-electron or so called ñdirectò pathway 

is as follows: 

 

O2 + 2 H2O + 4 e- ᵵ 4 OH-      E 16 

 

It is generally assumed that the OER corresponds to the back reaction of E 16. However, there 

is an additional two-electron reaction or indirect pathway, respectively, that runs parallel to the 

four-electron reaction[68]: 

 

O2 + H2O + 2 e- ᵵ HO2
- + OH-

      E 17 

HO2
- + H2O + 2 e- ᵵ 3 OH-      E 18 

O2 + 2 H2O + 2 e- ᵵ H2O2 + 2 OH-     E 19 

 

Equation E 17 shows the reduction of oxygen to a peroxide ion. It is further reduced to three 

hydroxide ions (E 18). Equation E 19 is another competitive oxygen reduction reaction, producing 
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hydrogen peroxide. The electric potentials at a given pH for these reactions can be estimated from 

the Pourbaix[135] diagram of oxygen (Figure 20). It is well known that the ORR and OER have a 

sluggish four-electron charge transfer kinetic[1] [2]. This leads to high overpotentials and consequently 

large inefficiencies. In general, these reaction pathways occur on an electrochemically active surface 

area of a catalyst via various adsorption mechanisms. Adsorption at one end of the oxygen molecule 

(Figure 21 (a)) leads to the two-electron ORR pathway due to a relatively undiminished bond.  

 

 

Figure 21. Schematic depiction of (a) one- and (b) both-end adsorption mechanisms of oxygen on a catalyst 

surface[68]. 

 

The both-end adsorption at one site and at two sites (bridge form) of a catalyst surface is shown 

schematically in Figure 21 (b). In contrast to one-end adsorption, it reduces the second bond and 

enables the four-electron ORR.  

In general, the electrochemical catalyst should have low overpotentials at high current 

densities. This is possible if there are no parallel reactions such as the two-electron pathway shown, 

which leads to higher overpotentials. This is because all of the intermediate steps in the two-electron 

pathway have a higher total energy consumption than the four-electron pathway. In addition, these 

intermediate steps generate highly reactive species such as peroxide or hydroperoxide that can attack 

the components of the electrode, resulting in a shorter durability[4] of a GDE.   
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2.2.2 Carbon Corrosion 

In carbon-based GDEs, carbon corrosion occurs, which is triggered by the aforementioned 

peroxide evolution (two-electron ORR pathway) and the subsequent purely chemical reactions as 

well as the electrochemical oxidation reaction of the carbon surface (E 20).  

 

C + 2 H2O Ÿ CO2 + 4 H+ + 4 e-      E 20 

 

Carbon oxidation also leads to hydrogen evolution. The standard potential of this carbon 

oxidation reaction as a function of pH, is shown in Figure 22 below. 

 

 

Figure 22. Potential-pH equilibrium diagram of the carbon ï water system at 25 °C (considering carbon in 

the form of graphite). Diagram slightly changed. Added with permission from Pourbaix [135]. Rightsholder: 

AMPP GLOBAL CENTER, INC All rights reserved. 

 

In this diagram, the green colored area shows the electric potential as a function of pH, at 

which carbon is stable. However, when the electrode potential is higher than the family of lines (35), 

(36) and (37), carbon is oxidized to CO2, H2CO3, HCO3
-, and CO3

2-. In addition, carbon is reduced 

when the electric potential is lower than the family of lines (41), resulting in the formation of 
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methane, methyl alcohol, and other organics. These lines (35, 36, 37, and 41) are colored yellow and 

indicate the limit at which carbon is oxidized and reduced as a function of pH and electric potential.  

As mentioned earlier, this diagram helps to estimate the stability of the material under certain 

conditions. Pourbaix[135] states that these reactions of carbon do not occur below 25 °C at 

atmospheric pressure. However, it is known that the thermodynamic oxidation of carbon occurs at 

0.207 V vs. SHE in acidic environments[10] [154]. Consequently, carbon corrosion is inevitable at high 

anodic potentials. This is also evident in Figure 22. However, under experimental conditions, carbon 

oxidation starts above 0.207 V vs. SHE due to the slow reaction kinetics and intrinsic properties of 

the electrode materials and electrolyte.  

For this reason, Yi et al.[154] studied the electrochemical corrosion of glassy carbon in acidic, 

neutral, and alkaline media and indicated that the carbon begins to oxidize or corrode, respectively, 

at 1.2 V vs. SHE. Their linear sweep measurement also indicated that when the electric potential of 

OER is reached (above 1.5 V vs. SHE), the carbon surface undergoes a greater change than at 1.2 V 

vs. SHE.  

Yi et al.[154] described that in alkaline media, carbon oxidation is stronger than in acidic or 

neutral media. This is because the dissolution process of carbon occurs only in alkaline media through 

the formation of hydroxide radicals. The alkyl site chains at the edges of the graphitic domains are 

attacked by the radicals. The layer becomes more and more hydrophilic due to the formation of C=O 

bonds until the ˊḯ interaction between flakes and glassy carbon weakens and finally dissolves in 

the electrolyte[154]. After that, a raw carbon surface remains for the next attack.  

They also observed a brown discoloration of the electrolyte during the experiment in alkaline 

media. Their UV-vis measurement of the electrolyte showed peaks at 220-300 nm representing 

polycyclic aromatic hydrocarbons. There also detected a brownish substance that turned out to be 

small carbon nanoparticles with an average diameter of less than 10 nm. This led to the conclusion 

that exfoliation of carbon also occurs during OER.  

 

The use of highly active catalysts can reduce the total cell voltage (see Figure 8, Figure 14, 

and Figure 15), and consequently carbon corrosion is slowed. But corrosion cannot be completely 

avoided in the long run. This is shown by the reports of carbon-based GDEs in metal-air batteries, 

electrolyzers, and fuel cells that are not stable at OER[4] [9] [11] [20] [120] [121]. Even with noble metal 

catalysts such as Pt, carbon corrosion takes place in a fuel cell, as shown by Meier et al.[140]. 

Nevertheless, catalyst development for OER and ORR continues to achieve low overpotentials with 

earth-abundant and non-noble metals or metal-free materials such as carbon. These carbon-based 

catalysts exhibit higher corrosion resistance due to incorporated structural defects and/or 

heteroatoms[3] [10].  

However, the carbon-based GDLs do not have protective structural defects and/or 

heteroatoms, and therefore, the carbon-based GDLs corrode as mentioned earlier.  
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This leads to:  

1. increase in hydrophilic surface area  

2. decrease in conductivity  

3. loss of electrochemically active surface area  

4. detachment of catalyst particles from the support  

5. eventual collapse of the carbon-based GDE  

 

Trogadas et al.[10] have summarized some specific criteria where carbon corrosion is very 

pronounced in GDEs. They base this on the PEMFC study by Maass et al.[155], where carbon-based 

cathode substrate corrosion has been demonstrated in the acidic regime.  

One of the criteria is that the corrosion rate is higher at varying electric potentials than at 

constant potential. This is because, the duration of the applied high electric potentials is not sufficient 

to produce irreversible oxide layers[10]. Therefore, this criterion should be applied when studying the 

electrochemical stability of novel GDEs.  

In general, it must be emphasized that carbon corrosion is much more pronounced in alkaline 

media than in acidic or neutral media. Moreover, carbon corrosion also occurs in acidic environments 

despite the use of Pt as a catalyst. Therefore, carbon corrosion in alkaline media is avoided by 

replacing the carbon with other electrically conductive materials such as metals.   
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2.3 Electrochemical Deposition of MnOx on a Metal Substrate 

In general, it is possible to obtain specific electrochemically active coatings with high specific 

surface area by certain electrodeposition settings. Starting from the deposited metal, it is necessary 

to know at what pH of the aqueous electrolyte and at what electric potential the specific coating is 

deposited. Pourbaix[135] has summarized a large number of electrochemical equilibria of elements in 

aqueous solutions. One of these is manganese and is shown in Figure 23. Below are three examples 

of the electrochemical deposition of manganese oxide for specific settings and further treatments.  

 

 

Figure 23. Potential-pH equilibrium diagram of the manganese-water system at 25 °C with dotted lines at 

0.54 V and 0.84 V vs. SHE and at a pH-value of 6.0. Diagram slightly changed. Added with permission from 

Pourbaix [135]. Rightsholder: AMPP GLOBAL CENTER, INC All rights reserved. 

 

Chou et al.[133] used an electrolyte of 0.1 M Na2SO4 (sodium sulfate) and 0.1 M 

Mn(CH3COO)2 (manganese acetate) and had an electrolyte pH of 6. For electrodeposition, they 

applied potentiostatically 0.6 V vs. SCE for 15 minutes to produce a thin MnO2 film. Then, a cyclic 

voltametric method was applied in the potential range of 0.3 V and 0.6 V vs. SCE at a rate of 

250 mV s-1 for 30 seconds, and then the potentiostatic method was used at 0.6 V for 1.5 minutes to 



2 Literature 

 

53 
 

synthesize MnO2 nanoflakes. With this combination, they obtained ɔ-MnO2 in starfruit like form 

(called carambola) on a nickel sheet. This coating exhibited a large specific capacitance of 240 F g-1 

at 1 mA cm-2, indicating a large electrochemically active specific surface area.  

Ng et al.[8] used only 0.1 M manganese acetate as electrolyte and electrodeposited at a potential 

range of 0.00 V and 0.60 V vs. Ag/AgCl with a sweep rate of 20 mV s-1 for 150 cycles. One cycle is 

a complete sequence from 0.00 V to 0.60 V and from 0.60 V back to 0.00 V vs. Ag/AgCl. The 

stainless-steel mesh coated with MnOx was then calcined in air at 480 °C for 10 hours. Mn2O3 was 

formed during this treatment. The Mn2O3 coated stainless-steel mesh exhibited stable OER and ORR 

performance.  

In this last example, Tsai[12] et al. used the same electrolyte as Chou et al.[133] (0.1 M Na2SO4 

and 0.1 M Mn(CH3COO)2) and also applied the potentiostatic method at 0.60 V vs. SCE for 15 

minutes. They additionally applied a potentiodynamic method at a potential range of 0.30 V to 0.60 V 

vs. SCE with a scan rate of 25 mV s-1 for 800 cycles. After the coating was deposited on a nickel 

foam substrate, it was annealed in air at 300 °C for two hours. Structural analysis displayed that 

pyrolusite MnO2 was obtained. This electrochemically active coating on nickel foam exhibited a high 

specific surface area and was studied as an asymmetric supercapacitor.  

Accordingly, in addition to the electrolyte concentration and pH, the working mode 

(potentiostatic, cyclic voltametric or potentiodynamic, respectively) and conditions such as potential 

value, duration, number of cycles and scan rate are also important. With these setting options it is 

possible to obtain specific coatings.  

Based on the settings used by Chou et al.[133] and Tsai[12] et al. and the Pourbaix[135] diagram 

of manganese (Figure 23), one can estimate which manganese oxide species were deposited at 

different potentiostatic and cyclovoltametric (or potentiodynamic) modes. The electric potential of 

these working groups must be adjusted by the standard saturated calomel electrode (SCE) potential 

ű00 = 0.24 V for comparison with the Pourbaix[135] diagram. As a result, the potentials 0.60 V and 

0.30 V vs. SCE change to 0.84 V and 0.54 V vs. standard hydrogen electrode (SHE). MnO2 phases 

formed in both potentiostatic mode at 0.84 V vs. SHE and potentiodynamic mode in a potential range 

of 0.54 V and 0.84 V vs. SHE. However, the potentiodynamic mode was also in the region of 

dissolved oxides. Therefore, the results presented by them (ɔ-MnO2 and pyrolusite MnO2) are 

consistent based on the Pourbaix[135] diagram.  
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3 Experimental 

The materials, sample preparation, and characterization methods were selected based on the 

literature presented.  

 

3.1 Materiel L ist 

¶ Nickel foam (1500 g m-2) was purchased from (INCOFOAM) Vale S.A., Brazil.  

¶ Stainless-steel (alloy 1.4404) fleece (20 µm pore size) was purchased from Reichelt 

Chemietechnik GmbH + Co, Germany.  

¶ Potassium hydroxide was purchased from Merck KGaA, Germany.  

¶ Hydrochloric acid was purchased from VWR International, LLC, USA.  

¶ Manganese (II) acetate tetra hydrate and sodium sulfate were purchased from Carl 

Roth GmbH + Co. KG, Germany.  

¶ TeflonTM PTFE DISP 30 water emulsion was purchased from QuinTech 

Brennstoffzellen Technologie, Germany.  

¶ Commercial GDE (product name: MOC: pore size: 0.1 ï 6.0 µm) and half-cell 

assembly FlexCell (Figure 25) were purchased from Gaskatel Gesellschaft für 

Gassysteme durch Katalyse und Elektrochemie mbH, Germany. The electrocatalyst of 

the commercial GDE is MnOx.  

¶ A hydrophilic Zirfon® membrane was supportably provided by Agfa-Gevaert N.V. 

¶ Glass fiber fleece (Promaglav-HTI 1250 Papier 125 lfm) was purchased from Etex 

Building Performance Gmbh, Germany.  

All reagents were of analytical grade and used as received without further purification. 

 

3.2 Sample Preparation 

Pretreatment  

Samples of nickel foam and stainless steel fleece (24 mm diameter) were ultrasonically 

cleaned in acetone for 30 minutes and air dried. The cleaned samples were etched in 2 M HCl for 45 

minutes, washed in deionized water, and then dried again. Finally, the samples were annealed in air 

at 350 °C for 20 minutes. Some nickel foam samples were pressed with pliers to reduce their 

thickness from 1.95 mm to 0.74 mm before etching. 

 

Electrodeposition Protocol  

The electrodeposition protocol is based on Chou et al.[133] and Tsai[12] et al. and was extended 

by my own specific adaptations. MnOx was electrodeposited onto a pretreated nickel foam or 

stainless steel fleece, respectively. The composition of the aqueous deposition electrolyte was 0.1 M 

manganese (II) acetate tetrahydrate and 0.1 M sodium sulfate solution. The samples were 
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ultrasonicated in the deposition electrolyte for 10 minutes to ensure that there were no air bubbles on 

the metal surface before the electrochemical plating process began. 

 

The deposition was carried out in a beaker at a temperature of 30 °C. Nickel foam or stainless 

steel fleece served as working electrode, a platinum electrode as the counter electrode, and an 

Ag/AgCl (3 M NaCl) electrode as the reference electrode. The electrical contact of the working 

electrode was established by clamping with a nickel wire connected to the potentiostat via an alligator 

clip. Therefore, the working electrode could be completely immersed in the electrolyte. 

 

The reference electrode has a standard potential value of ű00 = 0.20 V. Consequently, the 

potentials 0.60 V and 0.30 V vs. Ag/AgCl (3 M NaCl) change to 0.80 V and 0.50 V vs. standard 

hydrogen electrode (SHE). According to the Pourbaix diagram of manganese[135] (Figure 23) , the 

electrochemical settings were adjusted to obtain MnOx with oxidation number 4 (MnO2).  

 

The electrodeposition process consisted of two steps. Starting with potentiostatic deposition 

at 0.60 V for 15 minutes, followed by potentiodynamic deposition between 0.30 V and 0.60 V at a 

specific scan rate (rscan) (25 mV s-1 or 50 mV s-1) for 500 or 800 cycles. A cycle is a complete 

sequence of 0.30 V Ą 0.60 V Ą 0.30 V. The process is shown schematically in Figure 24. After 

electrodeposition, the samples were dried in a drying oven at 120 °C and then annealed in air at 

300 °C for two hours. 

 

 

Figure 24. Schematic depiction of the deposition process (HiFew: 50 mV s-1 for 500 cycles; HiMny: 50 mV s-1 

for 800 cycles; LoFew: 25 mV s-1 for 500 cycles; LoMny: 25 mV s-1 for 800 cycles).  
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In Figure 24, all electrochemical setups used for electrochemical deposition are shown 

schematically with their specific names. According to the diagram of Pourbaix[135] for manganese, 

the electrodeposited MnOx species is not affected by the variation of the electrodeposition rscan or the 

number of cycles. This is because the species is affected by the applied electric potential and pH. For 

this reason, the electrodeposited MnOx species is the same for each setting (HiFew, HiMny, LoFew, 

and LoMny). Since the applied potential range for potentiodynamic deposition and the potential for 

potentiostatic deposition is constant for each sample. 

 

Hydrophobization.  

The coated samples were hydrophobized by dip coating. They were immersed in TeflonTM 

PTFE DISP 30 water emulsion for 10 seconds. Then they were rinsed in ethanol to remove the excess 

emulsion and dried in a drying oven at 120 °C to remove ethanol and water. They were then annealed 

at 305 °C for 30 minutes to remove the wetting agent. 

 

Combination.  

Coated substrates (nickel foam (foam: Fo), pressed nickel foam (pressed foam: Fop), and 

stainless- steel fleece (fleece: Fle)) were layered on top of each other in different order to create 

multiple macropore system gradients.  

All samples were prepared in duplicate and their characteristics are listed in Table 1, Table 2 

and Table 3. 
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Table 1. Sample overview of chapter 4.1 (nickel foam (foam)). 

Sample Name Electrode body Coating setup  PTFE-coated 

HiFew1 Foam HiFew1 No 

HiMny2 Foam HiMny2 No 

LoFew3 Foam LoFew3 No 

LoMny4 Foam LoMny4 No 

High scan rate, Few cycles1; High scan rate, Many cycles2; Low scan rate, Few cycles3; Low scan rate, Many cycles4 

 

Table 2. Sample overview of chapter 4.2 (nickel foam (Foam), pressed nickel foam (Fop.) and stainless-steel 

fleece (Fleece); *  hydrophobic). 

Sample Name Electrode body Coating setup  PTFE-coated 

FoFew Foam HiFew1 No 

FopFew pressed Foam HiFew1 No 

FopMny pressed Foam HiMny2 No 

FleFew Fleece HiFew1 No 

FleMny Fleece HiMny2 No 

Fle* Fleece HiMny2 Yes 

Fop* pressed Foam HiFew1 Yes 

High scan rate, Few cycles1; High scan rate, Many cycles2; Low scan rate, Few cycles3; Low scan rate, Many cycles4 

 

Table 3. Sample overview of chapter 4.3 (L: Foam with large-sized pores; M: Pressed Foam with medium-

sized pores; S: Fleece with small-sized pores; Ǐ non hydrophobic; ƴ hydrophobic; nickel foam (Foam), pressed 

nickel foam (pressed Fo.) and stainless-steel fleece (Fleece)).  

Sample Name Electrode body Coating setup  PTFE-coated 

LǏ|MǏ|Sƴ Foam|pressed Fo.|Fleece HiFew1|HiFew1|HiMny2 S 

LǏ|Mƴ|Sƴ Foam|pressed Fo.|Fleece HiFew1|HiFew1|HiMny2 M and S 

MǏ|Mƴ|Sƴ pressed Fo.|pressed Fo.|Fleece HiFew1|HiFew1|HiMny2 M and S 

MǏ|SǏ|Sƴ pressed Fo.|Fleece|Fleece HiFew1|HiMny2|HiMny2 S 

SǏ|Mƴ|Sƴ Fleece|pressed Fo.|Fleece HiMny2|HiFew1|HiMny2 M and S 

High scan rate, Few cycles1; High scan rate, Many cycles2; Low scan rate, Few cycles3; Low scan rate, Many cycles4  
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3.3 Characterization 

3.3.1 Material Characterization Methods 

Scanning Electron Microscopy 

Field emission scanning electron microscopy (FESEM) ULTRA PLUS from Carl Zeiss 

Microscopy GmbH was used to investigate the morphology of the electrodes. An extra high voltage 

(EHT) beam of 10.0 kV (100 µm ï 1 µm) and 2.0 kV (1 µm ï 200 nm), a gun-to-sample distance of 

3 to 4 mm, and Signal A = SE2 (100 µm ï 10 µm), = InLens (1 µm ï 200 nm), and = AsB 

(100 µm ï 1 µm) were used for the measurements.  

PTFE-coated samples were coated with carbon (vapor deposition) to increase the e- 

conductivity of PTFE. For this reason, the structure of PTFE can be measured with SEM by using 

Signal A = angle selective backscatter (AsB). 

 

X-Ray Diffraction 

X-ray diffraction (XRD) analysis was performed using a D8 Advance Bruker and a Cu-KŬ 

radiation from Bruker Corporation. Based on the electrodeposition protocol, MnOx was 

electrochemically deposited on a nickel plate at a rscan of 12.5 mV s-1 to obtain as much mass as 

possible and then scraped off the nickel surface. This MnOx was measured from 5 ° to 90 Á 2Ū at a 

rate of 0.01 ° per 57.6 seconds.  

 

Transmission Electron Microscopy 

Transmission electron microscopy (TEM) was performed using a Jeol JEM2100Plus at a 

high voltage of 200 kV. The MnOx samples were prepared in the same way as described for the XRD 

samples. The synthesized samples were ground in ethanol for two minutes using a mortar. After 10 

minutes of segregation, a droplet was placed on a carbon TEM grid. The lattice constants (or 

interplanar distance d, respectively) were calculated from the measured XRD pattern reflexes (2 Ū) 

using Bragg´s law, which is presented below:  

 

ὲ‗ ς Ὠ ίὭὲ Ὸ         m. Eq. 7 

 

In m. Eq. 7, ὲ is a positive integer and ‗ is the wavelength of the incident wave (Cu-kŬ 

radiation). 

 

X-Ray Tomography 

X-ray tomography measurements were performed using the ZEISS Xradia Versa 620 3D x - 

ray microscope from Carl Zeiss Microscopy GmbH.  
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The electrodeposited nickel foam sample was analyzed in the z-axis direction with an optical 

magnification of 4x, at 50 kV, 89.93 µA, an exposer time of 12.0 s, a source-sample distance of 

- 7.160 mm, a detector-sample distance of 19.673 mm, and a source filter: LE5.  

The electrodeposited pressed nickel foam sample was analyzed in the z-axis direction with 

an optical magnification of 4x, at 40 kV, 74.95 µA, an exposer time of 6.0 s, a source-sample distance 

of - 7.008 mm, detector-sample distance of 21.545 mm, and a source filter: LE5. 

The electrodeposited stainless-steel sample was analyzed in the z-axis direction with an 

optical magnification of 4x, at 40 kV, 75.04 µA, an exposer time of 27.68 s, source-sample distance 

of ï 10.385 mm, detector-sample distance of 59.884 mm, and a source filter: LE3. 

 

Contact Angle 

To determine the hydrophobicity of samples, contact angle measurements were performed 

using the Contact Angle System OCAH200 from DataPhysics Instrument GmbH. Droplets of 5 µl 

of deionized water were placed on the sample surface and after 3 to 5 seconds a camera of the Contact 

Angle System OCAH200 took a digital photo. This procedure was performed on three different 

locations of the same sample. The pre-installed program of the Contact Angle System OCAH200 

(SCA20 version 2) analyzed the formed contact angle of the droplet. 

 

Nitrogen Sorption (Brunauer-Emmet-Teller - BET) 

The specific surface area study was determined by the nitrogen sorption method or the 

Brunauer-Emmet-Teller (BET) measurement, respectively, using the ASAP2020 from Micromeritics 

GmbH. The adsorption or desorption of nitrogen was initiated by the steady increase or decrease of 

nitrogen pressure. Meanwhile, the amount of adsorbed or desorbed nitrogen was measured. The 

Brunauer-Emmet-Teller model was used to calculate the specific surface area from the measured 

adsorption and desorption data.  
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3.3.2 Electrochemical Characterization Methods 

A potentiostat SP-240 from Bio-Logic Science Instruments and a half-cell assembly from 

Gaskatel Gesellschaft für Gassysteme durch Katalyse und Elektrochemie mbH were used to 

characterize the electrode which is shown in Figure 25. 

 

 

Figure 25. (a) the assembly of the individual parts (1. Zirfon® membran; 2. o-ring space holder; 3. glas-fiber-

fleece soaked in KOH and 4. working electrode/GDE sample), (b) depiction of the connected Gaskatel FlexCell 

and (c) its schematic depiction of the cross-section.  

 

For all measurements, the respective GDE sample served as the working electrode, a coiled 

platinum wire was used as the counter electrode, and a Hg/HgO (1 M NaOH) electrode was used as 

the reference electrode. The electrolyte was 0.1 M KOH (pH: 12.6), resulting in an O2/ OH- standard 

potential (ű0) of 0.37 V vs. Hg/HgO 1 M NaOH (ű0 = 0.49 V vs. SHE).  

An oxygen supply of ~ 1 Nl min-1 was connected to the half-cell during all electrochemical 

measurements. 

The GDE samples (working electrode) were prepared for measurement as shown in Figure 

25 (a). The hydrophilic Zirfon® membrane (1.) is in direct contact with the electrolyte and reduces 

the electrolyte pressure on the GDE samples. The glass- fiber- fleece (3.) was soaked in KOH before 

assembly and it also reduced the electrolyte pressure on the GDE in the half-cell. The O-ring (2.) 

ensured that the Zirfon® membrane and the glass-fiber-fleece could be separated again after the 

measurement. The uncoated nickel foam (4.) represented the GDE samples, which were electrically 

connected by a nickel mesh. Then, all electrodes (working, counter and reference electrode) were 

connected to the potentiostat SP -240 as shown in Figure 25 (b). The schematic depiction (Figure 

25 (c)) shows that the reference electrode was in close contact with the working electrode through 

the Haber-Luggin- capillary. 
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The measurements of the combined electrode bodies (for example: LǏ|Mƴ|Sƴ; (Table 3)) 

were assembled in the same way as shown in Figure 25 (a). Note that the first electrode body of the 

combination (LǏ|Mƴ|Sƴ) was in contact with the electrolyte side and the last electrode body of the 

combination (LǏ|Mƴ|Sƴ) was in contact with the air side.  

The electrochemical behavior was studied by a galvanostatic method, electrochemical 

impedance spectroscopy and a potentiostatic method.  

 

Galvanostatic Measurement 

The galvanostatic method was performed at different current densities (± 5 and ± 10 mA cm-

2) for at least three cycles, each cycle lasting 1 minute. A cycle is defined here as a completed 

sequence of OER and ORR. These results were averaged and subtracted with ű0 = 0.37 V vs. Hg/HgO 

1 M NaOH to obtain the overpotential for the ORR and OER. The following schematic diagram 

illustrates the calculation of the overpotential. Figure 26 shows the relationship between the potential 

response, ű0 and the overpotential of an ORR and OER galvanostatic measurement. 

 

 

Figure 26. Schematic depiction of a current density ï electric potential curve for ORR and OER. 

 

In general, the individual overpotentials (ɖORR and ɖOER) describe the electrochemical activity 

for ORR and OER. Small overpotentials are preferred because this indicates high electrochemical 

activity. Consequently, the sum of the overpotentials or the cumulative overpotential (|ɖORR|+ɖOER), 

respectively, presents an overview of the GDE activity.  

Moreover, these overpotentials (ɖORR and ɖOER) are the sum of all individual overpotentials 

such as charge passage/transfer, diffusion, reaction (inhibition by chemical reaction), and adsorption 

(adsorption-desorption of the active species at the active site). These individual overpotentials 
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interact with each other in the environment of an electrochemical cell, resulting in a high degree of 

complexity. However, it is possible to quantitatively distinguish some of the individual contributions 

to inhibition, such as the charge passage-/transfer- and diffusion-overpotential, by electrochemical 

impedance spectroscopy.  

 

Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy was measured from 100 kHz to 100 mHz at ű0 = 

0.37 V vs. Hg/HgO 1 M NaOH. Analysis was performed using EC-Lab software from Bio-Logic 

Science Instruments to determine charge passage/transfer resistance or polarization resistance, 

respectively, Warbrug diffusion coefficient and double layer capacitance.  

 

The impedance spectroscopy Z` results were shifted in the Nyquist plots for visualization 

purposes by the following equation (Z`intersec: x-axis intersection; Zx̀: Z` values; c=1, 2, é: Constant = 

1, 2, 3, 4 or 5é): 

 

ὤǬ ȿὤǬ  ὤǬ ȿ πȢυz ὧ ȟȟȣ        m. Eq. 8 

 

The first graph was set to xintersection = 0.50 Ý, the second to xintersection = 1.00 Ý and continuing 

in 0.5 Ý steps until the last graph, unless otherwise stated.  

 

For the impedance measurement, the entire cell was analyzed, consisting of current 

collectors, alkaline electrolyte, a Zirfon® membrane, glass- fiber- fleece (gff) and the sample under 

investigation (Figure 25). The measured ohmic resistance includes the individual resistances of the 

individual cell components. Since the Zirfon® membrane was reused several times for the impedance 

spectroscopy measurements, slight changes during cleaning resulted in different ohmic cell 

resistances.  

Therefore, the specific ohmic resistance of each GDE was not determined. This requires 

conductivity measurements through the DC plane, which were not performed.  

However, the ohmic resistance is independent of the electrocatalytic activity of the MnOx 

coated CF-GDEs. Thus, the characteristic impedance shape of each sample was not affected by the 

membrane.  
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In general, the Nyquist plot of porous electrodes is structured by three regimes [156]:  

1. A 45 ° line in the high frequency range corresponding to ion migration and electron 

transport.  

2. A semicircle in the mid-frequency range corresponding to the charge transfer 

reaction and the double layer capacitance at the electrode-electrolyte interface. 

3. A diffusion regime in the low frequency range corresponding to electrolyte- and/or 

solid-phase diffusion. Depending on the electrochemical system under study. 

These three regimes are exemplified in Figure 27 below. All three regimes are influenced by 

the pore shape, pore size, and porosity.  

 

 

Figure 27. Nyquist plot of a porous electrode and its three frequency regimes (nickel foam coated with MnOx 

(HiFew)). 

 

The following equivalent circuit (Figure 28) was used for the regression analysis of all Nyquist 

plots. 

 

 

Figure 28. Depiction of the equivalent circuit for the potentiostatic electrochemical impedance spectroscopy 

measurements (Rohm: ohmic resistance; Rp: polarization resistance; W: Warburg element; CPE: constant phase 

element). 

 

Some CF-GDEs show for low frequencies the finite space Warburg diffusion[157] indicated by 

an asymptotic line course to a 90° line (Figure 27). For medium-low frequencies or in the transition 

range of the asymptotic course, respectively, the classical Warburg diffusion (straight 45° line) can 
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be observed. In order to obtain consistent results and to compare all samples with the same boundary 

conditions, the diffusion part was modeled by the classical Warburg diffusion. This classical 

Warburg diffusion only serves the purpose of comparing the samples with each other. Since other 

complex models are required for a more realistic approximation of the diffusion impedance in porous 

electrodes[158] this is beyond the scope of this work. Due to the porous surface structure and the 

complex composition of MnOx and carbon (GDEref)[159] [160] [161], a constant phase element was used. 

Rohm quantifies the electrolyte resistance, the Zirfon® membrane used, and the KOH-

impregnated glass fiber fleece. Rp stands for the charge transfer resistance or charge passage 

resistance, respectively. The charge passage current density (Ὦ ) can be calculated by the Butler-

Volmer-equation: 

 

Ὦ Ὦ Ὡὼὴ – Ὡὼὴ –      m. Eq. 9 

 

For small charge passage overpotentials (– ) the following principle applies: 

 

Ὡὼὴὼ ρ ὼ         m. Eq. 10 

 

Thus, the Butler-Volmer-equation can be written as: 

 

Ὦ Ὦ ρ – ρ –       m. Eq. 11 

 

By further calculation it is possible to get the charge passage resistance (Ὑ ): 

 

Ὑ          m. Eq. 12 

 

This Ὑ  is represented by the charge transfer or polarization resistance, respectively, (Rct = 

Rp), which is determined by impedance spectroscopy. However, this is only valid for small charge 

passage/transfer overpotentials or excitation potentials. Therefore, the O2/OH- standard potential ű0 

= 0.37 V vs. Hg/HgO 1 M NaOH was chosen.  

In addition, diffusive mass transport is described by the Warburg element. It is quantified by 

the Warburg diffusion coefficient („ ). The Warburg impedance is written as follows[162]: 

 

ὤ Ὑ „         m. Eq. 13 
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„  can be calculated by the constants of the experiment (A = geometric surface area): 

 

„
Ѝ

      m. Eq. 14 

 

Further simplification shows the following relationship of „  and the diffusion 

coefficient Ὀ: 

 

Ɑ╦╪►╫◊►▌
ὅ ╓╞ ὅ ╓╡       m. Eq. 15 

 

It can be seen that „  is quadratic indirect proportional to Ὀ. The diffusion flux (ὐ) of 

an electrochemical system is described by the Fick´s first law: 

 

ὐ Ὀ           m. Eq. 16 

 

All in all, it can be said that Ὀ becomes smaller at high „ , which leads to a lower 

diffusion flux or slower mass transport, respectively. Consequently, small „  are preferred 

because diffusive mass transport is then fast.  

 

The constant phase element (CPE) is used for electrochemical systems with inhomogeneous 

physical properties such as varying layer thicknesses[159], rough topography[160] and/or varying 

reaction rates[161]. The CPE quantifies the influence of the physical properties by the ‌  exponent 

with the following mathematical equation:  

 

ὤ Ὥ‫         m. Eq. 17 

 

When ‌ ρ, the CPE behaves like the equivalent circuit of a capacitor and its phase angle 

is 90 °. However, when the influence of the mentioned physical properties is large, the value of ‌  

decreases and the phase angle is less than 90 °. Based on the SEM images (Figure 31) the CPE is 

used for all impedance spectroscopy measurements.  
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The double layer capacitance (ὅ ) is calculated using the following equation[163] (ὅ : double 

layer capacitance [mF]; Q0: CPE value (constant phase element) [F s(Ŭ-1)]; Rp: polarization 

Resistance [Ý]; Ŭ: CPE exponent): 

 

ὅ
 

ρzπππ        m. Eq. 18 

 

Long-term Stability Measurement 

Long-term electrochemical stability was measured in potentiostatic mode at 1.50 V (OER) 

and - 0.75 V (ORR) vs. Hg/HgO 1 M NaOH for 2100 cycles. Each selected electric potential was 

constant for 20 seconds, and a cycle is a completed sequence of OER and ORR. This measurement 

setup simulates rapid aging of the electrode due to the relatively high OER electric potential and the 

relatively rapid change of the working mode between OER and ORR for a large number of cycles. 

Based on the results of Yi et al.[154], the OER potential of 1.50 V induces moderate carbon corrosion. 

A program was also written in Python programming language to evaluate the results. The code can 

be found in the appendix (Appendix 1).  

The performance of CF-GDEs was evaluated by comparing potential ratios. It was calculated 

by the following equation (q: ratio [%]; ɖGDEref: overpotential of GDEref [V]; ɖCFGDE: overpotential of 

CF-GDEs [V] ): 

 

ή  ρ ρzππ        m. Eq. 19 

 

The results of the electrochemical stability measurement were calculated by the following 

equation (j1: current density of the first cycle [mA cm-2]; jx: current density of the subsequent cycles 

[mA cm- 2]): 

 

Ὦ            m. Eq. 20 
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4 Results and Discussion  

As mentioned earlier, the aim of this work is to develop a carbon-free (CF-) gas diffusion 

electrode (GDE) for alkaline energy converters. Since carbon based GDEs are not stable in alkaline 

media due to carbon corrosion. The CF-GDEs consist of a porous metal substrate coated with an 

electrocatalyst.  

 

Therefore, an electrochemical deposition method with variable setting parameters is 

determined in chapter 4.1 to establish a bifunctional MnOx that can be applied to different 

substrates in a standardized manner.  

 

In chapter 4.2, different substrates such as nickel foam (Fo), pressed nickel foam (Fop), and 

stainless-steel fleece (Fle) are coated with the bifunctional catalyst and PTFE. Their different pore 

sizes, hydrophobic PTFE coating, and influence on the electrochemical activity are investigated.  

 

In chapter 4.3, individual hydrophilic and hydrophobic CF-GDEs from chapter 4.2 are 

combined to design layered bifunctional CF-GDEs with different porosity gradients. Therefore, it is 

necessary to analyze the hydrophilic/hydrophobic porosity gradient and its influence on oxygen 

evolution and oxygen reduction reaction activity.  

 

4.1 Determination of the Electrodeposition Settings  

Electrodeposition of catalysts is a relatively simple method and can be easily applied to the 

metal substrate or electrode body. Therefore, different electrodeposition parameters were used to 

determine the most suitable setup. Four different electrodeposition settings (see chapter 3.2) were 

used: HiFew (rscan: 50 mV s-1 and 500 cycles), HiMny (rscan: 50 mV s-1 and 800 cycles), LoFew (rscan: 

25 mV s- 1 and 500 cycles), and LoMny (rscan: 25 mV s-1 and 800 cycles). Based on the surface 

characteristics and electrocatalytic properties, it will be shown which electrodeposition settings 

exhibit the preferred electrochemical activities and surface properties. In addition, long-term stability 

measurements will be performed to analyze any degradation of the electrodeposited MnOx. All 

CF-GDE results will be compared with the commercial carbon-based GDE (GDEref). Furthermore, 

only nickel foam was used as electrode body in this first approach.  

 

4.1.1 Material Characterization 

X-Ray Diffraction 

The XRD patterns of electrodeposited MnOx in unannealed (a) and annealed (300 °C) form 

(b) are shown in Figure 29. The XRD pattern of the unannealed MnOx can be assigned to the Mn2O3-

bixbyite-c (JCPDS #00-041-1442). It exhibits the following reflections: 2ɗ = 23.2 °, 33.0 °, 38.3 °, 

45.3 °, 49.3 °, 55.2 °, and 65.8 ° [83]. Similar XRD patterns for annealed Mn2O3 were shown by 
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Pudukudy et al.[164] and Menezes et al.[165]. In general, there are still two small reflections associated 

with other structures such as sodium manganese sulfate hydrate (Na2Mn(SO4)2 H2O, JCPDS #00-

020-1127). Note that only the large diffraction reflections (2ɗ = 26.7 ° and 29.8 °) of the unannealed 

MnOx can be assigned due to the large background noise. The second main peak of 

Na2Mn(SO4)2 H2O lies within the background noise. However, the reflex at 2ɗ = 50.2 ° could not be 

properly assigned due to the background noise, indicating a large amount of X-ray amorphous 

substances. These results were published in a peer-reviewed paper[83].  

Annealing at 300 °C converted Mn2O3 to pyrolusite MnO2 (Figure 29 (b), JCPDS #00-004-

0779). Its reflections are approx. at 2ɗ = 31.6 °, 37.1 °, 42.3 °, 56.2 °, 58.3 °, and 65.8 °. A similar 

XRD pattern for pyrolusite MnO2 was also obtained by Tsai et al.[12] who used similar potentiostatic 

and potentiodynamic deposition settings. However, the set number of cycles and the dynamic scan 

rate (rscan) differed. Nevertheless, almost identical XRD diffraction peaks were obtained since the 

same potential-window and annealing treatment were used.  

 

 

Figure 29. XRD-patterns of electrodeposited MnOx ((a): non-annealed MnOx (Mn2O3-bixbyited-c, JCPDS #00-

041-1442; Reprinted with permission from Bekisch et al. 2020[83]. All rights reserved CC BY License, 

https://creativecommons.org/licenses/by/4.0/deed.de); (b) annealed MnOx at 300 °C (pyrolusite MnO2, 

JCPDS #00-004-0779)). 

 

The XRD-patterns (Figure 29) show that the annealing treatment resulted in the conversion of 

Mn2O3 to pyrolusite MnO2. It is assumed that the pH increased locally during electrodeposition, 

leading to the partial formation of Mn2O3. The annealing process oxidized these structures to Mn4+. 

However, both exhibit strong background noise, indicating dominant amount of X-ray 

amorphousness. This could be due to strong phase heterogeneity, a larger number of defects, or 

simply that the crystallites are in the nm-range (compare MnOx particle in Figure 30). The increase 

in the noise-to-signal ratio of the annealed sample associated with the phase change indicates an 

increase in defects or material heterogeneity, while the oxidation number of the manganese is 

increased (Mn3+ Ą Mn4+). Since pyrolusite MnO2 has been detected. This pyrolusite MnO2 is known 

https://iopscience.iop.org/article/10.1149/1945-7111/abbdd4/meta
file:///C:/Users/art91350/Desktop/GaDiElek/Manuskripte/Creative%20Commons%20Attribution%204.0%20License%20(CC%20BY)
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to be highly OER/ORR bifunctionally active[166] and electrochemically stable for high cycle 

numbers[12] [166].  

 

Transmission Electron Microscopy 

In addition, TEM images of the unannealed MnOx (Figure 29 (a)) were taken to examine the 

electrodeposited coating in more detail. For this purpose, the lattice plane and reflections were 

analyzed using the fast Fourier transformation (FFT). This is shown in Figure 30. These images 

show different morphologies and high polycrystallinity due to the differently oriented lattice planes 

on the right side of Figure 30, which is in good agreement with the XRD results. The FFT shows 

only weak reflections, which further emphasizes the amorphous nature of the unannealed MnOx. 

However, the specific lattice constants or interplanar distances, respectively, are determined by the 

FFT of the respective TEM images.  

These values can be compared with the distances calculated from the XRD. Briefly, the 

reflections at 2ɗ = 33°, 49.3°/50.2°, and 55.2° show the highest agreement, which is shown in the 

appendix of the peer-reviewed paper[83]. The determination of the reflex signifiers at 2ɗ = 49.3° and 

50.2° was inconclusive due to their small interplanar distances. It is also possible that these reflex 

signals are only one signal. Based on these results, the electrodeposited material is largely amorphous 

MnOx, except for minor domains of measurable crystallinity (Mn2O3 in Figure 29 (a)). These results 

were published in the same peer-reviewed publication[83] as mentioned above. 

 

 

Figure 30. TEM images of electrodeposited non-annealed MnOx particles at different orders of magnitude and 

fast Fourier transformation (FFT). Reprinted with permission from Bekisch et al. 2020[83]. All rights resverd 

CC BY License, https://creativecommons.org/licenses/by/4.0/deed.de. 

 

 

 

file:///C:/Users/art91350/Desktop/GaDiElek/Manuskripte/Bekisch%20et%20al.%202020
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Scanning Electron Microscopy 

Figure 31 shows the CF-GDEs with different electrodeposition setups (HiFew, HiMny, 

LoFew, and LoMny) and the corresponding microstructures at two different magnifications. It is 

difficult to see any difference between the samples shown. However, a slight deviation of the starfruit 

structure can be seen compared to Chou et al.[133]. It can be taken into account that the dynamic 

deposition scan rate (rscan), which acts as the electrodeposition rate, affects the surface structure and 

its appearance due to the potential-window and the time required for one cycle (Figure 24). In 

general, a higher rscan leads to a faster completion of a cycle and thus to smaller structures. For this 

reason, a higher specific surface area of the active sites is obtained and vice versa.  

 

 

Figure 31. SEM images of carbon-free samples in 1 µm and 200 nm (HiFew: 50 mV s-1 & 500 cycles; HiMny: 

50 mV s-1 & 800 cycles; LoFew: 25 mV s-1 & 500 cycles; LoMny: 25 mV s-1 & 800 cycles). 

 

The SEM images of the deposited structures (Figure 31) show no difference between the 

electrodeposition settings applied. They all have a starfruit-like shape, similar to the deposited 

structure of Chou et al.[133]. The surface structures indicate a large number of active sites and are 

therefore beneficial for electrochemical activity.  

 

Nitrogen Sorption & Deposited MnOx Mass 

The specific surface area (SBET) (a) and electrodeposited MnOx mass (b) results are shown in 

Figure 32. The BET results show a large difference between the CF-GDEs coated at 25 mV s- 1 

(LoFew and LoMny) and 50 mV s-1 (HiFew and HiMny). At high dynamic deposition scan rates 

(rscan), twice the SBET (200 m2 g-1) is obtained compared to low rscan (about 100 m2 g-1). This is due to 
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the faster deposition of MnOx, as the higher rscan covers the potential difference between 0.30 V and 

0.60 V faster than the lower rscan (Figure 24).  

The results of the SEM images do not show much difference in the surface structure between 

the CF-GDEs. Therefore, the effect of rscan on the surface is not observed, indicating that the internal 

porosity of the deposited MnOx coatings must be different. Based on this assumption, there must be 

more pores in the samples (HiFew and HiMny) with higher dynamic deposition rscan. The formation 

of more pores is possibly caused by a distorted layer formation with each electrodeposited thin layer 

per cycle due to the high dynamic deposition rscan. Moreover, the effect of cycle number on SBET is 

small. However, the SBET increases slightly at high cycle numbers. In general, SBET is mainly 

increased by high dynamic electrodeposition rscan rather than by cycle number. The reason for the 

high SBET (230 m2 s-1) of the commercial GDEref is the use of porous carbon as an electrically 

conductive support for the catalyst.  

 

 

Figure 32. (a) Specific surface area of the samples measured with the Brunauer-Emmett-Teller (BET) method. 

(b) MnOx mass of carbon-free GDEs and GDEref. (HiFew: 50 mV s-1 & 500 cycles; HiMny: 50 mV s-1 & 800 

cycles; LoFew: 25 mV s-1 & 500 cycles; LoMny: 25 mV s-1 & 800 cycles). 

 

Figure 32 (b) shows the electrodeposited MnOx mass of CF-GDEs and the used MnOx mass 

in GDEref. A strong influence of rscan and cycle number on the deposited mass is not observed, but 

only a slight tendency that more MnOx mass is deposited at high cycle number (HiFew vs. HiMny) 

or low rscan (LoFew vs. HiFew). However, it was expected that the different setups would result in a 

more pronounced mass difference. This expectation discrepancy could be due to the experimental 

setup. The electrical connection to the nickel foam during electrodeposition was realized by a nickel 

wire clamped to the nickel foam. This results in a variation of sufficient conductivity that affects the 

degree of mass loading observed in the current-time diagram (Appendix 2 and Appendix 3) during 

electrodeposition. These variations in electrical contact are the limitations of the experimental setup 

used for electrodeposition. Nevertheless, a sufficient mass of about 0.04 g of MnOx is 

electrodeposited at each selected setting to fulfill the purpose of electrocatalysis.  
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Contact Angle 

Figure 33 shows the contact angle (CA) for each treatment step applied to the nickel foam. 

These treatment steps are described in chapter 3.2.  

The vertical dashed line separates the coated (annealed and non-annealed) from the uncoated 

samples. After cleaning in acetone, the electrode body (nickel foam) is still hydrophobic. Etching in 

HCl leads to a slight increase of the contact angle. However, temperature treatment (350 °C for 

20 minutes) changes the surface property from hydrophobic to hydrophilic. 

 

 

Figure 33. Individual contact angle of each treatment step. 

 

This hydrophilic property is retained after electrodeposition of MnOx and an annealing 

treatment. In aqueous electrodeposition, it is advantageous to use a hydrophilic surface to obtain a 

sample that is completely in contact with the deposition electrolyte. In this way, an uncoated surface 

can be avoided[83].  
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4.1.2 Electrochemical Characterization 

The electrodeposited MnOx coatings were further investigated using electrochemical 

impedance spectroscopy to determine which parameters are affected by dynamic electrodeposition 

rscan and cycle number. Parameters such as ohmic resistance (Rohm), specific double layer capacitance 

(ὅ ), charge transfer resistance or polarization resistance, respectively, (Rct = Rp) and Warburg 

diffusion coefficient („ ) quantitatively describe the electrochemical processes and 

properties. This allows CF-GDEs to be compared with each other and with commercial GDEs 

(GDEref), representing the state of the art. In this way, the influence of different electrodeposition 

parameters can be understood.  

 

Electrochemical Impedance Spectroscopy 

An impedance measurement at the O2/OH- standard potential (0.37 V vs. Hg/HgO in 1 M 

NaOH) was performed to show the behavior of the electrochemical system and to determine Rp, 

„ , and ὅ  at small charge passage overpotentials. The Nyquist plots and corresponding 

frequencies of all samples are shown in Figure 34. The Zô measurement results were shifted for 

visualization purposes using equation m. Eq. 8 (see chapter 3.3.2).  

The individual CF-GDEs can be clearly identified by their characteristic half circle shape 

and straight line upward, which can be interpreted as polarization or charge transfer, respectively, 

and diffusion (Figure 34). All CF-GDEs coated with different settings show a 45 ° line in the high 

frequency range, indicating porous electrode behavior [156]. However, the CF-GDEs show little 

different half circles in the medium frequency range. Large half circle sizes indicate reduced 

diffusion of O2 [158]. This suggests a difference in MnOx deposition because the substrate of these 

CF-GDEs is the same nickel foam.  

 

 

Figure 34. Nyquist plots of all nickel foam samples and GDEref at a frequency range of approx. 3 kHz ï 0.1 Hz 

(last point) at ű0 = 0.37 V vs. Hg/HgO 1 M NaOH. The remaining measurements are at the Appendix 4. 
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The GDEref has as porous electrode a 45 ° line in the high frequency range. In the medium 

frequency range, the line transitions to a smaller degree indicating a small half circle. After that, the 

course of the line towards the low frequency range has the 45 ° again and decreases again and remains 

below 45 ° in the low frequency range. The low visibility of the half circle or its small size, 

respectively, indicates a high reactant conductivity. Thus, GDEref exhibits high ion migration and 

high diffusion of O2 [156] [158].  

At low frequencies, the line of CF-GDEs has a larger slope than 45 °, which looks like a 

capacitor element, but is interpreted as finite space Warburg diffusion[167] [168]. In general, the finite 

space Warburg diffusion means that an electrochemically active reactant is transport limited 

(depletion near the catalyst) or the transport of this active reactant is too slow[169] [170] [171] [172]. 

Moreover, the line also approaches 90 ° at low frequencies when the pore end is blocked[167]. In the 

case of CF-GDEs, it is assumed that the 10 ï 1000 nm electrolyte thin film is the finite space and the 

pores of MnOx are blocking pores. This is shown schematically in Figure 35. 

 

 

Figure 35. Schematic depiction of coated nickel foam pore with electrolyte meniscus which forms a thin film 

on MnOx coating (a. c. signal: alternative current signal induced by impedance measurement).  

 

Dissolved O2 has a lower concentration than OH- in the electrolyte thin film. Both act mainly 

as active reactants in this electrochemical system due to the applied equilibrium potential (0.37 V vs. 

Hg/HgO in 1 M NaOH). Consequently, the active reactant, dissolved O2, diffuses from the thin 

electrolyte film to the catalyst. This leads to a kind of depletion of dissolved O2 in the thin electrolyte 

film due to the lower concentration. Therefore, the resistance limits of dissolution of gaseous O2 

(transport limitation) are approached and the finite space Warburg diffusion is formed. Moreover, 

the a. c. signal approaches the blocking MnOx pores, which also contributes to this asymptotic 

progression toward 90 °. The comparison of GDEref and CF-GDEs shows that GDEref has a larger 

electrolyte thin film surface area than CF-GDEs. Therefore, a larger amount of dissolved oxygen is 

available for the catalytic reaction. Since GDEref does not exhibit finite space Warburg diffusion.  
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Regression Analysis 

The results of the regression analysis of impedance spectroscopy at 0.37 V vs. Hg/HgO 

1 M NaOH (Figure 34) are shown in Figure 36. The ŬCPE values of the constant phase element can 

be found in Appendix 5.  

 

 

Figure 36. Image of polarization resistance ((a), Rp), Warburg diffusion ((b), ůWarburg) and specific double layer 

capacitance ((c) Cdl) at 0.37 V vs. Hg/HgO 1 M NaOH. Determined by the equivalent circuit fitting (HiFew: 

50 mV s-1 & 500 cycles; HiMny: 50 mV s-1 & 800 cycles; LoFew: 25 mV s-1 & 500 cycles; LoMny: 25 mV s-1 

& 800 cycles). 

 

Polarization Resistance 

It is obvious that GDEref has the lowest values when comparing the Rp results in Figure 36 (a). 

All CF-GDEs are approximately in the same Rp value range of 3 ï 4 Ý based on their deviation. 

However, the CF-GDEs with lower cycle number (LoFew and HiFew) tend to be 3 Ý and the others 

with higher cycle number (LoMny and HiMny) tend to be 4 Ý. This difference in Rp´s or half circle 

sizes, respectively, indicates an influence of the applied cycle number on the MnOx pore structure. 

As the MnOx deposition time increases with increasing cycle number (Figure 24), pores of different 

sizes form. Accordingly, the LoFew and HiFew settings formed more pores of favorable size than 
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LoMny and HiMny for the electrochemical system used. Since no clear difference can be seen in the 

SEM images (Figure 31).  

Cooper et al.[167] investigated different pore shapes and sizes and presented impedance 

spectroscopy results of narrowing pores that exhibited the largest impedance half circles (see 

Appendix 6 and Appendix 7). Therefore, LoFew and HiFew are assumed to form less constricting 

pore structures than LoMny and HiMny, which are formed at higher cycle number. This leads to that 

LoFew and HiFew have smaller impedance half circles or smaller Rp, respectively, than the other 

two deposition settings.  

Moreover, these results also show the electrocatalytic activity of the carbon-free (CF-)GDEs. 

Thus, GDEref exhibits the smallest half circle or the highest electrochemical activity, respectively.  

 

Warburg Diffusion 

The Warburg diffusion evaluation (Figure 36 (b)) shows that the „  of all CF-GDEs 

was significantly lower than that of GDEref (5.50 Ý s-1/2). Moreover, all MnOx-coated samples show 

the same „  of about 1.00 Ý s-1/2 without much variation. The GDEref is a state-of-the-art 

hydrophobic porous electrode (Figure 2 (b)). It has a GDL covered with catalyst particles which are 

bound with the hydrophobic PTFE. For this reason, the GDEref is not flooded. Only the outer surface 

of the GDEref is in contact with the electrolyte and forms an electrolyte thin film (Figure 7). Ergo, O2 

must diffuse through the GDL to the other side where the thin film has formed[23] [95]. The O2 diffusion 

is more hindered than that of the MnOx-coated nickel foam (pore size: 500 ï 600 µm), since the pore 

size of GDEref ranges from 0.1 to about 6 µm. In addition, the diffusion distance of GDEref is also 

larger than that of CF-GDEs because it does not have a hydrophobic GDL like GDEref. Thus, O2 can 

immediately diffuse unhindered near the electrolyte film of CF-GDE and dissolves there. It then 

diffuses further into the vicinity of CL. This is the reason for the much smaller „  of the 

CF-GDEs. In other words, the diffusion resistance of the GDL has been eliminated, and therefore the 

„  of the CF-GDEs is lower than that of the GDEref.  

In addition, diffusion of OH- and dissolved O2 (active reactants) affects the „  in 

impedance measurements. However, the diffusion of O2 into the thin electrolyte film and then onto 

the electrochemically active site is much more restrictive than the diffusion of ions[72] [94] [95] [23]. As 

a result, the O2 diffusion resistance dominates the impedance results in the low frequency range. 

Since the ion diffusion resistance is much smaller than the O2 diffusion resistance. Increasing the 

electrochemically active surface area and/or decreasing the electrolyte film thickness could decrease 

the „  value for both reaction directions[94] and thus increase the diffusion flux (m. Eq. 14 and 

m. Eq. 15).  

 

 



4.1 Determination of the Electrodeposition Settings 

 

77 
 

Specific Double Layer Capacitance 

The ὅ  of all GDEs is shown in Figure 36 (c). It provides a rough estimate of the contributed 

electrochemical surface area during the impedance measurement. The comparison of ὅ  shows that 

CF-GDEs with high cycle number (HiMny and LoMny) have a large deviation and tend to have 

lower ὅ  than CF-GDEs with low cycle number. HiFew shows the highest ὅ  of about 0.25 F g-1 

and accordingly has the largest electrochemically active surface area. In general, GDEref and 

CF-GDE differ in electrolyte wetting, flooded surface area formation, electrolyte thin film meniscus 

formation, and mass transfer pathways due to their different designs (Figure 2 (b) and Figure 3 (d)).  

Based on the CA measurements (Figure 33), it must be considered that the CF-GDEs are 

hydrophilic. Consequently, all electrodeposited MnOx is potentially wetted with electrolyte. The 

thickness of the electrolyte film is smallest on the air side and increases toward the electrolyte bulk 

side like a meniscus on a flat surface (Figure 5 left, Figure 35). It is assumed that the oxygen flux of 

~ 1 Nl min- 1 reduces the film thickness on the air side of the CF-GDEs to an unknown extent by 

pushing the electrolyte to the electrolyte bulk side. This is illustrated in Figure 37 below. 

 

 

Figure 37. Schematic depiction of ORR high current density (HCD-) zone formation in CF-GDE (1. Zirfon®; 

2. O-Ring; 3. glass-fiber-fleece (gff); 4. CF-GDE; HCD-Zone: high current density zone). 

 

It is assumed that the influence of the O2 influx changes the electrolyte film thickness inside 

the CF-GDE, contributing to the variations in the results. It starts with a higher thickness on the 

electrolyte bulk side and decreases towards the gas bulk side (Figure 35). The variation in film 

thickness is indicated by the dashed lines and the different colored areas within the CF-GDE. The 

red area is the high current density (HCD) ORR zone. This zone theoretically forms within the 

CF-GDE, if  the electrolyte film thickness is not too thick or too thin. The ORR zone has an electrolyte 

thickness of about several nanometers to one micrometer (about 3[84] ï 1000 nm[79]).  
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The ὅ  can only be determined when the electrochemically active surface is in contact with 

the electrolyte. The large variation of the CF-GDEs with high cycle number (HiMny and LoMny) 

indicates that the contact between electrolyte and active surface was less constant than for the other 

GDEs. The high cycle number of these CF-GDEs (HiMny and LoMny) suggests that the internal 

porosity of the MnOx coating tends to be less in contact with the electrolyte than the CF-GDEs with 

lower cycle number (HiFew and LoFew). However, this was not investigated further.  

Moreover, GDEref is wetted only on the outer surface where it is in contact with the electrolyte-

soaked glass-fiber-fleece (gff). Therefore, only this wetted electroactive surface was determined. In 

addition, O2 influx has no effect on the film-thickness of GDEref due to the thick GDL region.  

It is noteworthy that the qualitative comparison of the BET and ὅ  results (Figure 32 (a) and 

Figure 36 (c)) shows a slight similarity between the HiFew and LoFew CF-GDE results. However, 

the BET and ὅ  results of GDEref differ from each other. This is because ὅ  is determined by the 

chemical interaction between electrode and electrolyte, which is affected by hydrophobic effects and 

oxygen pressure or volumetric flow rate, respectively. BET, however, is not affected by these 

properties and circumstances. Consequently, BET measures the total GDEref, including the inactive 

porous carbon GDL. However, ὅ  describes the outer surface area of GDEref that is in contact with 

the electrolyte. In general, the electrochemically active surface area described by ὅ  is more 

significant than the BET results for GDEref. 

However, the CF-GDEs are hydrophilic, and their entire surface is electrochemically active. 

For this reason, the BET and ὅ  results for CF-GDEs are potentially similar because both potentially 

describe the entire electrode. Therefore, their electrolyte contact is only affected by oxygen and 

electrolyte pressure, which can lead to incomplete wetting of CF-GDEs and thus incomplete 

characterization. This can be seen in the ὅ  variations (Figure 36 (c)).  

 

Galvanostatic Measurement 

The galvanostatic measurement (Figure 38) is performed by applying a constant current 

density to the half-cell system described above in chapter 3.3.2 (Figure 25). The potential response 

is further calculated to obtain the overpotential (ɖOER and ɖORR). These overpotentials are compared 

with each other and with GDEref. From Figure 38, it is possible to distinguish and compare the 

performance of OER (a) and ORR (b).  

 

Difference Between ɖOER and ɖORR 

For all GDEs, the electrical overpotential (ɖ) for OER and ORR increases with current density. 

In general, all GDEs show much lower ɖOER than ɖORR. Due to the design of GDEref, the GDL and 

thus the diffusion of oxygen through it causes a higher ɖORR than ɖOER. Since the electrolyte ergo the 

hydroxide ions are already in contact with the catalyst site, they can diffuse directly to it during OER 

(see chapter 2.1.2, Figure 7).  



4.1 Determination of the Electrodeposition Settings 
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Figure 38. Galvanostatic measurement at different current densities (j / mA cm-2), their overpotential (ɖ / V) 

response at OER (a) and ORR (b) without ohmic resistance and the corresponding potential-window (c) of 

carbon-free samples and GDEref (raw data is shown in Appendix 8, Appendix 10, Appendix 11, Appendix 12, 

Appendix 13).  

 

On the other hand, the difference between ɖOER and ɖORR of CF-GDEs is based on the different 

electrochemically active surface area. As shown in Figure 35 and Figure 37, it is assumed that the 

contact area between the electrolyte and the catalyst of the CF-GDE is much larger than the surface 

area of the gas-liquid interface (electrolyte thin film meniscus) in the CF-GDE due to its hydrophilic 

properties (Figure 33). Consequently, the ORR exhibits much larger overpotentials than the OER in 

CF-GDEs due to its electrochemical dependence on the surface area of  the thin electrolyte film[79] 

[80] [81] [82] [95].  

 

In addition, water activity or hydration of ions, respectively, also contribute to the difference 

between ɖORR and ɖOER. In general, a high current density means a high supply pressure of reactants 

or products that need to be hydrated. Therefore, the hydrated products contribute to the increase of 

the overpotentials due to the higher diffusion resistance[87] [91]. While OER OH- is already hydrated 

and during ORR, O2 needs to be hydrated to dissolve. O2 requires many more water molecules to 

dissolve than OH- formed during ORR[90]. This slower diffusivity of oxygen contributes to the 


































































































































































































