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Water electrolysis is considered as an important technology for an increased renewable energy 

penetration. This perspective on low-temperature water electrolysis joins the dots between the 

interdisciplinary fields of fundamental science describing physicochemical processes, engineering for 

the targeted design of cell components and the development of operation strategies. Within this aim, 

the mechanisms of ion conduction, gas diffusion, corrosion and electrocatalysis are reviewed and their 

influence on the optimum design of separators, electrocatalysts, electrodes and other cell components 

are discussed. Electrocatalysts for the water splitting reactions and metals for system components are 

critically accessed towards their stability and functionality. On the basis of the broad scientific analysis 

provided, challenges for the design of water electrolyzers are elucidated with special regard to the 

alkaline or acidic media of the electrolyte. 
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1. INTRODUCTION 

Water electrolysis means the electrochemical decomposition of water by electric energy using 

two electrodes immersed in an electrolyte. After its first observation in the late 18
th

 century, Michael 

Faraday first described the relation between the electric current (or charge) and the amount of evolved 

hydrogen and oxygen at the electrodes. Commercial alkaline water electrolysis with liquid bases as the 

electrolyte was already commercially used in the beginning of the 20th century. These alkaline water 

electrolyzers consisted of nickel electrodes and porous separator such as asbestos or cardboard in 

between them. In late 1960, General Electric first presented water electrolyzers with acidic solid 

polymer electrolytes (SPEs) [1]. Today, the electrode structure in SPE water electrolyzers is based on 

decades of intensive research, experience and development of SPE fuel cells and water electrolyzers. 

With solid perfluorated sulfonic acids as the SPEs, platinum based catalysts for the cathode and 
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iridium based catalysts for the anode, state-of-the-art SPE water electrolyzers still consist of the same 

core materials as the very early ones [2]. In the case of industrial alkaline water electrolysis, nickel as 

the active component for the anodic and cathodic catalyst still represents the state-of-the-art [3], while 

various improvements of the porous separator [4,5] and the electrode design were presented in the late 

20
th

 century [6]. 

In modern times, low-temperature water electrolysis displays an efficient technology to convert 

the electric energy supplied by renewables into chemical energy in the form of hydrogen [7,8] and is 

considered to represent a key technology for a renewable energy economy [9]. The hydrogen produced 

can be used as a manifold chemical for the combustion in heat engines [10], to generate heat, 

conversion to electric energy using fuel cells [11,12], methanation of carbon dioxide [13,14], 

production of hydrocarbons as liquid fuels or the basis of synthetic organic chemistry [15], in 

metallurgy processes [16,17], for ammonia synthesis [18], to name just a few. 

The content of this perspective is structured as follows: First, the fundamentals of water 

electrolysis, the thermodynamic framework and the setup of water electrolysis cells are described. 

Thereafter, separator and membrane materials are reviewed, while the ionic conductivity and gas 

permeability of the electrolytes are considered in detail. Next, stability and activity of electrocatalysts 

are discussed. Thereafter, the interface of the electrolyte and electrocatalysts is considered. On the 

basis of this detailed analysis, the choice of materials, their design, and their influence on the cell 

performance are discussed. Within this scope, we tried to compile a unique overview of these 

interdisciplinary fields. On the basis of this detailed analysis, the major challenges for the 

improvement of acidic and alkaline electrolyzers are highlighted. 

 

2. FUNDAMENTALS 

2.1. Thermodynamics and kinetics 

When a voltage is applied to two electrodes immersed in an aqueous electrolyte, water can be 

electrochemically decomposed by evolving hydrogen at the negative pole, the cathode, and oxygen at 

the positive pole, the anode. At the electrodes, heterogeneous electrocatalysts in the form of metals or 

metal oxides are typically used to speed up the electrochemical reactions. Faraday’s law 

 (1) 

relates the mole flux  of the produced hydrogen or oxygen to the applied current  (with respect to a 

current efficiency of 100%), where  denotes the Faraday constant and  the 

number of electrons involved in the considered anodic or cathodic half-reaction (that are stated in 

Table 1). 

 

Table 1. Anodic and cathodic reactions of water electrolysis in acidic and alkaline media. 

 

 Acidic Alkaline 

Anode   

Cathode   
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The pH of the electrolyte determines whether mainly protons or hydroxide ions are involved in 

the anodic and cathodic reactions. Table 1 displays the electrochemical redox-reactions of water 

electrolysis in acidic and alkaline electrolytes. In order to enable high ionic conductivity between the 

electrodes, a high amount of the charge carriers in the form of protons or hydroxide ions must be 

provided, which means that either strong acids or bases are typically used as the electrolytes for 

technical water electrolyzers. When the same electrolyte is used at the anode and cathode, the 

thermodynamics of water electrolysis (which is basically determined by the difference between the 

anodic and cathodic equilibrium potentials) is pH independent.  

Stationary conditions during water electrolysis mean constant pressure, temperature and 

current. In this case, Gibbs free energy  (also referred to as the thermodynamic reversible energy) of 

the water decomposition equals the change of the chemical potentials. When liquid water is 

decomposed into the gaseous hydrogen and oxygen, the resulting phase transition leads to an increase 

of the entropy . Gibbs free energy does not describe the energy consumption of this phase transition. 

In contrast, the enthalpy  includes the reversible character of the reaction and the irreversible 

contributions in the form of latent heat. With respect to constant temperature and pressure, the Gibbs-

Helmholtz relation connects Gibbs free energy, enthalpy and entropy: 

 (2) 

Gibbs free energy at standard conditions is often referred to as the lower heating value (LHV), 

while the enthalpy at standard conditions is referred to as the higher heating value (HHV). By dividing 

with Faraday’s constant  times the amount of electrons involved in the hydrogen production, Gibbs 

free energy and the enthalpy of water electrolysis can be expressed as voltages: 

 

(3) 

 

 

(4) 

As  represents the reversible thermodynamic work, the related reversible voltage  

equals the difference of the cathodic and anodic equilibrium potentials. The enthalpic or thermoneutral 

voltage  accounts for the reversible voltage plus the amount of energy for the phase transition of 

the liquid reactant (water) to the gaseous products (hydrogen and oxygen). 

At standard conditions the voltages equal  and . Derived from 

Gibbs free energy, the influence of the temperature and pressure on the difference of the equilibrium 

electrode potentials is characterized by the Nernst voltage  

 

(5) 

where  denoted the partial hydrogen pressure at the cathodic catalyst,  partial oxygen pressure at 

the anode,  the standard pressure, and  the activity of water at the electrodes. By 

applying cell voltages  of , the reaction is endothermic by consuming the heat 

of the cell. At higher cell voltages than , the reaction is exothermic and thus produces heat. 

Analogously to chemical reactions, the electrochemical reactions of water electrolysis are 

thermally activated processes in which activation energies are overcome in the form of random thermal 
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movement of the involved reactants and products. The Boltzmann distribution describes the reaction 

rate  of such processes by 

 
(6) 

where  denotes the activation energy and  the gas constant. In the case of water electrolysis, the 

activation energy for the reactions is a function of the potential differences between the 

thermodynamic potentials of the reactions and the electrode potentials. Besides temperature and 

potential difference, the properties of the catalyst affect the activation energy. The reaction rate can be 

correlated to the current by Faraday’s law.  

The current at a catalyst for a defined overpotential is proportional to its accessible surface 

area. Accordingly, in order to describe the activity of a catalyst, the current is typically normalized to 

its surface area. On the basis of the Boltzmann distribution and Faraday’s law, the Butler-Volmer 

relation can be derived [19], which relates the reaction rate in form of the current density to the kinetic 

overpotential  of a half reaction at an electrode. The charge transfer coefficients  and  and the 

exchange current density  parameterize this relation. In the limit of high overpotentials, one of the 

exponential terms in the latter equation shows negligible contributions leading to the approximation 

[20]: 

 

(7) 

In a semi-logarithmic depiction this latter equation linearizes, from which the kinetic parameters in the 

form of  and  are typically derived. This procedure is typically denoted as Tafel analysis. 

 

2.2. Cell and system design  

In the following, the cell design of water electrolyzers is briefly described. Detailed 

information on the materials and design of the separators, catalysts, and electrodes will be given from 

Section 3 to 5. To electrochemically decompose water, the electrodes must be connected by an ion 

conducting electrolyte and an electric power supply. Thus, separated pathways for the ion and electron 

transport between the electrodes are achieved. A separator in the form of a porous material 

(diaphragm) filled with a liquid electrolyte or a solid polymer electrolyte (SPE) membrane between the 

electrodes avoids extensive mixing of the hydrogen and oxygen evolved. In SPEs, ionizable functional 

groups lead to water uptake and an acidic or alkaline aqueous phase. In the case of a diaphragm, a 

liquid electrolyte such as an aqueous solution of KOH must be used to provide the ionic conductivity 

between the electrodes. Figure 1 illustrates the setup of a bipolar water electrolysis cell [21] in a zero 

gap configuration [4,22], in which the electrodes are in direct contact to the separator/membrane. 

Historical monopolar cell designs and non-zero gap configurations are not considered in this review, as 

these typically show low efficiency. 
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Figure 1. Schematic illustrations of a bipolar water electrolysis cell (A) and a water electrolysis 

system (B). 

 

In order to enable the electrochemical reactions displayed in Table 1, electrons, ions, and water 

must gain access to the electrocatalysts at electrodes, while the produced gases must leave the catalysts 

in order to avoid their blockage by bubbles. These requirements are typically fulfilled by porous 

electrode structures. In the case of water electrolyzers with SPEs, the electrodes are typically realized 

by composites of SPE binder mixed with nanoparticle metal catalysts. In the case of water 

electrolyzers with liquid electrolyte, typically porous metal structures are used as electrodes. The 

electric current is applied to metallic end plates of the water electrolyzer. When cells are connected in 

series, bipolar plates separate neighboring cells. This configuration is commonly referred to as ‘stack’ 

of electrolysis cells.  

Using SPEs for water electrolysis means that only the components that are in direct contact to 

the SPE are exposed to its corrosive alkaline or acidic pH, as the Coulombic force captures the 

hydroxide ions or protons inside the SPE (as further discussed in Section 3). Accordingly, when SPEs 

are used, pure water can be supplied to the electrolysis cell, which means that tubing and bipolar plates 

of the electrolyzer can be realized by cheap materials such as stainless steels. In contrast, using 

diaphragms, the liquid acidic or alkaline electrolyte must be supplied in the anodic and cathodic 

compartment. In this case all cell components are exposed to the corrosive liquid electrolyte. Liquid 

acids for this configuration are usually avoided as only few and expensive materials such as the 

platinum metal group show acceptable corrosion resistance at low pH (Section 4.1). Compared to 

liquid acids, liquid alkaline electrolytes are less corrosive to cheap and abundant transition metals such 

as Ni, Fe and Co (Section 4.1), which thus can be used for cell and system components. Typically 

aqueous KOH solutions are used as liquid alkaline electrolytes, as these show the largest conductivities 

by hydroxide ions. 
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In cells with liquid electrolytes, the electrodes are typically directly connected or welded to the 

bipolar or end plates. In cells with SPE, current collectors are typically used to electrically contact the 

bipolar plates to the electrodes and to compensate their weak in-plane conductivity. The current 

collectors can be realized by porous and electron conducting materials such as carbon or metal foams, 

fleeces, or sintered bodies. The bipolar plates and the sides of the end plates that face the electrodes 

typically show textured structures. The supplied water (electrolyzer with SPE) or liquid electrolyte 

(electrolyzer with diaphragm) is typically purged in separated circulation loops along the electrodes 

through the textured structure of the bipolar plates. Accordingly, the gases produced in the cell are 

carried by convection of water/electrolyte to the gas outlets. Alternatively, the ascending bubbles by 

the gas evolution can drive the circulation without using a pump. In gas separators, the produced gases 

are separated from the supply water/electrolyte. 

Water electrolysis with porous diaphragms is limited to balanced pressure operation (equal 

cathodic and anodic pressures), as differential pressures result in extensive cross-permeation of the 

electrolyte and dissolved gases [23]. In contrast, water electrolysis with gas-tight SPEs membranes can 

also be conducted at high differential pressures [24]. The alkaline SPEs thus far developed suffer from 

low durability, while acidic SPEs such as Nafion, a perfluorated sulfonic acid, are more durable and 

more conductive. Thus, state-of-the-art industrial alkaline water electrolysis is typically conducted 

with liquid lyes as the electrolyte. 

In acidic electrolytes, protons permeate from the anode to the cathode during water electrolysis, 

while in alkaline electrolytes hydroxide ions permeate in the opposing direction. The ion conduction 

between the electrodes leads to convective water transport. Moreover, the amount of water that is 

consumed by the electrochemical water decomposition and water vapor in the product gases must be 

refilled into the system to avoid drying out. When level differences of water/electrolyte between the 

anodic and cathodic gas separators are balanced, the mixing of the anolyte and catholyte can display a 

source of gas crossover, which should ideally by avoided by degassing of the transferred 

water/electrolyte at atmospheric pressure [25,26].  

 

3. ELECTROLYTES AND SEPARATORS 

The electrolyte provides the ionic conductivity between the electrodes and within their porous 

structures. When a liquid electrolyte such as an aqueous solution of KOH is used, a porous separator 

(diaphragm) is typically employed in order to separate the oxygen and hydrogen evolved in the anodic 

and cathodic compartment. This porous separator is filled with the liquid electrolyte in order to enable 

the ionic conduction between the electrodes. When a SPE membrane is used between the electrodes, 

this membrane simultaneously provides the ionic conductivity and separates the gases. 

 

3.1. Transport properties 

Ohmic drop - Ion conduction in aqueous electrolytes is typically of ohmic character, which 

means that the ohmic voltage drop  in the electrolyte is proportional to the current. To describe the 

cell properties independent of the cell size, the current is typically normalized to the cell area leading 
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to the current density . With a homogenous separator or SPE of thickness  between the electrodes, its 

Ohmic drop  is related to its conductivity  by: 

 

(8) 

A detailed analysis of the ohmic drops during water electrolysis showed that the ohmic drop of 

the ion conduction through the separator dominates the overall cell resistance of state-of-the-art cells 

[27]. 

 

Gas diffusion - During water electrolysis, the separated evolved hydrogen and oxygen lead to 

concentration differences between the electrodes. Diffusion fluxes of both gases in the opposite 

direction of their concentration gradient result, respectively. Accordingly, hydrogen diffuses from the 

cathode to the anode while oxygen diffuses from the anode to the cathode. The mole flux density  

(in units of mol s
-1

 cm
-2

) of a gas  in an electrolyte that is caused by the diffusion can be derived on 

the basis of Fick’s law to [28] 

 

(9) 

where  (in units of ) denotes the diffusion coefficient and  the concentration 

difference over the distance d. In the case of a water electrolyzer, the distance d refers to the distance 

between the electrodes [29] (typically to identify with the separator/membrane thickness). In 

equilibrium, Henry’s law describes a linear relation of the concentration  of a dissolved gas in an 

electrolyte to its partial pressure  in the gaseous phase:  

 (10) 

The proportionality constant equals the solubility  (in units of mol ). The latter 

equations can be combined to [29] 

 

(11) 

where  denotes the partial pressure difference and  the diffusivity (or Fickian 

permeability). Analogously to the conductivity, the diffusivity, diffusion coefficient and solubility are 

material properties that are independent of the geometry of the considered medium. The diffusivity 

thus describes how permeable an electrolyte, separator or membrane is to gases. 

 

Differential pressure electrolyte permeability - Besides diffusion, also differential pressures 

between the anodic and cathodic compartment can act as a driving force for the hydrogen and oxygen 

cross-permeation. Porous separators are typically permeable to gases and the liquid electrolytes at 

differential pressures [23], while with SPE membranes the influence of this mechanism on the overall 

gas crossover is negligible [30]. When the electrolyte is pushed through the porous structure of a 

separator during water electrolysis, it can carry dissolved gases [23]. In the case of a higher cathodic 

than anodic pressure, hydrogen is carried with the electrolyte from the cathode to the anode. In the case 

of higher anodic than cathodic pressures, oxygen is carried in the opposing direction (from the anode 

to the cathode).  
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3.2. Porous Separators 

The porous structures of separators must be filled with aqueous electrolytes in order to provide 

ionic conductivity. In a water electrolyzer cell, this aqueous electrolyte can be provided in the anodic 

and cathodic compartment. Aqueous solutions of KOH are typically used for alkaline water 

electrolysis, as these are more conductive than other alkali metal bases (with respect to the same 

molarities). As discussed in Section 2, the corrosion of abundant metals for the cell and system 

components is an obstacle for the realization of water electrolysis with liquid acids. Accordingly, here 

we focus on diaphragms for usage in alkaline water electrolyzers.  

Generally, following properties of porous separators are desirable, which will be discussed in 

Section 3.6 in more detail: 

 Porosity and high wettability that allow the filling of the porous structure with the electrolyte [31]. 

 Small pore diameters to avoid the penetration of bubbles into the diaphragm and to reduce the  

differential pressure driven electrolyte permeability [23]. 

 High electrical resistance to avoid parasitic currents caused by electron conduction between the 

electrodes [32,33]. 

 Thin materials, in order to provide a small ohmic drop by the ion conduction [27]. 

 High volume fraction of pores to enable high ionic conductivity. 

 High flexibility, so that the diaphragm does not break during operation or cell assembly [32].  

 Mechanical form stability, so that the porosity is retained.  

 Chemical durability for a long service life. 
 

A variety of different materials are suitable for the usage as diaphragms in alkaline water 

electrolyzers. In the following, a selection of diaphragms reported for the usage in alkaline water 

electrolyzers is recapitulated, while more detailed reviews written in the 1980ies of the different types 

of diaphragms are provided in the literature [5,34]. (i) Asbestos: Asbestos is a silicate mineral in the 

form of fibrous crystals and was used over several decades as diaphragm in industrial water 

electrolyzers [32]. Its toxicity, thickness in the mm scale [5] and poor conductivities led to its 

replacement by other separator types. (ii) Porous ceramics: Ceramics show excellent wettability and 

excellent form retaining properties due to their stiffness. However, a lack of flexibility can be an issue 

with these types of materials. Divisek et al. [32] introduced diaphragms, where nickel oxide was 

deposited on nickel meshes. Using this configuration, mechanical flexibility was realized, however, 

these diaphragms were semi conducting and their lifetime was limited. In the last decade, procedures 

to produce flexible porous zirconia (ZrO2) based porous thin foils were reported [35–38]. These 

materials my be promising for application. (iii) Polymers: Polymers typically show small contact 

angles in the order of 100° and consequently poor wettability of porous structures [39]. By surface 

functionalization with polar groups the poor wettability can be compensated, as studied for 

ultrafiltration polymer membranes in detail (see for example reference [40,41]). An advantage of 

porous polymers is their high flexibility and the ability to fabricate thin separators, while their 

thermomechanical floating at high temperatures and pressures displays an issue for the form stability. 

Polysulfone is a suitable polymer to realize diaphragms, as it is stiff, chemical resistant to hot alkaline 
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solutions and shows with 186°C [42,43] one of the highest glass transition temperatures among 

common commercially available polymers. (iv) Composites of polymers and ceramic filler: Porous 

composites of polymers and ceramic filler combine the mechanical flexibility of polymers with the 

wettability and the shape retaining stiffness of ceramics [4]. The most prominent material of this class 

is Zirfon [31], a composite material of Zirconia and polysulfone, that was introduced in 1995 [44]. A 

commercially available realization of this type of porous separator is nowadays produced by Agfa [45]. 

 

3.3. Polymer electrolyte membranes 

In SPEs, ionizable functional groups are embedded in a polymer matrix. The polarities of these 

functional groups cause water uptake of SPEs when in contact with liquid water or water vapor [46–

48]. The water uptake typically leads to an aqueous phase that is separated from the solid polymeric 

phase in the form of channels [49,50]. The functional groups provide either mobile protons or mobile 

hydroxide ions that can be dissolved in the aqueous phase. The charge of these mobile ions is balanced 

by opposing charged ions of the functional groups that are covalently bonded to the polymer matrix. 

Thus, in contrast to diaphragms, the ions responsible for the ionic conductivity are intrinsically 

provided. The water uptake and the concentration of the functional groups both display important 

parameters for the resulting conductivity and gas diffusivity of the SPE [46–48]. The most prominent 

representative of polymer electrolytes membranes displays the commercially available Nafion [51], a 

perfluorinated sulfonic acid. The structure and the phase morphologies of this material were rigorously 

examined over several decades using small-angle scattering techniques [50,52]. Allen et al [53] 

recently used 3-D electron tomography to resolve the phase separation between the aqueous and solid 

phase and showed that the water channels have a diameter of approximately 2.5 nm.   

In acidic SPEs, the functional groups are typically realized by sulfonic acid groups (-SO3H) 

[48,54,55]. These materials are typically stable in aqueous solutions. However, hydrogen and oxygen 

cross-permeation lead to hydrogen peroxide or radical (H
•
, OH

•
 and OOH

•
) production at the catalysts 

in electrolyzers [56,57]. The effect of chemical degradation of acidic SPEs was examined in more 

detail for polymer electrolyte fuel cells [58–61], in which the membranes are exposed to a similar 

chemical environment in comparison to water electrolyzers. Perfluorinated sulfonic acids are most 

commonly used in fuel cells and water electrolyzers, as these materials show the best chemical 

resistance to the harmful radicals [54]. Moreover, these materials provide high proton conductivity. 

Alkaline SPEs with a variety of functional groups and polymeric backbone structures were developed 

as discussed in several reviews [62–64]. However, all these functional groups are attacked by the 

alkaline environment that is provided by the mobile hydroxide ions they provide. This intrinsic 

instability of alkaline SPEs displays a challenge to be solved when aiming at industrial applications. 

For this reason, alkaline SPE membranes will not be considered in detail in this review. Via ion 

exchange, the mobile ions in SPEs can be replaced by other ions which have the same sign of charge 

[65–67]. Accordingly, SPEs with mobile cations are commonly referred to as cation exchange 

membranes, while those with mobile anions are commonly referred to as anion exchange membranes. 
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Polymer electrolyte membranes are typically manufacturable in different thicknesses. Generally, 

following properties of polymer electrolyte membranes are desirable [27]: 

 High conductivity. 

 Low gas permeability. 

 High chemically stability. 

 High thermomechanical resistance to avoid creep under elevated temperature and pressure. 

.  

Alkaline water electrolysis with a liquid electrolyte can also be realized by replacing the porous 

separator with a SPE membrane. In the case of hydroxide conducting SPEs, the intrinsic conductivity 

of the SPE can be enhanced when lyes penetrate into the water channels of the SPE [68]. Moreover, 

cation exchange membranes can be used as the separator in the alkaline water electrolyzers, where the 

protons of the functional group are replaced by the alkali metal ions from the liquid lye [69]. In this 

case, the hydroxide ions from the liquid electrolyte supply ionic conductivity. However, this 

configuration leads to a poor conductivity that is in the range of 100 times smaller than that of the pure 

hydroxide solutions [69]. This poor conductivity may result from a reduced electrolyte uptake and the 

interaction of the ions in the aqueous phase. 

 

3.4. Physical properties of electrolytes 

The aqueous phase in both, diaphragms and SPEs is responsible for the ion conduction. In 

comparison to pure aqueous solutions with the same composition as the aqueous phase in the water 

channels of SPEs, the morphology of the water channels in the form of reduced volume fraction and 

tortuosity reduce the overall conductivity [70]. In the following, the mechanisms of the ion conduction 

and gas permeation in aqueous electrolytes are discussed. In Section 3.6, these properties are used to 

compare the properties and of liquid electrolytes and SPEs. Alkaline SPEs are due to their lack of 

stability not considered. 

 

Viscosity - The diffusion coefficient of a molecule, ion or particle  in a liquid solution is 

directly correlated to the viscosity of the medium. In the physical picture, the viscosity influences the 

friction of the Brownian motion. Thus, (with respect to the same amount of charge carriers) the ionic 

conductivity and gas diffusivity both typically decrease towards higher viscosities. The viscosity of 

aqueous solutions typically decreases towards higher temperatures. Figure 2 graphs the viscosity of 

water, KCl, KOH and HCl as a function of concentration and temperature. In these solutions, 

potassium cations and chloride anions influence the viscosity in a similar manner, respectively, as 

these ions are of approximately equal weight and absolute value of charge. Accordingly, the higher 

viscosity of KOH solutions than HCl solutions can be mainly attributed to different influences of 

hydroxide and protons on the water bond network.  
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Figure 2. (A): Viscosity  of aqueous solutions of NaOH (Data from reference [71]), KOH (data from 

reference [72] and [71]) and KCL (data from reference [72]) as function of the concentration at 

25°C. (B): Viscosity  of water (data from reference [73]) and aqueous solutions of 3M KCl, 

KOH, HCl (data from reference [72]) in a modified Arrhenius-plot, where a logarithmic scale 

of  is used instead of . 

 

Proton and hydroxide conduction - Proton and hydroxide conduction in aqueous solutions 

takes place by two mechanisms: (i) The vehicle mechanism, where protons or hydroxide ions permeate 

as solvated ions through the aqueous solution [74]. (ii) The Grothuss mechanism [74–76], where 

protons are exchanged along the hydrogen bond network of water molecules.  

Higher temperatures enable a more frequent thermally activated proton exchange and reduce 

the viscosity of the electrolyte,  increasing the ion mobility and thereby the conductivity. Empirically, 

it is a well established fact that the mobility of protons in aqueous solutions is higher than that of 

hydroxide ions, which means that with respect to the same concentrations acids are typically more 

conductive than bases. At 25°C, the mobility of protons is reported to be 1.77 higher than that of 

hydroxide [77]. On a microscopic level, Uddin et al. [74] described these differences between the 

mobilities using molecular dynamic studies. 

The ion motion by the Vehicle mechanism leads to the convection of water molecules, 

commonly referred to as electro-osmotic water drag [78]. In the case of Nafion membranes immersed 

in water, 3 to 5 water molecules were reported to be carried along with each proton that passes through 

the membrane [28,78,79]. In liquid solutions, the convective water transport results in height 

differences of the electrolyte that are typically instantaneously compensated by the gravimetric force. 

The ionic conductivity of aqueous electrolytes increases with concentration until interactions 

by Coulombic force between the ions in the electrolyte reduce the conductivity [19]. Figure 3 shows 

the conductivity of hydrochloric acid (HCl) and potassium hydroxide (KOH) as a function of the 

molarity for different temperatures. Among all aqueous solutions of alkali metal hydroxides, potassium 

hydroxide shows the largest conductivity and thus displays the preferred electrolyte for alkaline water 

electrolysis. In hydrochloric acid and potassium hydroxide, the counter ions (chloride and hydroxide) 

are of approximately equal weight and equal absolute value of charge. Thus, both ion species show 

approximately equal mobility [19]. Hydrochloric acid is here graphed as a representative for acids 
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(despite its use as electrolyte for water electrolysis is not suitable as chloride ions are oxidized to 

chlorine at the anodic potentials during water electrolysis). Alkaline electrolysis is typically conducted 

with 5 to 7 molar (25-30wt%) KOH solutions, as these show the largest conductivities. 

 

 
 

Figure 3. Conductivity of KOH (dashed lines, extracted from reference [80]) and HCl (solid lines, 

extracted from reference [81]) as a function of the concentration for different temperatures.  

 

The ionic conductivity of aqueous solutions is typically measured using impedance 

spectroscopy or the current interrupt technique. Using these techniques, all mobile ions in the 

electrolyte move in the applied alternating electric field [70]. However, during water electrolysis at 

direct currents only protons or hydroxide ions are exchanged between the electrodes [27]. The counter 

ions in the electrolyte are not involved in the reaction and thus do not contribute to the current at 

stationary conditions, while they contribute to the alternating currents. Thus, using the measurement 

techniques discussed above the alternating current (AC) conductivity is measured, while the direct 

current (DC) conductivity is decisive for the Ohmic drop during water electrolysis [27]. In the case of 

cation exchange SPEs, the cations are mobile, while the anions are covalently bonded to the polymer 

matrix and thus not moveable [70]. Accordingly, in polymer electrolytes the AC conductivity equals 

the DC conductivity during water electrolysis (if all cations are protons [70]). In contrast, with aqueous 

electrolytes, all ions contribute to the AC conductivity while only the protons or hydroxide ions 

contribute to the DC conductivity during water electrolysis [27].  

In the case of Nafion in contact with liquid pure water (defined as the fully hydrated state), 

water uptakes in the range from 20 to 26 water molecules per sulfonic acid group were reported [82–

85]. These water uptakes can be calculated to lead to a proton concentration in aqueous phase in the 

range from 2.1 to 2.8 mol/l [70]. The proton conductivity of Nafion was measured to approximately 

0.16 times that of liquid acidic aqueous solutions with 2.8 mol/l [70]. This difference was attributed to 

the influence of the microscopic morphology on the overall conductivity, while the proton mobility in 

the aqueous phase of Nafion immersed in water and that in aqueous solutions were estimated to be 

similar [70].  

The conductivity of KOH inside the channels of porous separators is typically equal to that of 

bulk KOH [27]. As discussed above, the hydroxide mobility is decisive for the Ohmic resistance 

during alkaline water electrolysis, while the cation mobility is not expected to contribute to the DC 
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conductivity. Figure 4 shows the ionic conductivities of Nafion, HCl, and KOH. Moreover, in this 

figure the proton and hydroxide ion conductivities of these solutions (by subtracting the contributions 

of the counter ions to the conductivity by the procedure described in reference [27,70]) were graphed. 

At 80°C, approximately equal conductivities of protons in the aqueous phase of Nafion and hydroxide 

ions in a 7 M solution of KOH. Moreover, in Nafion and Zirfon the geometric impact of the 

morphology of the aqueous phase on the overall conductivity was estimated to approximately the same 

extent [23,70]. Thus, Zirfon with 7M KOH filling and Nafion show approximately equal conductivities 

[27]. 

 

 
Figure 4. Conductivities of different electrolytes. Data for Nafion and 2.8 M KCl and HCl from 

reference [70]. Data for the KOH solutions from reference [80]. The concentrations of 2.8 M 

refer to that of the protons in the aqueous phase of Nafion [70]. Solid lines: Based on 

measurements (data from reference [70,80]). Dotted lines: Proton or hydroxide conductivity for 

the respective concentrations as estimated by multiplying with the transfer number [27,70].   

 

Gas diffusivity - With reference to equation (11), the gas diffusivity is the product of the 

diffusion coefficient and solubility. Hydrogen and oxygen are both non-polar diatomic gases, and 

accordingly, the mechanisms of their diffusion and solution in aqueous solutions are similar. The 

temperature dependencies of their diffusion coefficient, solubility and diffusivity in aqueous solutions 

can be approximated by the Boltzmann distribution (equation (6).  

Figure 5 shows the solubility of oxygen in sulfuric acid, phosphoric acid, and potassium 

hydroxide. Higher electrolyte concentrations decrease the oxygen solubility. The decrease of the 

oxygen solubility towards higher electrolyte concentrations is in the case of potassium hydroxide 

solutions stronger than in the case of the acidic solution. Approaches to describe the influence of the 

concentration on the solubility were derived on the basis of electrostatic calculations. Ruetschi et al. 

[89] reported that the influence of the proton concentration on the gas solubility is negligible, while 

hydroxide ions dramatically reduce the gas solubility.  
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Figure 5. Oxygen solubility in alkaline and acidic electrolytes as a function of the weight composition 

of the electrolyte. The data in this graph is replotted from reference [87]. 

 

In the case of KOH, the effect of temperature and molarity on the hydrogen and oxygen 

diffusion coefficient was measured in detail by Tham et al. [88]. This study showed that the diffusion 

coefficient increases towards higher temperatures, while it decreases toward higher concentrations. 

This behavior can be directly correlated to the inverse of the viscosity [23]. The hydrogen and oxygen 

diffusion coefficients and solubilities decrease toward higher concentrations of the electrolytic 

solutions. As a result, the gas diffusivity also decreases toward higher electrolyte concentrations.  

 

 
 

Figure 6. Hydrogen diffusivities in different electrolytes. Based on the data reported in [23,70]. 

 

Acids show typically higher gas diffusivities than bases with respect to equal molarities. This 

difference is ascribable to higher diffusion coefficients (related to lower viscosities) of the gases in 

acids than that in comparison to bases. However, more importantly, the hydrogen and oxygen 

solubility in alkaline solutions is drastically lower than in acidic solutions. Figure 6 shows the 

hydrogen diffusivity in Nafion, water and KOH solution with various molarities. The hydrogen 

diffusivity in Nafion is approximately 50% of that of water, while conductivity was above discussed to 

16% of that of an aqueous solution with similar proton concentration. This extra diffusivity was 
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ascribed to the high hydrogen and oxygen diffusivity in the solid phase [89]. Water penetrating into the 

polymer matrix of Nafion acts as a plasticizer that increases the permeability of the solid phase [89]. In 

the case of Zirfon, the hydrogen diffusivity in the solid phase was estimated to be negligible [23]. The 

combination of high diffusivities of the solid and aqueous phase in Nafion results in an approximately 

38-times larger hydrogen diffusivity of Nafion than of Zirfon filled with 30wt% KOH at a temperature 

of 80°C [27], while both materials show almost equal conductivities [27]. 

 

3.5. Gas evolution and bubble formation 

Electrochemical water splitting leads to the phase transition of liquid water to the gaseous 

products in the form of hydrogen and oxygen. Figure 7 shows that the concentration of gases in the 

gaseous phase (approximated by the ideal gas law) is at least 60 times higher than that of dissolved 

gases in water (approximated by Henry’s law) with respect to the same partial pressures in the gaseous 

phase. The pressure inside a bubble increases inversely proportionally to the bubble diameter. When 

the concentrations of gases exceed their saturation solubilities, dissolved gases can form bubbles. 

However, at the non-equilibrium situation of electrolytic gas evolution, the concentration of evolved 

gas in the dissolved state can be higher than under equilibrium conditions. This effect is commonly 

referred to as supersaturation [90–94]. The complex physics of the non-equilibrium process of the 

bubble formation are difficult to describe by macroscopic models and exceed the scope of this review. 

 

 
 

Figure 7. Relation of the hydrogen concentration in the gaseous phase to that dissolved in aqueous 

KOH solutions as a function of KOH molarity. Concentrations of the gaseous phase are 

calculated based on the ideal gas law. The concentrations of dissolved hydrogen are calculated 

by Henry’s law and the hydrogen solubility in KOH reported in [86]. 

 

 

3.6. Comparison of porous separators and SPEs 

The ion conduction and gas diffusion through porous separators and membranes depend on the 

morphology of the aqueous phase and its composition. Whereas the ion conduction through the solid 

phase is negligible, its gas diffusivity significantly influences the overall gas cross-permeation [23,89]. 

The following comparison is focused on aqueous KOH solutions in combination with porous 

separators and acidic SPEs. Quantitative values for the physical properties of both types are discussed 
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for Zirfon (Agfa) as a porous separator and Nafion (DuPont) as an acidic SPE, representing the state-

of-the-art materials. 

 

Structure - In a SPE membrane, the ionic charge carriers are intrinsically provided, while water 

must be taken up by the membrane in order to dissolve these ions in an aqueous phase. A porous 

separator has to be filled with a liquid electrolyte in order to provide ionic conductivity. In both, SPE 

membranes and diaphragms, the aqueous phase for the ion conduction is embedded in a porous 

framework. The pores of the Zirfon separator are with circa  [45] almost two orders of 

magnitude larger as those of the Nafion membrane with  [53]. Volume fraction of the 

hydrophilic phase was reported to 55% of Zirfon [45] and 56% for Nafion [53]. 

 

Mechanical properties - The mechanical stability of polymers represents a major factor that 

limits the temperature range of electrolyzers with polymer based materials. The glass transition 

temperature of Nafion is in the order of 100°C [95]. Below this temperature, the polymer can slowly 

float under pressure, which leads to an irreversible plastic deformation [96–99]. Additionally, during 

operation, the water uptake of Nafion membranes decreases their mechanical strength [83] as water 

acts as a plasticizer. Accordingly, the mechanical properties of SPEs are expected to display an issue 

for the durability. In the case of the Zirfon separator, the polysulfone matrix has a glass transition 

temperature of 186°C [42,43]. With respect to this high glass transition temperature and the formstable 

Zirconia filler, mechanical issues and plastic deformation of the separator are expected to be a minor 

issue for operation temperatures below 100°C. 

 

Permeability to differential pressures - The differential pressure permeability of the 

separator/membrane to gases and water mainly depends on the friction at the electrolyte-polymer 

interface. Smaller pores increase the friction of the permeation and thus decrease the permeability [23]. 

Besides the pore diameter, also the intermolecular forces between the solid and aqueous phase (as 

described by the contact angle) display an important parameter for the friction. Differential pressure 

was measured to negligibly influence the gas crossover through Nafion membranes [30]. In contrast, 

the gas crossover with Zirfon separators was shown to be dominated by the differential pressure forced 

permeation [23]. These differences originate from the approximately two orders of magnitude larger 

pore diameters of Zirfon separators than those of Nafion membranes.  

The pore diameter also displays important parameter for the bubble repulsion of the 

separator/membrane. At the interface of the gaseous phase (in the form of bubbles) to the wetted solid 

phase of the separator/membrane, the capillary pressure of the electrolyte in the pores of the separator 

represents a repulsive force that avoids the penetration of the gaseous phase into the pores [23]. The 

capillary pressure of the aqueous phase in a pore is approximately reciprocally proportional to its 

radius. When the pores are smaller than the diameter of a evolved bubbles at the electrodes, the 

bubbles cannot penetrate into the pores of the separator/membrane [23]. As discussed in Section 3.5, 

the concentration of hydrogen or oxygen in the gaseous phase is at least 60 times larger than that as 

dissolved molecules in aqueous solutions. Accordingly, bubbles that are carried by differential 
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pressure forced electrolyte cross-permeation through the pores drastically increase the gas crossover 

[23].  

 
 

Figure 8. Ratio of DC-conductivity to hydrogen diffusivity of a 6.9M KOH solution (30 wt%) and 

Nafion extracted from the data graphed in Figure 4 and Figure 6. 

 

Ratio of conductivity to diffusivity - As later discussed in Section 6, the thickness of the 

separator/membrane relates Ohmic losses to the losses caused by the gas crossover. A higher ratio of 

conductivity to gas diffusivity means that smaller Ohmic drops and higher gas purities can be achieved 

in the cell. Figure 8 shows this ratio for Nafion and 7M KOH. At 80°C, the ratio of conductivity to 

diffusivity is approximately 38 higher for the 30wt% KOH solution than that of the Nafion membrane. 

The ratio decreases towards higher temperatures as the diffusivity increases faster than the 

conductivity. In the case of porous separators with impermeable solid phases, the ratio of the 

conductivity to the diffusivity is independent of the microscopic structure, as the aqueous phase is 

responsible for both properties. 

 

3.7. Section summary 

In the case of a porous separator, an electrolytic solution must penetrate into its pores to 

provide ionic conductivity. In the case of SPEs, the charge carriers are intrinsically provided by 

functional groups. By water uptake of SPEs an aqueous phase is formed, in which the charge carrier 

ions (either protons or hydroxide ions) are dissociated. In both, porous separators and SPE membranes, 

the ion conduction takes place in aqueous phases. The highest conductivities of acidic and alkaline 

aqueous electrolytes are typically between 4 to 8 molar solutions and thus should be aimed for the 

aqueous phase in water electrolyzers. Alkaline solutions typically show smaller gas diffusivities than 

acidic solution, which means that potentially higher gas purities can be achieved with alkaline than 

with acidic electrolytes. However, the main disadvantage of porous separators filled with liquid 

electrolytes can be attributed to the differential pressure driven gas and electrolyte permeation, which 

is negligible for SPE membranes such as Nafion. 
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4. ELECTROCATALYSTS 

Aqueous solutions with proton or hydroxide concentrations in between 4 and 8 mol display the 

highest conductivities and are thus typically used in water electrolyzers. These concentrations 

correspond to pHs of below -0.5 or above 14.5, respectively. The electrocatalysts in water electrolyzers 

are typically directly exposed to such harsh electrolytes. 

 

4.1. Stability 

Stability of electrocatalysts in water electrolyzers is important to achieve long operating life. 

Electrochemical corrosion at the interface of a metal to an electrolyte displays the main stability issue 

of electrocatalysts, while also structural transformations of electrocatalysts can lead to severe 

degradation. 

 

Metal surfaces in contact with aqueous solutions - When metals are exposed to a medium, the 

unpaired electrons of the atoms at the metal surface interact with this medium. In the case of an 

aqueous solution that is in contact with a metal, the surface metal ions can (i) adsorb atoms, ions or 

molecules that occur inside the electrolyte, (ii) can form a passivation layer or (iii) can be dissolved 

into the electrolyte. The adsorption of species from the electrolyte is the first step of a catalytic 

reaction. In case (ii) and (iii) the ions of the metal are oxidized. 

 

Passivation layers - In passivation layers, the surface atoms of the metal are oxidized forming 

stable covalent or ionic bonds with oxygen [100]. Moreover, mainly in alkaline electrolytes, 

hydroxides (OH) or oxy hydroxides (OOH) can be incorporated into passivation layers [101–103]. The 

chemical composition and oxide structure of the passivation layer of a metal depend on pH [104], the 

potential difference between the metal and the electrolyte [101,105,106], temperature [105,106], and 

dissolved species in the electrolyte, such as gases or ions etc. For instance, traces of chloride in the 

electrolyte can lead to the dissolution of oxide layers that are stable in chloride-free electrolytes 

[107,108]. The thickness of the passivation layer depends on the stability of the formed oxide as well 

as its porosity. For instance, in the case of iron, the porous iron oxide passivation layer is steadily 

growing at near neutral pHs [109]. In contrast, in the case of nickel, the passivation layer is more dense 

and was reported to the order of 10 nm [110–112].  

 

Dissolution - During electrochemical dissolution, metal atoms  are removed from a metal 

surface or passivation layer and dissolved as ions. In the solution, these ions are solvated (surrounded 

by the molecules of the solvent that are attracted by the electrostatic force). Depending on the 

electronic structures of the metal ions and the solvent, the metal ions can interact with solvent 

molecules in three different kind of electronic interactions: (i) Without formation of covalent bonds the 

metal ions can be dissolved as solvated cations in the form . For example, alkali metal or alkali 

earth metals are typically dissolved in this way. (ii) The metal atoms or ions form coordination 

complexes, where ligands are coordinated to them. The ligands can be ions or molecules (e.g. 
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molecules of the solvent). In contrast to the electrostatic forces between solvated ions and the solvent, 

in coordination complexes the metal ions and ligands form strong chemical bonds. The ligand field 

theory is typically used to describe the orbital interaction of the metal ion and the ligands. In the acidic 

regime, most transition metals are dissolved as coordination complexes, as for example iron or nickel 

in the form . The detailed chemistry of coordination complexes with its various different 

structures exceeds the scope of this review and will not be considered in more detail, for what reason 

we refer to textbooks that treat this topic in detail [113]. (iii) The dissolved metal atoms can react with 

electrolyte molecules forming covalent or ionic bonds. For instance, the dissolution of iron or nickel in 

the alkaline regime were reported to lead to ions in the form of  [114]. 

The reactions of the dissolution are in the following exemplified for non-passivated nickel. In 

acidic media, nickel cations originating from the oxidation of nickel are dissolved in the form of: 

 (12) 

In the alkaline regime, the dissolved nickel forms anions, in which the nickel cations itself show the 

oxidation state +II: 

 (13) 

In the case of passivated nickel, which can arise in stoichiometric composition such as NiO, Ni(OH)2, 

Ni2O3, NiOOH, Ni3O4, the reactions are different, as described by Pourbaix [114] in detail. 

The metals across the periodic table form different complexes in alkaline and acidic solutions, 

which show different saturation solubilities. Moreover, the solubility of metals and metal oxides 

depends on the composition of the solid phase. For example, as illustrated in Figure 9, the solubility of 

iron hydroxide Fe(OH)2 is far higher than that of iron oxide Fe2O3 or iron oxy hydroxide FeOOH. 

 

 
 

Figure 9. Logarithm of the saturation concentration of dissolved iron ions from different iron 

oxides/hydroxides as a function of pH. Reprinted based on the data published by Pourbaix et al. 

[114]. 

 

Electronic structure - Different corrosion behavior of metals is attributable to their different 

electronic structures and those of their oxides. Moreover, the morphology and crystallographic 

structure of the oxides is decisive for the passivation and corrosion. In vacuum, the work function 

characterizes the energy required to extract an electron from the surface of a metal [115,116]. When 

the metal is in contact with an electrolyte, the lowest potential at which the ions at the metal can be 

oxidized is characterized by the nobleness, which is tabulated in the electrochemical series with 
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reference to acidic solutions (without complexing agents) for a pH of 0 [117]. Comparing both cases, 

the contact of the metal surface with vacuum or an aqueous solution, the electronic interaction with 

water molecules and dissolved species such as ions and gases displays the main difference. 

Accordingly, despite the work function and nobleness roughly correlate, the electronic interactions 

between the metal surface and the electrolyte yield differences for the trends of work function and 

nobleness [118]. For example, the highest work function of all pure metals shows platinum [116], 

while gold is the noblest of all metals [117]. Another important property to characterize a metal in an 

aqueous solution is the potential of zero charge [119]. The potential of zero charge can be related to the 

energy necessary to extract electrons from the Fermi level of the metal covered with a water layer.  

The bulk electronic structure of metals with an ordered lattice (continuous boundary 

conditions) can be analytically calculated by the band theory (a standard method in solid state physics). 

However, at the surface of the metals, the continuous boundary conditions and thus the symmetry 

required for the analytical band theory calculations are broken. Accordingly, numerical quantum 

mechanical calculations are typically used to describe the surface of metals. When atoms or molecules 

are bonded onto the surface, these adsorbed species influence the electronic structure at the surface. 

Hammer and Norskov modeled the electronic interaction of metal surfaces with adsorbed 

hydrogen using a computational density functional theory (DFT) model [118]. Figure 10 illustrates the 

modeled density of states (energy distribution of electrons) of this work at the (111) surfaces of Ni, Cu, 

Pt, and Au with and without hydrogen adsorption. On the basis of this simulation, the authors 

attributed the higher nobleness of gold in comparison to platinum (despite the larger experimental 

value of the work function of platinum) to the higher degree of filling of the antibonding orbitals and 

to minor overlap of valence orbitals between metal and adsorbed hydrogen. A similar relation results if 

one compares Ni with Cu, where Ni exhibits higher work function, although its oxidation potential is 

lower in comparison to Cu. In fact the degree of filling of antibonding orbitals determines bond 

strength of adsorbate at the metal surface (the higher is the filling the weaker bond becomes) while the 

degree of valence orbital overlap influences activation barrier (the smaller is the overlap the larger is 

the activation energy for the adsorption process). 

 

 
 

Figure 10. Projected density of states for four different metals with the (111) surface reported by 

Hammer and Norskov [118]. Dotted line: Pure metal. Solid lines: Interaction with a hydrogen 

atom. The arrow indicates the antibonding surface states. Reprinted with the permission of the 

Nature Publishing group. 
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Pourbaix diagrams - The process of corrosion is accompanied by a phase transition and thus a 

change in Gibb’s free energy. In the case of an electrochemical reaction, Gibb’s free energy of the 

reaction can be divided by the Faraday constant times the number of electrons involved in the 

electrochemical reaction in order to calculate the equilibrium potential of the phase transition 

(commonly referred to as Nernst equation). Marcel Pourbaix established diagrams based on 

calorimetric and electrochemical data, where equilibrium potentials for the thermodynamically stable 

phases of a metal, its oxides and its dissolved ions are plotted against the solution pH [114]. Typically, 

the potentials in these diagrams are graphed relatively to that of hydrogen at standard conditions 

(defined as pH=0 and 25°C), commonly referred to as normal hydrogen electrode (NHE) or standard 

hydrogen electrode (SHE). In a monumental work, Pourbaix and co-workers derived these diagrams 

(which were later named after his inventor) for the metals across the periodic table [114]. In the case of 

pH dependent reaction, the reversible hydrogen electrode (RHE) is typically used as reference voltage, 

which refers to the equilibrium potential of hydrogen at the considered pH. The difference between the 

potentials as a function of pH can be calculated by: 

 (14) 

Most equilibrium potentials of reactions involving protons or hydroxide ions (such as the formation of 

an oxide) obey the same pH-dependence as that of the RHE. When protons or hydroxide ions are not 

consumed or produced in a reaction (as for example by the acidic dissolution of non-passivated nickel 

described by equation (12)), the potential vs NHE is typically pH independent (resulting in  a 

horizontal line in the Pourbaix diagram). 

Figure 10 shows the Pourbaix diagram of nickel. In the acidic regime, nickel dissolves to Ni
2+

 

ions over a broad potential window. In alkaline electrolytes, nickel or its oxides/hydroxides are (above 

concentrations of 10
-6 

M nickel ions in the electrolyte) thermodynamically stable at the anodic and 

cathodic potentials during water electrolysis. 

   

 
Figure 11. Pourbaix diagram of nickel, replotted using the equations reported in reference [114]. With 

reference to a concentration of dissolved Ni ions of 1 μM, the grayish area represents immunity 

against corrosion, the blueish area passivation and the reddish area dissolution.    
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Corrosion of metals across the periodic table - Figure 12 graphs thermodynamically stable 

phases of metals across the periodic table in the potential ranges of the water electrolysis reactions at 

pH = -0.5 and pH = 14.5, 25 °C and concentrations of dissolved metal ions of 1 µM, respectively. In 

this figure all potentials refer to the RHE. Above 1.23 V vs RHE (the equilibrium potential of the 

oxygen evolution reaction), except gold all metals are oxidized and thus must be protected by 

passivation layers in order to avoid their dissolution.  

More metals are thermodynamically stable for the potentials below the HER and above OER in 

the alkaline regime in comparison to the acidic regime. In the case of acidic media, the oxides of the 

rare and costly Ir, Pt, and Rh are thermodynamically stable in the potential window between 1.23 and 

1.6 V that typically occurs at the anode during water electrolysis. Moreover, some oxides of the left-

side transition metals in the periodic table (Ti, Nb, Ta, and W) are thermodynamically stable in this 

potential range, which however show poor activity for the oxygen evolution reaction. Moreover, these 

metal oxides are typically insulators or bad conducting semi-conductors. The great advantage of 

alkaline regime is that the cheap and abundant Ni and Co are thermodynamically stable in the potential 

regions where the cathode operates during water electrolysis, while their oxides are thermodynamically 

stable for potentials applied at the anode. As discussed later, these metals show catalytic activity for 

both, the hydrogen and oxygen evolution reactions. To conclude, a variety of metals can be used as 

electrocatalysts, cell and system components for alkaline water electrolyzers, while in the case of 

acidic water electrolyzers, only few and costly materials are stable in the required potential range.  

 

 

 
 

Figure 12. Chart for metals that show thermodynamically stable solid phases at pH -0,5 (a) or pH 14.5 

(b), with reference to a temperature of 25°C and a dissolved metal ion concentration of 10
-6

 M 

or lower (based on the data reported by Pourbaix et al. [114]). The graphed potential refers to 

that of the reversible hydrogen electrode (RHE). Black area: Metallic phase stable. Blue area: 

Stable oxide. Shaded blue area: Not clarified if the oxide is stable. Purple: Stable hydride. (c) 

Mean abundance of the metals in the earth crust (in mg of metal per kg of earth’s crust). Data 

extracted from [120]. 
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Kinetics of the dissolution - In the potential range that the thermodynamic data of Pourbaix 

predicts immunity, negligible dissolution rates of noble metals were measured [121,122]. If neither a 

metal nor its oxide is thermodynamically stable at a certain potential, the dissolution process is a 

question of the kinetics. For example, in the case of carbon, which is used in fuel cell as the catalyst 

support, the dissolution rate is below potentials of 0.5V negligible [123], although carbon is not 

thermodynamically stable above 0.2V vs RHE [114]. In contrast, copper rapidly dissolves in acidic 

solutions above its oxidation potentials (as utilized in industrial electrorefinery processes). At oxide 

transitions of metals high dissolution rates were reported and attributed to intermediate oxides during 

the formation and morphology changes of the surface [121,122,124].  

During the oxygen evolution at a metal or metal oxide surface, the reaction involves changes of 

the oxidation states of the metal ions at the surface [102,126–131]. Accordingly, although various 

metal oxides with a defined composition such as IrO2 are thermodynamically stable in the regime 

where the OER takes place, oxides with different stoichiometric composition occur during the OER 

[125]. It is questionable whether these oxides are stable. Binninger et al [132] concluded that metals 

oxides cannot be stable during the OER and that thus dissolution of metal catalysts for the oxygen 

evolution is inevitable giving pure thermodynamic reasons. Metal or metal oxide surfaces at which the 

OER takes place are considered to consist of amorphous structures in the form of hydrous oxides 

[130,131,133]. When a metal does not show an oxide that is thermodynamically stable in the potential 

range where the OER takes place, this metal can be expected to dissolve faster than other metals which 

have at least one stable oxide. Figure 13 shows the dissolution rate of Ir and Ru in perchloric acid as a 

function of potential and current density. The dissolution rates of both metals scale approximately 

exponentially with the potential. At a current density of 10 mA/cm², the dissolution rate of Ru is more 

than one order of magnitude higher than that of Ir.  

 

 
Figure 13. Dissolution rate (left scale) and current density (right scale) of plane and polycrystalline Ir 

and Ru samples during a forward scan of the potential with 2 mV/s in the potential region of 

the OER. Data extracted from [125]. 

 

Multielement electrochemical corrosion - In the case of alloys, the corrosion properties 

depend on the electrochemical properties of the pure alloy components, their spatial arrangement and 
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their electronic interaction [134]. A non-stable component can for example be leached out and then be 

passivated by a stable component [135]. Accordingly, when some species dissolved faster than others 

the elemental composition of an alloy changes over time. For example, in stainless steels iron is 

initially leached out of the surface layer while the Cr content on the surface increases and then finally 

passivates the alloy [136,137]. Moreover, alloying can result in changes of the binding energies of the 

atoms and the structure of the passivation layers [138,139]. These changes of the electronic structure 

can influence the oxidation potential and dissolution kinetics.  

 

Structural transformation - Besides the electrochemical corrosion, structural transformations 

of electrocatalysts can occur during water electrolysis. Especially at the anode during the oxygen 

evolution, where the atoms on the surface permanently undergo changes of their oxidation states, 

changes of the crystal structure can introduce defects and mechanical stress. Surface segregation can 

lead to a low degree of surface homogeneity [140]. At the cathode, the formation of hydrides (which is 

especially relevant for nickel catalysts [141,142]), can also lead to mechanical stress and deformation. 

In addition, hydrogen embrittlement can lead to mechanical stress of the employed metals at the 

cathode [143–146]. Ostwald ripening [147,148] of high surface area electrocatalysts can occur, where 

small particles are dissolved and re-deposition on larger particles. The resulting agglomeration of the 

electrocatalyst leads to a loss of the electrochemically active surface area of the electrocatalyst. When 

the catalyst is attached to a support, changes of the passivation layer of the support or catalyst may lead 

to detachment of the catalyst [149,150]. Moreover, the corrosion of the support can also lead to the 

loss of active material [149,150].  

 

4.2. Activity descriptors 

In chemical reactions, catalysts reduce the activation energies. In the case of heterogeneous 

electrocatalysts, the catalyst must be conductive in order to allow the exchange of electrons from its 

bulk to the reaction center at its surface. Most commonly transition metal catalysts are employed as the 

electrocatalysts for the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) as 

they simultaneously show activity for the reactions and provide electric conductivity. The most active 

metals for these reactions can be found in the right half of the transition series of the periodic table 

[151], which is later ascribed to their electronic structure. The aim of following section is to give a 

general description of the working principle of electrocatalysts.  

To catalytically promote a reaction, first the reactants have to be adsorbed on the catalyst 

surface. Adsorbed ions, atoms or molecules can diffuse along the surface of the catalyst and thereby 

meet other ions, atoms or molecules to react with [152]. Finally, when the product is formed it must be 

desorbed so that the reactants can bind on the surface of the catalyst again [152]. The adsorption 

strengths with the reactants, intermediates and products are determined by the electronic structure of 

the catalyst’s surface [153,154] and finally determine the activation energy of the electrochemical 

reaction.  
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Figure 14. Schematic illustration of the free energy as a function of the reaction coordinate for a 

reaction with two different catalysts (red and blue) on the basis of reference [155]. The letters 

A, B, and C represent different intermediates that are adsorbed on the electrode. The ochery 

shaded boxes indicate the reaction equation with reference to the reaction coordinate. Vertical 

blue and red arrows: Activation barriers to overcome for the reaction steps.  

 

Sabatier principles of catalysis says that the interaction strength between the catalyst surface 

and species that are involved in the reaction should be neither too strong nor too weak in order to yield 

high reaction rates. Figure 14 shows a schematic illustration of the free energy of the reaction as a 

function of the reaction coordinate for different catalysts. The catalyst reduces activation barriers and 

can also affect the reaction pathway. Each adsorbed species involved in the reaction has to overcome 

an individual activation energy in order to allow the overall reaction [152,155,156]. These individual 

activation energies depend on the adsorption strengths at the catalyst’s surface [152,156]. The more 

adsorbates and intermediate reaction products are necessary for a reaction, the more difficult it is to 

develop a catalyst with optimized adsorption energies for all of these species. The reaction step that 

deviates the most from condition of thermoneutral adsorption finally limits the reaction rate [156]. The 

facet of the surface of the metal catalyst affects the adsorption strength and thus its activity, as for 

instance examined for the HER on platinum in detail [157,158].  

 

4.3. Hydrogen evolution reaction (HER) 

During the HER, noble metal catalysts such as platinum are not passivated by amorphous oxide 

layers, for which these metals are model systems to experimentally study and to computationally 

model the nature of the electrocatalytic reaction mechanisms.  

 

Reaction pathways - The first step of the HER is given by the so called Volmer reaction step, 

where a hydrogen atom is adsorbed on the catalyst. In the acidic and alkaline media this reaction step 

is displayed by: 
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 (15) 

 (16) 

The adsorbed hydrogen atoms can further react to hydrogen molecules as described by the Heyrovsky 

reaction step: 

 (17) 

 (18) 

Alternatively, two hydrogen atoms adsorbed by the Vollmer reaction step can form a hydrogen 

molecule, described by the Tafel reaction step: 

 (19) 

 

Effect of pH - The only intermediate of the acidic HER are adsorbed H atoms, while protons 

display the reactants and  the product of the reaction. In the case of alkaline HER, water is the 

reactant and adsorbed H atoms are again intermediates. Some authors report that OH is an additional 

intermediate involved in the alkaline HER [159–163]. Accordingly, the alkaline HER potentially 

involves one intermediate more than the acidic HER. Several authors reported a decreasing activity of 

platinum (the best pure metal catalyst for the HER) with higher pH, which was attributed to a higher 

binding energy of hydroxide molecules than that of the hydrogen atoms [159–163]. At the same time 

some authors [159] disputed importance of OH adsorbed and attributed the lower reaction toward 

higher pH to the oxophilicity of the catalyst surface. Nevertheless, the trends for the activities of the 

HER across the periodic table in the alkaline and acidic regime are similar [164].  

 

Adsorption - As discussed above, the free energy of adsorption is a decisive property for the 

rate of electrocatalytic reactions. Krishtalik [165] extracted the hydrogen adsorption strength on pure 

metal surfaces from electrochemical measurements. Different authors computed the hydrogen 

adsorption energy on metals using DFT calculations [166,167]. Figure 15 shows a comparison of 

measured bond strengths and computed hydrogen adsorption energies of noble metals, Ni and Co. 

Schmickler and Trassatti [168] proposed a linear relation of the computed and measured values. 

However, this trend is with reference to Figure 15 not obvious. Especially the values of Ni and Co do 

not follow this linear trend.  

 
 

Figure 15. Comparison of measured values of the metal hydrogen bond (reported by Krishtalik 

[165]) and computed values of the Gibb’s energy of adsorption  (Norskov et al. and 

Schmickler et al. [166,167]). The errors bars of Norskov’s data (in red) represent the upper and 

lower limit of the simulations with two different surface coverages. A similar comparison was 

previously reported by Schmickler and Trassatti [168].  
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Activities for the acidic HER: Volcano-type relation? - On the basis of Sabatier principles of 

catalysis, Balandin introduced in the 1920ties plots of the reaction rates as a function of adsorption 

energies of species that are involved in the reaction. These plots are of a volcano-type shape and are 

thus commonly referred to as volcano plots. Conway and Bockris [153] first reported such a volcano 

type relation for the work function of metals as a function of the strength of the metal hydrogen bond 

(which calculated on the basis of the simple Pauling Equation [169]). Parson developed a kinetic 

model that relates the reaction rate of the HER to the adsorption [154]. Trasatti [170] introduced the 

most commonly used depiction of a volcano plot for the HER that is graphed in Figure 16A, plotting 

the logarithmic exchange current density  of the HER as a function of the metal hydrogen bond 

(with reference to the adsorption strengths measured by Krishtalik [165]). 

In modern volcano plots as pioneered by Norskov et al. [166], the measured activities are 

related to the calculated free energy of adsorption . Norskov et al. modeled a similar volcano 

shaped curve as that of Trasatti. DFT calculations of the free energy of adsorption for the non-noble 

metals (Mo, W, Nb, etc) were criticized, as these do not take into account their oxide coverage in 

aqueous solutions [167]. Accordingly, these oxide covered metals are not considered here. Schmickler 

et al. also developed a model for electrocatalysis of hydrogen evolution [171] which is based on a 

model Hamiltonian, quantum statistics and DFT. Figure 16B shows  as a function of the free 

energies of adsorption that were modeled by Norskov and Schmickler et al. As described by 

Schmickler et al,  is linearly related to adsorption energies when the oxide covered metals are 

not considered. In other words, when compared to Trasatti’s experimental volcano (Figure 16A), the 

entire descending branch of volcano curve is missing.  

 

 
Figure 16. Different relations between exchange current for the hydrogen evolution reaction in acidic 

media and the bond strength of hydrogen: A) Trasatti in 1972, replotted from reference [170]. 

B) Computational data on the Gibb’s free energy of the hydrogen adsorption by Norskov et al 

(graphed in red) in 2005 and Schmickler et al (graphed in black) in 2014, replotted from the 

references [166,167]. The errors bars of the logarithmic exchange current density represent the 

highest and lowest values that both authors reviewed from experiments reported in the 

literature. The errors bars of  calculated by Norskov et al. represent two different surface 

coverages.     
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Krishtalik’s measured the hydrogen bond strength to the metals of the iron group (Fe, Ni and 

Co) to be relatively weak, while relatively strong hydrogen adsorption on Ni and Co was reported by 

computational studies (Figure 15). Lower activity of Ni and Co in comparison to the platinum group 

metals was attributed by Schmickler et al. to their more compact 3d-orbitals than the 4d and 5d orbitals 

and the resulting smaller overlaps with the orbitals of adsorbed hydrogen atoms. For further insights in 

electrocatalysis of HER readers are directed to a recent critical review [172]. To summarize, the 

mechanisms of the HER and adsorption strengths of intermediates are still debated, while different 

assumptions or approximations for DFT calculations lead in many cases to significant differences and 

inconsistencies.  

 

Work function and activity - As pointed out in the latter paragraph, the relation of the metal-

hydrogen bond-strength to the kinetics is still a disputed topic. Alternatively, direct correlations 

between the electronic structure of the metal catalyst and the activity for the HER were established by 

comparison of the work functions, electronegativities, and potential of zero charge of the metals with 

their catalytic activity [153,170,173,174]. Trasatti showed that the relation of Pauling’s 

electronegativity, the work function, and the potential of zero charge to the logarithm of the current 

exchange density is of an approximately linear character [170]. Despite the link between work function 

and hydrogen-adsorption strength is not obvious, the work function may be the best measureable 

indicator for the catalytic property of pure metal catalysts. 

 

4.4. Oxygen evolution reaction (OER) 

In the OER twice the number of electrons and more intermediates are involved in comparison 

to the HER. Moreover, mixed stoichiometric oxides appear during the OER that result in amorphous 

oxide or passivation layers. In contrast to the HER, the oxygen involved in the OER can change the 

oxidation state of the catalyst and thus its overall electronic and crystallographic structure. A detailed 

computational modelling of the energy states during the reaction is thus difficult. DFT calculations that 

describe OER electrocatalysts are typically performed for idealized oxide crystals or clean metal 

surfaces [175–178]. Despite these differences between the modeled and real surfaces at OER catalysts, 

DFT calculations provide relevant insights to the reaction mechanisms during the OER. However, with 

respect to these uncertainties of the computation approaches to describe the OER, detailed correlations 

between the electronic structure and the activity will be not considered here. Instead, in this section a 

brief review on the mechanisms of the OER is presented. A more detailed analysis of the mechanisms 

during the OER are provided by several reviews in the recent literature [155,179–181]. 

 

Reaction pathways - The four electron process of the oxygen evolution is accompanied by at 

least 2 different intermediates, namely OH and O [126,182]. In addition, usually the participation of 

OOH is assumed [126,182], which however can be avoided when two adsorbed oxygen atoms are 

chemically recombined to an oxygen molecule. Oxygen - as the product of the reaction - is also 

adsorbed on the catalyst. In the alkaline regime, OH
-
 is the reactant while water is the reactant in the 

acidic regime. In both cases the reactants also have to be adsorbed on the catalyst in order to start the 
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reaction. Figure 17 illustrates different electrochemical pathways for the OER as reviewed by 

Giordano et al [183]. Despite the intermediate adsorbates OH, O and OOH for the OER in the alkaline 

and acidic regime are equal, the reaction rates of the different pathways sketched in Figure 17 can be 

influenced individually by pH. Giordano et al [183] showed that no general trend for the overvoltages 

(or the potential vs the reversible hydrogen electrode) as a function of the pH can be given. 

 

 
Figure 17. Reaction pathways of the OER adopted from Giordano et al [183].  

 

Structure of OER catalysts - The potential region where the OER takes place is above the 

standard potential of all metals. Thus, metal catalysts must be protected by an oxide layer in order to 

avoid rapid dissolution. Alternatively, bulk metal oxides can be used as the catalysts. As discussed in 

Section 4.1, metal or metal oxide catalysts are not thermodynamically stable during the OER and thus 

their dissolution is just a question of kinetics. Moreover, the morphology of the hydrous amorphous 

oxidation layer undergoes constant changes during the OER. Accordingly, the surface of the 

electrocatalyst during the OER cannot be precisely defined and it is challenging to obtain physical 

information of the amorphous nature of the hydrous oxide layers. By using spectroscopic in-situ 

measurements, various oxidation states of the active metal components during the oxygen evolution 

were measured [102,126–131]. Although the reaction takes place at or in the amorphous surface layer, 

the activity and stability of the catalyst may also depend on the bulk properties. For instance, oxide 

covered Ru and Ir metals were observed to be more active but less stable than their bulk oxides [125].  

 

Conductivity - Metals typically show conductivities of at least 10
4 

S/cm. The conductivity of 

IrO2 and RuO2 is of a metallic character with similar high values [184], while other metal oxides 

typically show semiconducting or insulating behavior with conductivities that are orders of magnitude 

smaller. Trotochaud et al [185] measured the conductivity of pure NiOOH in the order of 0.1 mS/cm, 

while iron impurities increase the conductivity by more than an order of magnitude. Thus, the 

conductivities of such oxides are typically two to four orders of magnitude smaller than those of the 

employed electrolytes (Section 2). The conductivity of the electrocatalysts is especially relevant for the 

design of electrodes, as further discussed in Section 5. 
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4.5. Surface area 

At structures in the nanometer scale, the surface atoms have due to geometric reasons on the 

average less binding partners compared to surface atoms at flat surfaces. Moreover, the electronic 

structure of the bulk also changes when the mean free path of electrons in a conductor is reduced 

[152]. Both effects are expected to increase the adsorption strength of ions/molecules and atoms of 

high surface area configurations compared to their plane counterpart [186]. For example, in 

comparison to polycrystalline flat metal electrodes a drastically lower surface-normalized activity of 

Ru, Ir, and Pt nanoparticles towards the OER was reported [187]. 

Besides the influence of the surface area on the electronic structure of an electrocatalyst, its 

precise surface area determination is crucial to precisely characterize the activity. Most commonly, the 

activities of electrocatalysts for the HER and OER are determined by measuring the current 

attributable to the HER or OER as a function of the potential of the catalyst in the electrolyte. The 

current ideally linearly correlates with the electrochemical active surface area (ECSA) of the active 

component or components of the catalyst. Thus, in order to characterize and compare the activity of 

different catalysts, the measured currents should be normalized to their ECSAs. Unfortunately, ECSAs 

are in many cases difficult to measure, which makes a comparison of different catalyst materials 

difficult.  

Electrochemical methods to measure the ECSA of metal catalysts that were reported in the 

literature are based on the following physical properties [188]: (i) The double layer capacitance at the 

interface of the electrocatalyst to the electrolyte [189] is a measure for the surface area of a catalyst. 

Typically, the capacitance is measured via impedance [190,191] or by small excitations of triangular 

potential waves (cyclic voltammetry) [192,193]. (ii) Adsorption of gases (CO, H2, O2) [194–198] or 

ions in the electrolyte [199–202] on the surface of the catalyst, which are subsequently 

electrochemically converted. (iii) Voltammetric measurements, in which the oxidation state changes of 

the active component are measured [203]. 

The double layer capacitance measures the surface area of the catalyst and its support. 

Accordingly, for supported catalyst this method is generally not suitable for measuring the ECSA of 

the active component. Excitation amplitudes and frequencies (impedance) or scan rates (cyclic 

voltammetry) for capacitance measurements have to be chosen with great care, otherwise 

experimentally determined capacitances can be by orders magnitudes wrong [204]. Moreover, 

electrode capacitances can be individually affected by adsorption processes or side reactions 

[204,205]. Hence, capacitance measurement can be not considered as a generally appropriate technique 

to precisely determine surface areas of electrocatalysts. Carbon monoxide or hydrogen stripping can be 

considered as a very effective technique to measure the surface area of platinum group metals 

[195,206], while this technique is generally not applicable to other metals. 

Besides electrochemical measurements, physical adsorption of gas molecules on the catalyst 

surface (as described by the Brunauer-Emmett-Teller (BET) theory [207]) is often used to measure the 

surface area of porous catalysts or powders [208]. Moreover, atomic-force microscopy (AFM) can be 

used in order to determine the roughness factor (and thus the ECSA) of thin film catalysts [209].  
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In a water electrolyzer, the ECSA of an electrode is a decisive property for its electrocatalytic 

performance. In the case of precious metal catalysts (for example Ir or Pt), high ratios of the catalyst 

surface areas to mass are aimed to reduce the amount of catalysts and thus costs. Dealloying is a 

common procedure to realize nanoporous catalysts with high surface areas [210–212]. Hereto, a 

catalyst is alloyed with a component that dissolves faster in a certain solution than the catalyst itself. 

After dealloying a porous stable skeleton of the catalyst should ideally be left. Nanostructures also can 

be obtained by direct synthesis [213] of (i) nanoparticles [186], (ii) core-shell structures [214], (iii) 

hollow spheres [215], (iv) nano architectures (such as dendrites [216], nanowires [217], nano-frames 

[218], nano-cages [219], etc), (v) single-molecule active sides [220] or (vi) electrodeposition of porous 

films [221,222]. However, the long-time stability of filigree nanostructures is especially towards the 

OER questionable [223].  

 

4.6. Composite and alloy electrocatalysts 

At composite or alloy electrocatalysts different synergetic effects may occur, as graphed in 

Figure 18: (a) The electronic environment around an active component can be altered by the 

interaction of different elements and thereby the adsorption strength can be optimized. The activity 

towards the HER or OER can thus be improved [224]. (b) When a species involved in the reaction 

bonds simultaneously to different surface atoms of the catalyst, the adsorption energies can be tuned 

by employing different active sites [209]. (c) Adsorbed species can diffuse on the surface of the 

catalyst [225–228]. Thus, in a composite electrode adsorbed species can diffuse from one active 

component on the metal surface to another. When the adsorption energies for two different species 

involved in the reaction are at different active sites favorable, diffusion between the different atoms at 

different reactions steps can increase the overall activity.  

 

 
 

Figure 18. Schematic sketch of an adsorbed species (AD) on a composite interface, that consist of two 

different elements as graphed in red and blue. (a): The adsorbate bonds to one surface atom, 

while the electronic structure is changed by alloying and thus affects the bond strength. (b): 

The adsorbate bonds to at least two different surface atoms and thus the adsorption strength is 

different from the bonding to the single surface atoms, respectively. (c): Diffusion of 

adsorbates diffuse between different atoms on the surface, so that at different reaction steps the 

bonding strength is varied.  

 

Different or no surface normalization of reported activities in the literature makes the 

comparison of reported data on alloy catalysts difficult. For example, in the case of Ni-Mo alloys 

strongly deviating results for activities towards the HER were reported [229–232]. From a theoretical 

perspective,  an alteration of the d-band structure was predicted to yield high activities of Ni-Mo alloys 
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[233–236]. However, recently the activities of plane Ni-Mo alloy electrodes were reported to equal 

that of plane Ni electrode [205]. In this study, different activities of Ni-Mo electrodes reported were 

attributed to different porosities and roughness factors that come from different fabrication procedures. 

In general, reported activities of rough or porous samples must be considered with care, as it is 

often difficult to distinguish between the effect of surface area and electronic structure on measured 

potential-current curves. A difficulty to calculate binding energies of composite catalysts is displayed 

by partial oxide/hydroxide coverage and a related amorphization of the surface. During the OER, the 

discussed amorphization of the surface rearranges the defined crystal structures of alloys or the initial 

morphology of composites. Accordingly, it is questionable, whether different elements can passivate 

one another during the OER, if they do not show stability on their own. 

 

4.7. Electrocatalysts in water electrolyzers 

In the following, electrocatalysts suitable for the anode and cathode in water electrolyzers are 

elucidated. As discussed above, the activities of pure metals in the form of the current exchange 

density for the HER were reported. The platinum group metals (PGMs) show the best activity for the 

HER, followed by Ni and Co. In acidic electrolyte, Ni and Co based catalysts were reported to be 

unstable [237], for which platinum metals are typically used in acidic water electrolyzers for the HER. 

In alkaline electrolytes, the PGMs also show the highest activity for the HER [167] while Ni and Co 

based catalysts are stable.  

In the case of the OER, dissolution and high resistances are major disqualifiers for many metals 

or metal oxides. In Figure 12, the thermodynamic stability and abundance of metals across the periodic 

table was graphed. The metals Ir, Pt, Pd, Rh, Ti, Ta, Nb, W and Si show a thermodynamically stable 

oxide phase at the potentials that occur during the OER. The oxides of the metals of the early transition 

series and Si however show low conductivity and low activity towards the OER. Of the mentioned 

metals, Ir shows the highest activity towards the oxygen evolution reaction [121] and is therefore most 

frequently used as OER catalyst. Another advantage of Ir is that its oxide IrO2 shows high conductivity 

[184]. However, the scarce Ir and the costs for the other platinum metals might display a bottleneck 

when aiming at large scale water electrolysis with acidic electrolytes. 

In alkaline electrolyte, most PGMs show higher dissolution during the OER compared to acidic 

electrolytes [121,122]. However, a measureable dissolution of Ni, Co and Fe could not be observed 

[125]. Using these metals as active components for alkaline OER catalysts, a broad class of metals and 

oxides with different structures (such as perovskites, spinels, rutiles, etc) were reported, as extensively 

reviewed in the literature [155,180,238]. However, partial dissolution and amorphization of the surface 

of perovskites was observed [239,240], which may display an issue of such defined crystal structures. 

In the case of Ni metal anodes, small amounts of anodically deposited or incorporated iron oxides from 

iron impurities in the electrolyte were reported to significantly increase the activity for the OER 

[185,241–245]. In order to avoid conductivity issues with Ni, Co or Fe based electrodes, rather 

passivated metal electrodes than bulk oxides are typically used. The amount of these metals in the 

earth crust is almost four orders of magnitude larger than that of the platinum metal group (Figure 12). 
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Hence, the amount of these metals for the use as electrocatalysts in alkaline electrolyzers is not limited 

by the costs. 

Catalysts on the basis of nitrogen doped carbon were initially reported for the oxygen reduction 

reaction in fuel cells [246] and later also suggested to be suitable to catalyze the OER [247]. Moreover, 

carbon based structures were discussed as the support of metal catalysts for the OER [248,249]. 

However, the low stability of carbon at elevated temperatures and high anodic potentials during 

industrial water electrolysis is expected to display an issue for the durability of these carbon based or 

carbon supported catalysts. In contrast, at the cathodic potentials during the HER, carbon is stable and 

thus can be used as support for catalysts. 

 

4.8. Section summary 

In this section, first the stability of metals in alkaline and acidic electrolytes and mechanisms 

for their dissolution are reviewed in order to identify materials that can be used as electrocatalysts for 

water electrolysis. Next, the mechanisms for the HER and OER are elucidated, showing discrepancies 

and open questions. Towards application, reasonable electrocatalysts for water electrolyzers are 

discussed. In alkaline electrolyte, the abundant and cheap metals of the iron group (Fe, Co and Ni) are 

active and stable electrocatalysts for the HER and OER. Iridium displays the catalysts with the best 

activity and stability compromise for the OER in acidic water electrolyzers, while the HER can be 

efficiently conducted with all platinum group metals. The amount of these noble metals usable in the 

electrodes is restricted to their low abundance and the resulting high costs. 

 

5. ELECTRODES, CURRENT COLLECTORS AND BIPOLAR PLATES 

  

5.1. Electrodes 

As discussed in Section 2, typically metal electrodes are used in alkaline water electrolyzers 

that consist of a porous metal framework (mesh, perforated metal, foam, sintered bodies, etc.) and high 

surface area catalyst coatings. In the case of PEM water electrolyzers, composite electrodes consisting 

of polymer electrolyte binder and catalyst nanoparticles (which can be attached to conducting 

supports) realize porous structures. 

 

Design factors - To enable an electrochemical reaction at an electrocatalyst, it must be in 

contact with an electron conducting solid phase and an ion conducting phase. The electron conducting 

solid phase can be composed of metals, metal oxides or carbon [250]. In the electrodes of PEM water 

electrolyzers, the polymer electrolyte provides the charge carriers (protons or hydroxide ions) that 

dissolve in the aqueous phase and thus provide the ionic conductivity [251,252]. Liquid electrolytes 

can penetrate into porous electrode structures and thereby also provide the ionic conductivity. The 

production of hydrogen and oxygen leads to gaseous phases at the electrocatalysts. The simultaneous 
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occurrence of the solid, aqueous and gaseous phase at the catalysts is commonly referred to as triple 

phase boundary [253].   

Bubbles that are attached to the surface of the catalyst reduce the area of the liquid-solid 

interface [254–256]. Besides the blockage of the catalyst, gas bubbles also can block pores through 

which proton or hydroxide ion conduction takes place. Accordingly, fast transport of the evolved 

bubbles from the electrocatalyst to the surrounding is a decisive property of an electrode, which is 

typically realized by porous structures. At atmospheric pressure, the gases evolved have more than 

1000 times higher volumes per mass as water (as calculated by the ideal gas law). As a consequence, 

the pressure inside the electrode increases by the phase transition of the liquid reactants to the gaseous 

products. The resulting differential pressure between the inside and the outside of the electrode was 

estimated to display the dominating driving force for the gas transport through the electrode, while the 

contributions of diffusion to the overall gas transport were estimated to play a minor role [27]. The gas 

flux from the inside of the porous electrodes through its pores to the bipolar plate or the current 

collector convectively carriers the electrolyte or water through the porous electrodes. By capillary 

pressure, the aqueous phase can penetrate into the pores of the electrode again. 

Smaller pores of the electrodes increase the friction of the electrolyte and gas transport and 

thereby increase the pressure drop that is caused by the gas transport. However, smaller pores can 

increase the surface area of the catalysts and the capillary pressure. An electrode ideally shows 

following macroscopic properties: 

 High conductivity to electrons and ions in order to minimize Ohmic drops. 

 High wettability so that the catalyst is in contact with the aqueous phase. 

 High surface area of the catalyst. 

 Low bubble coverage of the catalyst and a low amount of bubble-blocked pores. 

 High permeability to gases and electrolyte in order to ease mass transport. 

In the following, strategies to realize such structures are discussed.  

 

Electrodes with polymer electrolytes - The electrodes of SPE water electrolyzers typically 

consist of mixtures of polymer electrolytes and high surface area electrocatalysts in the form of nano-

architectures [257,258]. At low catalysts loadings, the volume fraction of the electron conducting 

phase decreases. As a result, less catalysts particles touch one other and so a reduced macroscopic 

electron conductivity of the catalyst layer results. Supports for the catalysts (such as graphite for the 

cathodic catalyst [259–261] and tin oxide [262] or titanium oxide [263,264] for the anodic catalyst) 

can be used in order to increase the electric conductivity and/or mechanical stability at low catalyst 

loadings. However, as discussed in Section 4.4., except IrO2 and RuO2 oxides are typically poorly 

conducting, for which suitable anodic catalyst supports are still to be developed. The polymer 

electrolyte binder in the electrodes provides the ionic conductivity [251,252], enables water uptake 

[265] and mechanically fixes the catalyst powders.  

Electron tomography was used to characterize the morphology of the different phases (catalyst, 

support and electrolyte) in detail [266,267]. In these studies pore diameters that were one or two orders 

of magnitude larger than those of Nafion membranes (which were reported to 2.5nm [53]) were 

reported. These larger pore diameters of the catalyst layers enable larger differential pressure 
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permeability than that of the Nafion membranes. The best performance of catalyst layers in PEM water 

electrolyzers is typically obtained with Nafion loading in the range from 20 wt% and 30 wt% [257]. 

The composite electrodes are produced analogously to that of PEM fuel cells [268–274]. 

 

Solid electrodes for liquid electrolytes – Electrodes for alkaline water electrolysis with liquid 

electrolytes typically consist of porous metal frameworks (that provide high electric conductivity) 

covered with high surface area catalyst layers [275,276]. The metal framework typically consists of 

nickel, which is cheap and chemically stable in the alkaline regime. Alternatively, porous metal foils 

can be directly obtained by dealloying [209,277], which however might display a lack of permeability 

to differential pressures and thus might be problematic concerning the gas transport.  

Following structures are typically used to realize metal frameworks for the electrodes: (i) Solid 

meshes [275,276,278], which can be prepared by weaving or acid leaching. (ii) Perforated metal plates 

[27], which can be produced by melting of metal fabrics, acid leaching, or drilling. (iii) Powder 

electrodes [279], which are fabricated by sintering of metal powders [280,281]. (iv) Metal foams, 

which can for example be fabricated by deposition of a metal into a porous structure which is 

subsequently leached out [282,283]. (v) Porous metal foils, which can be produced by tape casting of 

an oxide which is subsequently reduced at high temperatures [284].  

Common coating techniques to put catalyst coatings onto metal templates are: (i) Vapor plasma 

spraying, where a metal plasma is sprayed onto the template [275,276,285]. (ii) Chemical and physical 

vapor deposition [286], in which thin catalyst layers can be deposited onto the substrate. (iii) 

Electrodeposition, where metals are cathodically deposited on the metal framework. Porosity can be 

obtained directly by the deposition procedure, for example by gas evolution during deposition 

[230,287–290]. (iv) Electroless deposition in an electrolyte [291–293]. For the latter two wet chemistry 

approaches a variety of techniques to deposit Ni-based alloys with non-metals such as phosphorus 

[294,295] , Sulfur [293], Boron [292,296] and metals such as Molybdenum [230,289,290], Zink [297], 

Copper [298], etc. were reported. The deposition in non-aqueous electrolytes can broaden the amount 

of metals which can be deposited [299].  

 

5.2. Current collectors and bipolar plates 

The electric conductivities of metals are typically with at least 10
4
 S/cm more than four orders 

of magnitude higher than the ionic conductivities of electrolytes (Section 3). Thus, the Ohmic drops in 

the current collectors and bipolar plates of water electrolyzers typically display minor contributions to 

the overall Ohmic drop in electrolysis cells [27]. However, at the interface between the electrodes, 

current collectors and bipolar plates, where less conducting passivation layers occur, significant 

electric resistances can occur (Section 4.4). Moreover, at these interfaces contact resistances can lead 

to significant contributions to cell resistance [27].  

 

Acidic water electrolyzers - In PEM water electrolyzers, current collectors are used to contact 

the composite electrodes and to compensate their weak in-plane conductivity [250]. Moreover, the 
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current collectors mechanically support the PEM. The current collectors are in direct contact with the 

catalyst layers and are thus at least partly exposed to their corrosive acidic aqueous phase. The bipolar 

plates in acidic water electrolyzers are not in contact with the corrosive aqueous phase of the PEM. 

However, when PFSA membranes such as Nafion are used, hydrogen fluorine can be formed by the 

degradation of the membrane [58,300]. The hydrogen fluorine produced by the membrane degradation 

permeates into the water supply and leads to its acidification. The acidic solution containing fluorine in 

combination with the high anodic potentials display a harsh environment for the metals used as current 

collectors and bipolar plates. When metal cations are dissolved from the current collector or bipolar 

plate, these can penetrate into the polymer electrolyte and replace the protons of the functional group 

and result in a loss of the conductivity of the SPE [301]. Moreover, transition metal ions in the 

membrane can accelerate its degradation [302]. Thus, the stability of the bipolar plate and the current 

collector is of significant importance for the overall durability of SPE water electrolyzers. 

In the acidic regime, only a few metals are stable at potential during the OER (see Section 4.1). 

Titanium is the cheapest material that displays a stable and (at least poorly) semiconducting oxide 

[303] in the acidic regime with respect to the anodic potentials applied. However, its passivation layer 

continuously grows and thereby increase contact resistances. The anodic current collectors are 

typically made of titanium meshes or sintered bodies of titanium spheres [304]. In order to avoid the 

formation of thick and bad conducting passivation layers, precious metal coatings can be used for the 

titanium-based bipolar plates and current collectors [305]. Carbon can be used as a stable material with 

low contact resistances for cathodic current collectors and bipolar plates. The contact resistances 

between carbon fleeces or papers and the current collector are in the order of 8 mΩ cm
2
 [306], which is 

a negligible contribution to the overall cell resistance [27]. A further advantage of the porous carbon 

materials is their flexibility that provides uniform contacting of the electrodes [307,308] and that can 

balance thickness variations of the bipolar plates, catalyst coated membranes and anodic current 

collectors. 

 

Alkaline water electrolyzers - In alkaline water electrolyzers, electrodes with a conductive 

metal framework realize high in-plane conductivity. Hence, current collectors are in alkaline water 

electrolyzers typically not employed as the porous metal frameworks of the electrodes adopt their 

functions. The electrodes can be directly pressed or welded onto the bipolar plates. By welding of the 

electrodes to the bipolar plates contact resistances between both components can be avoided. Typically 

nickel bipolar plates and current collectors are employed, as nickel is cheap, abundant, stable and 

shows low contact resistances.  

 

6. CELL PROPERTIES 

A detailed analysis and description of the cell properties in the form of voltage-current 

characteristic, heat balance, gas purities and efficiency is described in a previous study [27]. In this 

section, the most important aspects and relations of the cell properties to the previously discussed 

physicochemical material properties are highlighted. 
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6.1. Voltage-current characteristic 

The voltage-current characteristic of a water electrolysis cell describes the relation between cell 

voltage and cell current and is a measure for its electrochemical performance. The cell voltage equals 

the sum of the Nernst voltage , kinetic overpotentials , Ohmic drops , and overpotentials 

related to mass transport phenomena  [27]: 

 (20) 

The Ohmic drops of different cell components is analyzed in the literature in detail [27]. When 

the evolved bubbles cover the surface of the catalyst and thus block the access of liquid water, reactant 

starvation can result which leads to an exponential increase of the cell voltage with the current density 

[24]. However, this effect was not observed at current densities below  in state-of-the-art 

alkaline and acidic water electrolysis cells [27] and thus is not considered here.  Figure 19 illustrates a 

typical UI-characteristic of a water electrolyzer. The partial pressure increase in the electrodes caused 

by the gas transport increase the Nernst voltage with current density [27].  

 

 
 

Figure 19. Typical UI-characteristic of a water electrolyzer including the Nernst voltage, Ohmic 

losses, and kinetic losses. Modeled data (lines) and measurements (scatter) of an acidic water 

electrolysis cell with a Nafion 112 membrane replotted from reference [27]. 

 

6.2. Heat balance 

The heat balance of a water electrolyzer is influenced by the following factors [309]: 

 The overpotentials caused by the Ohmic and kinetic losses that heat the cells. 

 The amount of water vapor in the produced gases. 

 Heat dissipation into the environment. 

 The energy required to heat the water supplied to the same temperature as the cell. 

 Recombination of hydrogen and oxygen in the cell. 

 

LeRoy et al. [309] examined and described the influence of the first four points in detail, as in 

the following briefly reviewed. The heat dissipation into the environment is here not considered as this 

effect crucially depends on the design of the electrolyzer and the thermal insulation used. The 

temperature, at which the cell is in thermal equilibrium (temperature of the cell is constant without 
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active heat management) is typically defined as the thermal-balanced voltage  (not to be confused 

with the thermoneutral voltage). Applying lower voltages than the thermal-balanced voltage 

) means that the cell temperature decreases until a lower equilibrium temperature is 

reached. Alternatively, additional heating can be supplied in order to maintain the temperature of the 

electrolyzer cell. With  the temperature of the cell is constant, while higher voltages 

produce heat which increases the cell temperature or which must be carried away by the electrolyte 

flux that is purged through cell. 

 

 
 

Figure 20. Thermal-balanced voltage as a function of the pressures applied to the anodic and cathodic 

compartment. Horizontal gray lines: Voltage efficiencies (normalized to the HHV). Calculated 

with reference to the equation reported in [27]. 

 

Figure 20 shows the thermal-balanced voltage as a function of applied pressure for different 

temperatures on the basis of the equation reported by LeRoy [27,309]. The absolute pressure 

negligibly influences the saturated vapor water pressure [310]. Accordingly, towards higher operating 

pressures the partial pressures of hydrogen and oxygen linearly increase but the saturated vapor 

pressure remains constant. As a result, the molar content of water vapor in the product gases decreases 

with higher pressures. Thus, the thermal-balanced voltage decreases toward higher pressures. At 

differential pressure operation with reduced anodic pressure (which can be realized with gastight SPE 

membranes), the increased mole fraction of water vapor in the anodic gas leads to a higher thermal-

balanced voltage than at balanced pressure operation. In SPE water electrolyzers, which are fed with 

pure water, the saturated water vapor pressure is higher than in electrolyzers with alkaline electrolytes 

[311]. To summarize, pressurized operation is necessary to enable efficient operation in a voltage 

range from 1.5V to 1.7V at high temperatures without additional heat input.  

 

6.3. Gas purities and pressurized operation 

As discussed in Section 3, hydrogen and oxygen can diffuse through the separator/membrane in 

a water electrolyzer. Moreover, differential pressure forced electrolyte and gas permeation through 

porous separators significantly affects the gas purities. Mixing of hydrogen and oxygen in the anodic 
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and cathodic is commonly referred to as gas crossover. Generally, the gas crossover increases towards 

higher pressures. In a recent study [27], pressures of a few bars were motivated to yield the best 

compromise between moderate gas crossover and small thermal-balanced voltages. Hydrogen 

permeating from the cathode to the anode is typically not reacted at the oxide covered anodic catalyst 

[330] and thus mixes with the oxygen produced. In contrast, oxygen that permeates from the anode to 

the cathode can be electrochemically reduced at the cathodic catalyst. The gas purities typically 

increase toward higher membrane thicknesses and higher current densities [27]. 

Gas crossover equals an efficiency loss, as the separation of both gases (for example by 

liquefaction processes) is typically considered to be too energy intensive. In the case of high operating 

pressures, the gas crossover during pressurized water electrolysis can lead to explosive gas mixtures 

(more than 4% of hydrogen in oxygen or vice versa [312]). In this case, safety hazards related to these 

gas impurities may display a disadvantage of pressurized water electrolysis [313].  

 

6.4. Cell efficiency 

In the following, the cell efficiency of water electrolysis is described, which does not include 

the energy consumption of system components such as pumps or gas driers. Typically, the impact of 

the voltage-current characteristic and the gas crossover on the cell efficiency are considered separately, 

described by the voltage efficiency  and the current efficiency . The cell efficiency  equals 

the product of voltage and current efficiency: 

 (21) 

 

The voltage efficiency equals the ratio of a reference voltage  (the voltage related to Gibb’s 

free energy or the enthalpy) to the cell voltage: 

 

(22) 

Normalizing to the reversible voltage (related to Gibb’s free energy) means that the latent heat 

of the phase transition from liquid water to the gaseous hydrogen and oxygen is not considered. When 

the efficiency is normalized to the voltage that is related to the enthalpy, the energy that must be spend 

for the phase transition of liquid water to the gaseous hydrogen and oxygen is included. 

The conversion efficiency of the HER and OER during water electrolysis is typically 100% 

under stationary conditions [193]. Moreover, parasitic electric currents between the anode and cathode 

of electrolysis cells are typically negligible, as the separator/membrane should be electrically 

insulating. In a stack, where cells are connected in series, parasitic currents between the cells through 

the water feed can occur [314], which is especially an issue of alkaline water electrolyzers where the 

water feed in the form of the alkaline electrolyte shows high ionic conductivity. However, these 

parasitic currents can be reduced to a negligible amount by a proper design of the stack [314]. 

Accordingly, gas crossover typically displays the dominating impact on the current efficiency. 

A crucial parameter for the cell efficiency is the thickness of the separator/membrane. The 

Ohmic drop at the separator/membrane is proportional to its thickness (Ohm’s law), while the gas 

cross-permeation fluxes scale with its reciprocal thickness (Fick’s law and Darcy’s law). Thus, the 

thickness of the separator determines the Ohmic drop and the gas crossover. Hence, the separator 
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thickness is decisive for both, the current and voltage efficiency. State-of-the-art efficiencies of acidic 

SPE and alkaline electrolyzers are discussed in the literature [27]. This comparison revealed, that the 

voltage efficiencies of both systems are approximately equal if similar separator/membrane thicknesses 

are used.  

 

 
 

Figure 21. Voltage, current and cell efficiency (calculated on the basis of experimental data and 

normalized to the higher heating value) for an acidic water electrolyzer with a 50 µm Nafion 

membrane operating at 80 °C, 6 bar cathodic and 2 bar anodic pressure. Data replotted from 

reference [27].  

 

Figure 21 exemplarily shows the modeled efficiency of an electrolyzer as a function of the 

current density, with respect to an acidic water electrolyzer with a 50 µm Nafion membrane operating 

at 80 °C, 6 bar cathodic pressure, and 2 bar anodic pressure. With this set of parameters a thermal-

balanced voltage of 1.58 V results. Below current densities of 1 A/cm², this thermal-balanced voltage 

limits the voltage efficiency. Towards higher current densities activation and Ohmic losses increase, 

that finally reduce the voltage efficiency. The amount of the gases produced at the electrodes 

(Faraday’s law) increase with the current density, so that the amount of cross-permeating gases in 

relation to the produced gases decreases. As a result, the current efficiency increases towards higher 

current densities. 

 

6.5. Durability 

Not many data for the long term operation of water electrolyzers in the order of at least 

10,000 h are reported in the literature. Nevertheless, in the following we try to emphasize the 

physicochemical degradation mechanisms of water electrolysis cells on the basis of reported studies.   

 

PEM electrolysis - In the case of acidic SPEs, the replacement of protons of the functional 

groups by other ions such as alkali metal ions results in a loss of conductivity [315]. SPE membranes 

can float under heat and pressure and thus lose their initial dimensional properties [96–99]. This 

phenomena was characterized for the operation conditions of fuel cells (SPE in contact with water 

vapor), however we could not find literature where this behavior was examined for water electrolyzers 

conditions (SPE is in contact with liquid water). The gas crossover and the resulting simultaneous 
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appearance of hydrogen and oxygen at the catalyst can lead to the chemical production of radicals such 

as HO
•
, HOO

•
 or H

• 
[316–320] that can decompose the SPE [321]. In the case of fluorinated SPEs, 

hydrogen fluorine is one of the major degradation products [57]. The hydrogen fluorine can permeate 

into the supply water, reduce its pH and can lead to serious degradation of the cell components such as 

the current collectors and bipolar plates. Stucki et al [56] observed membrane failure in industrial 

water electrolysis stacks after 15.000h hours as indicated by a rapid increase of anodic hydrogen. 

Millet et al reported the end of life of a water electrolysis stack after 5500h due to membrane failure 

[322].  

Serious degradation of the anodic iridium oxide catalyst in water electrolyzers was reported 

[323]. Due to high costs, only low amounts of the iridium can be used for industrial purposes. Thus, 

iridium dissolution during OER [125,324] may display a general issue for the service time of acidic 

water electrolyzers. When titanium is used as the base material for the bipolar plate and anodic current 

collector, its oxidation and the growth of a low conductive passivation layer can increase the Ohmic 

losses [325], which can be avoided by precious-metal coatings. However, precious metal coatings are 

expensive and could display an economical drawback of PEM water electrolyzers [326]. A more 

detailed review on PEM water electrolyzer degradation is provided by reference [327].  

 

Alkaline electrolysis - The state of the art composite porous separators of Zirconium dioxide 

and polysulfone (denoted as Zirfon-type) may degrade during alkaline water electrolysis, as Zirconium 

dioxide can be dissolved in highly alkaline solutions. Pourbaix et al. [114] reported that at pH = 14 a 

concentration of 10
-4

 mole per liter of Zirconium ions is soluble. The Zirconium ions in the electrolyte 

cannot be deposited at the applied electrode potentials during water electrolysis. Thus, when the 

saturation concentration of Zirconium ions is reached in the electrolyte, the dissolution of the 

Zirconium dioxide particles in the porous separator is expected to stop (KOH-electrolyte typically not 

exchanged during operation). Schiller et al [275] showed 14.000h of intermittent operation of alkaline 

water electrolysis cells with nickel based electrodes and a porous Zirfon-type separator. The cell 

voltage dropped while no remarkable degradation of the cell or its components could be observed. At 

nickel cathodes or nickel bipolar plates, the formation of nickel hydrides [328] and hydrogen 

embrittlement [143,145] can display a source of degradation for the long–term operation. However, we 

could not find long-term data that show such effects in detail. 

 

Degradation during standby - The stability of metals in acidic and alkaline electrolyte depends 

on the electrode potentials (Section 4.1). During standby, the discharge of electrode capacities and the 

adsorption of cross-permeated hydrogen/oxygen on the catalysts can reduce the cell voltage. 

Moreover, in stacks, the connection of different cells by the water/electrolyte supply can lead to large 

potential differences between the electrodes of the different cells. In the case of acidic water 

electrolyzers, the cathodic catalyst made of Pt/C can readily dissolve at potentials above 0.8 V as 

examined for fuel cell catalysts in detail [124]. The reduction and re-oxidation of anodic Ir based 

catalysts in the potential range from 0 to 0.8 V can also lead to severe dissolution [121]. In alkaline 

water electrolyzers, Ni is expected to dissolve when the electrode potentials are in the potential 

window between 0 V and 1.23 V (Figure 11). To avoid the drop of the cell voltage during standby and 
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the resulting dissolution, a cell voltage slightly higher than the Nernst voltage can be applied, for 

which a low amount of power is necessary. 

 

6.6. Section summary 

In this section, the interplay of operation parameters and the material properties on the cell 

characteristics such as the current characteristic, gas crossover and efficiency are discussed. Moreover, 

the effect of the applied pressures on the water content of the produced gases and its implications for 

the heat balance is reviewed. In general, toward higher current density the current efficiency increases 

while the voltage efficiency decreases. The reported data on the degradation of water electrolysis cells 

are reviewed. In the case of acidic water electrolysis, the degradation of the SPE, the dissolution of the 

anodic Ir based catalyst and bad conducting passivation layers in the anodic compartment may display 

serious issues for enabling long service life. In contrast, alkaline cells are expected to show higher 

durability, while the formation of hydrides and hydrogen embrittlement at the cathode may finally 

limit the service life. 

 

 

7. MAJOR TECHNICAL CHALLENGES  

On the basis of the discussed properties, following major technical challenges to improve 

acidic water electrolysis with SPEs were identified: 

 More thermomechanical and chemical durable SPE membranes are necessary in order to achieve 

long service life. 

 The amount of available iridium can display a bottleneck to meet the requirements of large scale 

industrial water electrolysis. Despite of intensive research activities on new catalyst for the acidic 

OER in the last decades, a suitable alternative to iridium was thus far not developed. With 

reference to the amorphization of catalysts during the OER, mainly the properties of the elements 

are expected to be responsible for electrochemical stability of anode catalysts. Accordingly, it is 

questionable, if other suitable catalysts materials than Ir can be physically stable for the conditions 

at the anode during water electrolysis.  

 Corrosion and the low conductivity of passivation layers lead to degradation of bipolar plates and 

anodic current collectors. Using costly coatings with platinum group metals this degradation can 

be reduced, which displays however a major economical drawback. 

 Lower hydrogen and oxygen diffusivities of the solid phase of SPE membranes may significantly 

reduce the gas crossover and thereby increase efficiency and ability towards high pressure 

operation. 

 

Following challenges to improve water electrolysis with alkaline electrolytes were identified: 

 Porous high surface area electrodes with efficient electrocatalysts must be developed in order to 

achieve low overvoltages. Hereto, the optimization of porous alloy catalysts with Ni, Fe or Co as 

active components could display a promising pathway. 

 Hydride formation and hydrogen embrittlement of cathodic Ni-based materials may affect the 
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long-term stability. By alloy design, these drawbacks might be avoidable. 

 Alkaline polymer electrolyte membranes or porous separators with small pores below 100 nm 

should be developed to reduce the electrolyte cross-permeation and thereby improve gas purities.  

 

As state-of-the-art alkaline and acidic low-temperature water electrolyzers both achieve 

comparable performance [27], durability issues and costs for production display the major drawbacks 

of both technologies. In the case of large scale energy conversion by water electrolysis for renewable 

energy conversion and storage, alkaline water electrolysis might be more suitable than acidic water 

electrolysis, as the alkaline technology is not limited to the usage of scarce and precious metals for the 

catalysts and system components. Besides, alkaline water electrolyzers thus far showed higher 

durability which can be attributed to the different corrosion mechanisms in acidic and alkaline 

electrolyte. Finally, a chemically stable and exchangeable electrolyte is used in alkaline water 

electrolyzers, while SPEs for acidic water electrolyzers are vulnerable to a conductivity loss by 

impurities of the supplied water, chemical decomposition and thermomechanical deformation. 

 

8. SUMMARY 

This perspective aims to give an interdisciplinary, coherent and comprehensive overview of 

electrolytes, corrosion, electrocatalysis, component design, operation strategies and materials for low-

temperature water electrolysis. Acidic and alkaline electrolytes are compared regarding their ionic 

conductivities, gas diffusivities and gas permeabilities. Acidic solid polymer electrolytes (SPEs) or 

liquid bases in combination with porous separators are discussed as suitable electrolytes for technical 

water electrolysis. The ionic conductivities of both electrolytes are similar, while the lower hydrogen 

and oxygen diffusivities in alkaline solutions in comparison to those in acidic SPE membranes display 

advantages of alkaline electrolytes. However, state-of-the-art porous separators in alkaline 

electrolyzers are more permeable to differential pressures than SPE membranes as their pore sizes are 

larger. 

Corrosion mechanisms are reviewed and suitable metals for the use in water electrolyzers are 

disscussed. Non-noble metals such as Ni and Co display reliable electrocatalysts for the hydrogen 

evolution reaction in alkaline electrolytes, while in acidic media their stability is a serious issue for 

which platinum group metals are typically employed. Currently, Ir and its oxides display as moderately 

stable and simultaneously active the best electrocatalysts for the OER in acidic electrolytes, while in 

alkaline electrolytes Ni, Co and Fe based catalysts are stable and active. Thus, acidic water electrolysis 

currently depends on precious metals as electrocatalysts and coatings for current collectors and bipolar 

plates. Reported theories that describe the hydrogen and oxygen evolution reaction were critically 

elucidated and related to the survey of suitable electrocatalysts. 

The impact of material properties on the design of electrodes, current collectors and bipolar 

plates is discussed. The voltage-current characteristic, gas purities, heat balance and cell efficiency are 

related to operation parameters (such as current density, pressures and temperature). Durability 

challenges are reviewed, showing that the degradation of the SPE, the anodic Ir based catalyst and the 
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anodic current collectors of acidic water electrolyzers displays a crucial limit for service life. 

Degradation of alkaline water electrolyzer is mainly expected from hydride formation and hydrogen 

embrittlement of nickel components that are employed at the cathode. 

In summary, on the basis of a rigorous scientific analysis, insights into the physicochemical 

processes of water splitting as well as the design of electrolyzers and their components are presented. 

The derived opportunities and challenges of acidic and alkaline low-temperature reactors should guide 

the way for the development and improvement of water electrolyzers to become an established key 

technology towards renewable energy conversion and storage. 
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