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ABSTRACT 

Our energy system and the energy market have changed radically with the use of 

energies from the renewable sources solar and wind due to their highly fluctuating power 

generation. The share of renewable energies in the energy mix can therefore only be 

further increased, if economically viable solutions for the storage of energy are considered. 

In the concept of the hydrogen economy, hydrogen will be used as the main energy carrier. 

The sustainable production of hydrogen achieved by the electrochemical splitting of water 

into hydrogen and oxygen and their later utilization in fuel cells include the exchange of 

electrons on an electrode. Due to the fast kinetics of the hydrogen related reactions, the 

catalysis of the electrochemical oxygen reactions become the actual bottleneck, namely the 

oxygen evolution reaction—OER (water electrolysis) and the oxygen reduction reaction—

ORR (fuel cells). By enlarging the electrochemically usable electrode surface area, the 

efficiency of these reactions can be increased. 

In the present thesis, ultrashort laser pulses (shorter than a few picoseconds) were 

used to generate various surface-rich structures on metal electrodes. For this purpose, the 

first systematic study of the surface area enlargement of platinum electrodes using the 

laser-induced surface structures LIPSS, CLP and black metal was examined.  

Especially, the black metal surface structure exhibited an exceptionally high surface 

area increase of 1500 times compared to a polished platinum surface. Subsequently, the 

black metal surface structure was transferred to less expensive electrode materials, 

especially to nickel. In order to prevent oxidation of the material during the process and 

therefore to ensure good electrical conductivity of the electrode, the laser structuring was 

carried out in argon atmosphere. During the investigations, a new highly porous surface 

structure was discovered and it was called laser-induced nano-foam (LINF). Therefore, a 

nickel electrode was scanned with a laser beam in a line pattern. Thus, the surface of the 

LINF nickel electrodes was increased by a factor of 1600. The surface area of the LINF 

electrodes is adjustable by variation of the distance between the lines. In addition, this 

thesis shows how ultrashort laser pulses can be used to activate or deactivate certain 

areas of an electrode surface for gas evolving reactions, e. g. OER. The analysis of the 

irradiated surfaces with X-ray photoelectron spectroscopy (XPS) showed that the laser 

treatment produces defect sites close to the surface. The defects promote the formation of 

catalytically active phases such as the OER-active 𝛽-NiOOH phase, which increases 

wettability and thus facilitates the removal of gas bubbles from the laser-structured 

electrodes. 

 

Keywords: femtosecond laser structuring, surface structures, surface area enlargement, 

black metals, oxygen evolution reaction, oxygen reduction reaction 
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KURZZUSAMMENFASSUNG 

Unser Energiesystem und der Energiemarkt haben sich mit dem Einsatz von 

erneuerbaren Energien wie Sonne und Wind aufgrund ihrer stark schwankenden 

Stromerzeugung grundlegend verändert. Der Anteil der erneuerbaren Energien am 

Energiemix kann nur dann weiter erhöht werden, wenn wirtschaftlich sinnvolle Lösungen 

zur Speicherung von Energie in Betracht gezogen werden. Im Konzept der 

Wasserstoffwirtschaft wird Wasserstoff als Hauptenergieträger eingesetzt. Die 

nachhaltige Erzeugung von Wasserstoff durch die elektrochemische Spaltung von Wasser 

in Wasserstoff und Sauerstoff und die spätere Nutzung in Brennstoffzellen beinhalten den 

Übergang von Elektronen aus einer bzw. in eine Elektrode. Aufgrund der schnellen 

Kinetik der wasserstoffbezogenen Reaktionen besteht der eigentliche Engpass in der 

Katalyse der elektrochemischen Sauerstoffreaktionen, nämlich der 

Sauerstoffentwicklungsreaktion - OER (Wasserelektrolyse) und der Sauerstoffreduktions-

reaktion - ORR (Brennstoffzellen). Durch eine Vergrößerung der elektrochemisch 

verwendbaren Elektrodenoberfläche kann die  Effizienz dieser Reaktionen gesteigert 

werden.  

In der vorliegenden Arbeit wurden ultrakurze Laserpulse (kürzer als einige 

Pikosekunden) verwendet, um verschiedene oberflächenreiche Strukturen auf 

Metallelektroden zu erzeugen. Hierfür wurde die erste systematische Studie über die 

Vergrößerung der Oberfläche von Platinelektroden mittels laserinduzierter Strukturen 

LIPSS, CLPs und „black metal“ durchgeführt. Besonders die Oberflächenstruktur „black 

metal“ zeigte eine hervorragende Oberflächenzunahme um den Faktor 1500 im Vergleich 

zu einer polierten Platinoberfläche. Anschließend wurde die „black metal“ Struktur auf 

kostengünstigere Elektrodenmaterialien, insbesondere auf Nickel, übertragen. Um eine 

gute elektrische Leitfähigkeit der Elektrode zu gewährleisten, wurde der Laser-

strukturierungsprozess in Argon-Atmosphäre durchgeführt, dies verhinderte die 

Oxidation des Materials während der Strukturierung. Im Rahmen der Untersuchungen 

wurde eine neue hochporöse Oberflächenstruktur entdeckt und laserinduzierter 

Nanoschaum (LINF) genannt. Hierfür wurde eine Nickelelektrode mit dem Laserstrahl in 

einem Linienmuster bearbeitet. So konnte die Oberfläche der Nickelelektrode durch LINF 

um den Faktor 1600 vergrößert werden. Die Oberflächenvergrößerung der LINF-

Elektroden ist durch Variation des Abstands zwischen den Linien einstellbar. Darüber 

hinaus wird in dieser Arbeit beschrieben, wie durch Bestrahlung mit ultrakurzen 

Laserpulsen bestimmte Bereiche auf einer Elektrodenoberfläche für 

Gasentwicklungsreaktionen, z. B. OER, entweder aktiviert oder deaktiviert werden 

können. Die Analyse der bestrahlten Oberflächen mit Röntgenphoto-

elektronenspektroskopie (XPS) ergab, dass die Laserbehandlung oberflächennahe 

Defektstellen erzeugt. Die Defekte begünstigen die Bildung katalytisch aktiver Phasen 

wie der OER-aktiven 𝛽-NiOOH Phase, was die Benetzbarkeit erhöht und somit die 

Entfernung von Gasblasen von den laserstrukturierten Elektroden erleichtert. 

 

Stichworte: Laserstrukturierung, Oberflächenstrukturen, Oberflächenvergrößerung, 

„Schwarze Metalle“, Sauerstoffentwicklungsreaktion, Sauerstoffreduktionsreaktion  
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1 Introduction 

In recent decades, increasing demands of energy and heightened awareness of 

negative environmental impact have accelerated the transition from fossil fuels to 

green alternative “renewable” energies (such as solar, wind, and tidal energy). [1] 

This will fundamentally change the energy system and the energy market, because 

the renewable energies are substantially different from the traditional energy 

sources: their electricity production depends on weather conditions. This makes the 

associated electricity production discontinuous due to daily, seasonal and regional 

factors. The share of renewable energies in the energy mix can therefore only be 

increased, if renewable energies become manageable. [2] This requires ways to store 

energy on a large scale over a longer period of time. Therefore, it is essential to 

develop innovative reliable energy conversion and storage technologies. 

With the term of the "Energiewende", Germany characterized its claim to an 

international pioneering role in energy supply. Until today, the share of renewable 

energies in the energy mix has been pushed to more than 30 %, as a result of targeted 

promotion. [3] This share is to increase up to 50 % until 2030 according to the Federal 

Government of Germany. [3] While wind and solar energy can already be predicted 

quite reliably, the challenge of integrating the highly fluctuating energies into the 

grid still remains. The result is reflected in the spot price behavior of electric energy 

that is traded at the European Energy Exchange (EEX). The typical structure of the 

daily price curve shifts: peak prices are no longer reached at noon, but rather when 

solar and wind are underrepresented in the electricity mix. [4] Since September 2008, 

the occurrence of negative prices is accepted, see Figure 1. [5] The lack of storage 

capacity has an absurd consequence: when supply exceeds demand, it is possible to 

make profit with the consumption of electricity.  

The state-of-the-art technology for large scale energy storage in the long-term are 

pumped-storage power plants, where water is pumped in an upper reservoir in times 

of low electricity prices. Unfortunately, the missing geological requirements of the 

landscape in many countries, strictly limits the application of this technology. Hence, 

chemical energy storage systems are the only technically and economically feasible 

option to store renewable energy in large quantities in the long-term. Hydrogen plays 

a key role here, as the most promising energy carrier and storage medium. Hydrogen 

gas can be produced by water electrolysis using excess energy and can be consumed 
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on-site, stored, or injected into the natural gas grid. This process is also known as 

power-to-gas (P2G). [6] In the ambitious concept of the hydrogen economy, hydrogen 

will eventually replace the classical fossil energy carrier’s coal, crude oil and natural 

gas as well as nuclear energy. As hydrogen can be generated from water with the help 

of electricity, therefore the hydrogen economy will bring economic independence for 

countries with low fossil deposits. For example, Japan wants to develop a hydrogen-

based energy system as the first country on the planet. To underpin this transition, 

Japan intends to run the Olympic Games 2020 on a completely hydrogen-based 

energy infrastructure. [7] 

Even though hydrogen is considered one of the most promising technologies in the 

large-scale integration of renewable energies, only a small share of the currently 

produced hydrogen is generated by water electrolysis and is further utilized in the 

energy sector. In this framework, electrochemistry plays an essential role as it allows 

transformations between electrical and chemical energy, thereby enabling the storage 

of energy in the form of chemical bonds. [2] 

 

Figure 1: Germany’s electric power demand and the supply by renewable energies as well as the 

resulting electricity price of 2017. During the year, three times electricity was traded for more than 24 

hours at negative prices. Reproduced from [8]. 
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1.1 Motivation 

For a successful transformation towards a hydrogen economy, researchers and 

engineers must overcome several challenges to make production, storage and 

utilization of hydrogen more efficient and therefore hydrogen as an energy carrier 

competitive to fossil fuels. [9] The sustainable production of hydrogen achieved by the 

electrochemical splitting of water into hydrogen and oxygen through electricity and 

the later utilization in fuel cells includes electrochemical reactions. Such surface 

related processes are based on the exchange of electrons on an electrode. Because the 

kinetics of hydrogen related reactions are very fast, the actual bottleneck leading to a 

sustainable efficient hydrogen economy is the development of electrodes for the 

catalysis of the electrochemical oxygen reactions, namely the oxygen evolution 

reaction—OER (water electrolysis) and the oxygen reduction reaction—ORR (fuel 

cells). [2] To improve the efficiency of those reactions, research explores three 

different approaches: 

 find suitable catalytic material; to reduce the activation energy of the 

electrochemical reaction (potential/voltage), 

 provide large accessible surface area; to increase the yield, and 

 ensure that the electrode and catalytic active phase have good electrical 

conductivity. 

In recent years, theoretical tools and computational studies have led to significant 

progress in the atomic-level understanding of the OER and ORR. In parallel, several 

experimental studies have explored new catalytic materials with advanced 

activities. [9] Unfortunately, the catalytic materials actually used in both technologies 

(water electrolysis and fuel cells) so far are more than 20 years old. The focus of many 

researchers in the field is to synthesize sophisticated electrocatalysts with ultrahigh 

OER/ORR activities - at least in lab-scale. Most of those electrocatalysts are nano-

scaled materials with different shapes and compositions. However, the majority are 

too difficult and, therefore, too expensive to synthesize in larger scales. Another 

problem is the durability of those materials. For industrial use in water electrolysis 

they should last at least 10 years without significant performance loss [10] and for 

application in fuel cell powered cars at least 250,000 km mileage with stable 

performance is required. [11]  

Alternatively, an obvious but non-trivial approach to increase efficiency is the 

enlargement of the electrode’s surface area. [12] In this respect, the electrocatalytic 

activity of electrode materials is predominantly connected to the increase of reaction 
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site density at the electrode-electrolyte interface. [13] For industrial electrodes, three 

basic concepts are approved: 

 mechanical treatment, such as grit blasting, 

 coating, such as thermospraying, physical vapor deposition (PVD), chemical 

vapor deposition (CVD) or roll-to-roll techniques (coating with porous carbon 

inks), and 

 leaching out one compound to obtain microporous surfaces.  

Mechanical treatments are in most cases the cheapest option to increase the 

surface area of electrodes, especially if they are made of metal. However, the surface 

area enlargement compared to other techniques is relatively low. In addition, material 

is removed by the mechanical treatment, which limits the application of these 

techniques to inexpensive electrode materials. 

Usually, in industrial electrode processing the desired solid material is coated on 

top of a highly conductive substrate (typically metal). With thermal spraying, the 

most common coating technique in the electrode industry, a large variety of materials 

can be applied including metals, alloys, ceramics, plastics and glass. In general, the 

coating materials are supplied as powders or wires that are heated to a molten state 

and accelerated towards the substrates in the form of micro-sized particles. The 

resulting coatings are made by the accumulation of numerous sprayed particles. An 

interesting alternative method to obtain three-dimensional porous metal electrodes in 

large-scale areas was published by Marozzi et al., they realized the electrochemical 

deposition of metal ions with a simultaneous evolution of H2 bubbles. The bubbles act 

as dynamic template for the deposition process (so called dynamic hydrogen template 

deposition). [14] 

In some cases, it is advisable to leach out a component from the previously 

produced coating to further increase the surface area. The most prominent example is 

RANEY Ni, where a porous surface structure is obtained by a controlled leaching 

process of specific phases, e.g. NiAl3 and Ni2Al3. [15] Accordingly, this electrode 

benefits from a tremendously increased accessible surface area and therefore RANEY 

Ni is the industrial standard catalytic material for alkali water electrolysis cathodes 

(hydrogen related reactions).  

However, large-scale manufacturing of high-performance electrocatalysts 

remained very difficult. Maintaining a stable adhesion of the catalysts on the 

conducting substrates to ensure stable performance of the electrode is still a great 

challenge. Coated electrodes suffer from instability and peeling-off effects, severely 

limiting their long-term activities. [16] Especially the modification of electrodes with 
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nanoscale electrocatalysts requires additional binders and additives to assist the 

adhesion on the substrate. [17] 

In this work, an alternative strategy for manufacturing of hierarchical nano- and 

micro-structured electrodes by laser radiation is pursued. The use of ultrashort laser 

pulses, shorter than a few picoseconds, allows completely new machining processes 

that were inconceivable so far with conventional tools. In the medical field, they open 

up completely new therapeutic options, for example through highly precise and low-

damage incisions in the eye. When extremely short laser pulses act on a material, it 

results in non-linear interaction processes, which practically lead to material removal 

without heat, which is also referred to as ablation. In addition, this single-step 

technology enables a contactless machining of almost all materials in almost any 

shape. The laser beam can be focused to micrometer areas, but, via laser beam 

scanning large surface areas in the square meter range are also processible. [18] As a 

result, this high-precision processing leads to more efficient production in various 

fields, such as solar cell, LED and computer chip manufacturing. 

For a long time, ultrashort pulse lasers were only used for researching purpose. In 

recent years, the development of high-performance ultrashort pulse lasers has 

achieved substantial progress with medium laser powers of 100 W to 1000 W, which 

now enables large-scale industrial applications. Besides their conventional 

applications as a precise tool for drilling and cutting, ultrashort pulse lasers are ideal 

for the production of micro- and nanostructured surface structures. These laser-

induced structures make it possible to provide material surfaces with new properties, 

for example wettability, adhesive properties or catalytic activity. 
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1.2 Objectives of the Thesis 

Laser-induced surface structures are known for more than 20 years. In the 

literature a large variety of surface structures namely LIPSS, CLPs, black metals and 

subtypes are well described and characterized in terms of their optical and 

mechanical behavior as well as their wettability. On the other hand, a systematic 

description of their chemical and electrochemical properties is still missing. 

The present work will showcase the tremendous potential of laser-induced surface 

structures for electrochemical applications. For this purpose, fundamental chemical 

and electrochemical characterization of laser-induced surface structures on well-

known electrode materials is carried out. Furthermore, in this thesis the first 

systematic quantification of the surface area enlargement of already described laser-

induced surface structures will be given. Therefore, a representative structure of each 

type of laser-induced surface structures (LIPSS, CLPs and black metal) is generated 

on platinum electrodes by variation of the laser parameters (power, scan speed and 

line distance) and subsequently analyzed by electrochemical methods (cyclic 

voltammetry and linear sweep voltammetry) in order to determine the surface area 

and the electrocatalytic activity towards ORR. 

The electrocatalytic activity of an electrode material is predominantly connected 

with the accessible surface area of the electrode. Therefore, the laser structuring 

process will be optimized in order to develop new highly porous surface structures on 

catalytic active electrode materials.  

The high heating and cooling rates within the laser structuring process may 

cause a wide range of structural defects in the resulting surface structures, which 

should positively influence the catalytic behavior. Hence, electrochemical and 

material analytics such as XRD and XPS will be performed on different kinds of laser-

induced surface structures to investigate the structural changes induced by ultrashort 

laser pulses and their effect on the catalytic activity of the OER and ORR. 

Lastly, the localized tuning of the catalytic activity by irradiating only a region on 

an electrode with ultrashort laser pulses will be addressed.  
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2 Hydrogen Economy 

Hydrogen is an important raw material for the chemical industry, and it may play 

a central role in the future energy industry. A total of about 19 billion Nm3 * [19] of 

hydrogen are generated in Germany and about 600 billion Nm3 worldwide each 

year. [20] About half of hydrogen produced in Germany is produced from natural gas, 

the other half is a by-product of refineries, where it is widely used for hydrogenation. 

A small proportion (about 2 %) is obtained as a by-product in the chlor-alkali 

electrolysis. [19] Around 40 % of current demand could be met by using the hydrogen 

that is produced as a by-product in the industry. 95 % of produced hydrogen is for in-

house consumption, only 5 % is sold on the market. [21] The main part of the 

worldwide produced hydrogen is used for ammonia production. Most of the rest is 

utilized in the petroleum industry. Only 1 % of hydrogen is related to the food 

industry (fat hardening), the semi-conductor industry (as carrier gas for silicon 

deposition and crystal growing), the glass industry (to create a reductive atmosphere 

over the tin bath in the glass production process) and the metallurgical industry (for 

instance for direct reduction of iron ore). [22]  

In view of the shortage of fossil energy resources, the energy industry is facing a 

radical change. Amongst the “green” energy technologies, hydrogen will play a leading 

role as the secondary energy carrier, if a low-cost and climate-neutral hydrogen 

production from renewable energy sources like wind or solar power can be achieved. 

In general, primary energy sources as wind and solar must be transformed in energy 

conversion processes to more suitable forms of energy, so called secondary energy, to 

make use of it as electrical energy or in the form of synthetic fuels such as hydrogen. 

Hydrogen is considered as “the ultimate clean energy carrier” because it has the 

highest mass energy density (33.3 kWh kg-1) [23] of all chemical energy carriers and 

water is the only by-product of its use. The main benefits of hydrogen as energy 

storage medium are the full scalability, the ability of long-term/seasonal storage of 

different renewable energies and the possibility to use it (optionally) as fuel for 

transportation. [21] To advance the utilization of this green energy carrier, a 

hydrogen energy cycle of the four stages: production, transportation, storage and 

utilization must be established, see Figure 2. In the following, each stage will be 

                                                
* Nm³: Standard cubic metre (Normkubikmeter) is the volume of a gas at standard 

conditions, p = 1.01325 bar, humidity = 0 % and T = 273.15 K. 
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discussed. Thereby, this thesis is focusing on the production and utilization of 

hydrogen and in particular on the electrode design. 

 

Figure 2: Basic scheme of the hydrogen economy. Different renewable energies produce electricity. The 

excess electricity is used for hydrogen production via water electrolysis. The hydrogen is either used 

directly by the industry or as a fuel for fuel cells vehicles. Excess hydrogen is stored or injected in the 

natural gas grid. In times of low solar and wind power, the stored hydrogen will be burned in gas power 

plants together with natural gas or electrochemical converted to water in stationary fuel cells. 

Reproduced form [24]. 

2.1 Hydrogen Production 

Hydrogen production has to satisfy three major requirements in the future: 

 It has to follow sustainable pathways, 

 use abundant and renewable feedstocks, and 

 the produced hydrogen is required to be of high purity, as impurities are 

harmful for most applications, such as fuel cells.  

2.1.1 Fossil-based Hydrogen Production 

These days, about 95 % of the industrially used hydrogen is produced by steam 

reforming of natural gas (1). According to the principle of LE CHATELIER this 
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endothermic process must be carried out at a high temperature, a high steam to 

methane ratio, and a low pressure to achieve maximum conversion.  

CH4 + H2O ⇌ 3 H2 + CO (1) 

Subsequently, the carbon monoxide can be utilized to produce additional hydrogen by 

the water-gas shift reaction (2).  

CO + H2O ⇌ H2 + CO2 (2) 

Large-scale plants producing hydrogen from fossil fuels reach a daily capacity of 

more than 4 million Nm³ per day. [19] As mentioned before, the main part is used in 

the HABER-BOSCH process to produce ammonia. For hydrogen production, industrial 

steam reforming is currently unrivalled in terms of costs and production capacity. 

However, this hydrogen is still contaminated with CO impurities. The utilization of 

this hydrogen as a fuel to run fuel cells requires expensive post purification with 

either membranes [25,26] or by pressure swing adsorption. [27] As a result, the 

hydrogen is purified to a quality of 99.999 % and delivered to customers as pure 

hydrogen, mostly compressed to 200 bar. More about hydrogen storage and 

transportation is given in chapter 2.2. 

The second largest hydrogen production process is the technically advanced 

partial oxidation process (3), where heavy hydrocarbons, e.g. heavy fuel oil or 

residual oils from petroleum processing, react with oxygen in an exothermic reaction. 

The process is also referred to as gasification because it converts liquid hydrocarbons 

to gaseous products, essentially H2 and CO with only small amounts CO2 and CH4 

when high-purity oxygen is used. [28] Subsequently, the CO reacts, within a water-

gas shift reaction, to additional hydrogen. In contrast to the steam reforming process, 

which is rather limiting with respect to acceptable feedstock properties, for the partial 

oxidation process, it is only necessary that the viscosity of the feedstock be low to 

atomize effectively. Thus, nearly any fluid hydrocarbon can serve as a suitable 

feedstock. [28] 

CnHm + n 2⁄  O2  ⇌  n CO +m 2⁄  H2 (3) 

Among the industrially established production processes of hydrogen, the 

Kvaerner process represents an interesting alternative. Since 1980, the KVAERNER 

ENGINEERING S.A. from Norway developed a so-called plasma arc process, which 

separates hydrocarbons between 1200 °C and 2000 °C in carbon black and hydrogen. 

Only the hydrocarbon (in most cases natural gas), cooling water and electricity are 

necessary to run this process, which itself does not cause any significant emissions. A 



2 Hydrogen Economy 

10 

 

wide range of carbon blacks can be produced by varying the process parameters, such 

as the gas flow rate, the temperature and the location of gas injection points in the 

plasma. [29] A pilot plant, which has been operating since April 1992, produces 

48000 Nm3 of hydrogen per day. Considering all potentially exploitable products, such 

as carbon black, hydrogen and the hot steam from the cooling process, the system 

works with almost 100 % efficiency. [29] As an alternative to electrical energy as the 

heat source, solar energy can be used within the solar methane cracking process. 

Quality and structure of produced carbon have a major impact on the economy of this 

process. Temperatures above 1816 °C are necessary to produce high quality carbon, 

which leads to problems regarding material properties and process efficiency. [30] 

Achievable market price for carbon black is a major factor for the resulting hydrogen 

costs. 

2.1.2 Hydrogen as a By-product in the Chemical Industry  

In the petrochemical industry large quantities of hydrogen are produced as by-

products. In most cases, this hydrogen is thermally utilized. By far the largest amount 

of by-product hydrogen is originating from the steam cracking, where long-chain 

hydrocarbons (naphtha) break down into short-chain hydrocarbons in the presence of 

water vapor. The main products are hydrogen, methane, ethene and propene. 

Furthermore, substantial quantities of hydrogen are produced in the large-scale 

production of acetylene by means of high-temperature pyrolysis of light or medium 

petroleum fractions or natural gas at 2000 °C. Additionally, some hydrogen is 

generated via the direct conversion of methane and ammonia to hydrogen cyanide in 

the DEGUSSA process. Most of the hydrogen coming from petrochemical processes is 

contaminated by carbon monoxide and therefore not suitable for fuel cell applications.  

Alternatively, large quantities of pure hydrogen are produced by chlor-alkali 

electrolysis, which is the largest electrolytic process producing hydrogen, so far. 

Thereby, aqueous sodium chloride is electrolyzed to convert chloride ions to chlorine 

on the anode. At the same time, sodium hydroxide solution and hydrogen are formed 

on the cathode. The worldwide chlorine production capacity accounts to 80 million 

tons per year (Germany 4 million tons per year) [31] with a mean energy demand of 

3000 kWh per ton of Cl2 [32]. Thus makes chlorine production one of the most energy 

intensive industrial processes in the world, with a worldwide energy demand of 

around 240 TWh per year. It is obvious, that a significant reduction of the energy 

demand in the chlor-alkali industry is highly desirable. In contrast to water 
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electrolysis, however, the past forty years have seen a revolution in chlor-alkali 

technology with the development of both membranes and electrode catalysts 

specifically for the membrane cell technology. The modern membrane cells use 

corrosion-resistant anodes made of titanium mixed with ruthenium oxide and steel 

net cathodes. But the economics of the chlor-alkali industry depend on the sale of 

chlorine and sodium hydroxide; expansion of hydrogen production on the scale being 

discussed would produce a vast excess of unsaleable chlorine. However, much can be 

learned from experience in the chlor-alkali industry, where commercial cathode 

coatings operate at low overpotential with lifetimes of several years. [33] 

2.1.3 Sustainable Hydrogen Production 

In order to achieve a hydrogen society in the future, hydrogen production systems 

need to be able to meet the large demand of hydrogen usage. The most commonly used 

sustainable method uses fluctuating solar and wind energy to generate hydrogen via 

electrochemical water splitting. In general, all primary energies - solar radiation, 

wind energy, water power, tidal energy, and geothermal heat - can be harnessed in 

the form of electricity and can therefore be converted into hydrogen. Renewable 

energy is becoming more affordable these days and accordingly the production costs of 

hydrogen decrease as well. Even though many studies expect water electrolysis to 

become economically viable in the long run, conventional fossil-based hydrogen 

production is still hard to underprice. [34]  

Alternatively, water can also be photocatalytically split in hydrogen and oxygen. 

However, this technology is still in the lab-phase of research and might be a suitable 

supporting option in the future. [35,36] There still remains one question: why should 

we install photocatalytic water splitting modules instead of well-developed high 

performance photovoltaic solar panels? There is only one answer that is sufficient 

satisfiying, the efficiency of photocatalytic water splitting must be higher than the 

photovoltaic power production and electrochemical water splitting combined. Today, 

photocatalytic water splitting modules produce hydrogen under natural sun with 

0.4 % efficiency. [37] 

Another approach to generate hydrogen from solar radiation is to use concentrated 

solar radiation as the main source for high temperature water decomposition. A solar 

thermal plant consists of a central receiver system comprised of a circular heliostat 

field focusing direct solar radiation on a receiving reactor, which is mounted on a 

tower. On the inside of the reactor, the thermal decomposition of water is performed 
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on a ceramic support coated with metal oxide, which acts as active redox reagent. In 

the first step, the activated redox material (reduced metal oxide) is oxidized by the 

water at 800 °C and pure hydrogen is released. The fully oxidized reagent is 

regenerated during the second step by increasing temperature to about 1200 °C in an 

oxygen-lean atmosphere. The release of absorbed oxygen is induced by using nitrogen 

as flushing gas. The process is expected to achieve an efficiency of more than 70 % 

related to the solar heat input. [21] 

2.1.3.1 Electrochemical Water Splitting  

In general, the water splitting reaction can be represented as follows, with 

molecular hydrogen and oxygen generated at the cathode and anode, respectively. 

  2 H2O
>1.23 V
→     2 H2 + O2 

(4) 

In order to generate hydrogen and oxygen at a specific rate, a voltage at least 

equal to the standard potential 𝐸0 = 1.23 V must be supplied to the system. The 

supplied operational voltage 𝐸𝑜𝑝  depends on the kinetics of the water splitting 

reactions as well as on the design of the electrolyzer and follows [38]:  

  𝐸𝑜𝑝 = 𝐸
0 + 𝜂𝐶 + 𝜂𝐴 + 𝜂𝛺 + 𝜂mass + 𝜂bubble (5) 

where 𝜂𝐶 and 𝜂𝐴 are the overpotentials† required to overcome the kinetic barriers 

for the hydrogen evolution reaction (HER) at the cathode and the oxygen evolution 

reaction (OER) at the anode, respectively. 𝜂𝛺 is the additional overpotential required 

to compensate for resistance losses within the electrolyzer unit. Mass transport 

(𝜂mass) of ions to the electrodes via diffusion requires an additional voltage as well as 

the formation of gas bubbles (𝜂bubble) on the surface of the electrodes. The efficiency of 

the electrolyzer unit is therefore reflected in the degree to which 𝐸𝑜𝑝 deviates from 𝐸0. 

In reality, the kinetic limitations are significant, accounting for up to 85 % of the total 

efficiency losses [39], see Figure 3. In alkaline solution, the OER and HER can be 

described by the following two electrochemical reactions: [38] 

    HER 4 H2O + 4 e
− → 2 H2 + 4 OH

−  (𝐸0 = 0.0 V) (6) 

    OER 4 OH− → O2 + 2 H2O + 4 e
−   (𝐸0 = 1.23 V) (7) 

                                                
† Overpotential η is the potential that needs to be additionally supplied to the system to 

start the desired reaction. 𝐸𝑜𝑝 = 𝐸
0 + 𝜂 
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Figure 3: Green: The polarization curves of the hydrogen evolution reaction (HER) and the hydrogen 

oxidation reaction (HOR) with rather small overpotentials. Blue: the polarization curves of the oxygen 

reduction reaction (ORR) and the oxygen evolution reaction (OER), both exhibit high overpotentials. 

Water electrolysis and fuel cell operation voltages 𝐸𝑜𝑝  and 𝐸𝐹𝐶  showcase the efficiency issue of the 

hydrogen economy well, which is largely due to the slow kinetics of the oxygen reactions. Reproduced 

from [40]. 

Hydrogen Evolution Reaction 

The hydrogen evolution reaction (HER) involves reduction of protons with electrons 

on an electrode surface, generally resulting in a high coverage of adsorbed hydrogen, 

some of this hydrogen reacts to produce gaseous H2. It is widely accepted that the 

HER in alkaline solutions proceeds via three steps, where S represents a surface 

active site [41]: 

Water dissociation: S + H2O+ e
− ⇌ S⋯Had + OH

−  (VOLMER) (8) 

hydrogen emission: 2 S⋯Had ⇌ 2 S + H2    (TAFEL) or (9) 

   S⋯Had + H2O + e
− ⇌ S + OH− + H2  (HEYROVSKY) (10) 

In a simple thermodynamic analysis, entropy change for the VOLMER reaction is 

negative, since the H adsorption orders the system, while HEYROVSKY and TAFEL 

reactions have positive entropy changes due to the desorption of one and two adsorbed 

H, respectively, to release H2(g). There are several results reported for HER kinetics 

on nickel in alkaline solutions indicating that the VOLMER reaction with the 

transference of one electron is the rate-determining step. [42,43] Subsequently, the 

TAFEL - and the HEYROVSKY reaction proceed in parallel. In fact, the rates of HER are 
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so fast that close to the standard potential 𝐸0 the true reaction kinetic is very difficult 

to measure experimentally. But, due to the high population of participating molecules 

in alkaline solution hydrogen evolution is not limited by diffusion either. Hence, close 

to the standard potential HER is one of the least inhibited electrochemical reactions 

known. The H-adsorption/desorption mechanism requires hydrogen binds well, but 

not too strongly, to the reaction site S. The exchange currents as a function of the S-H 

bond strengths describe a "volcano curve", whose maximum is at a bonding energy of 

240 kJ mol-1, close to that of Pt-H. [10] Numerous publications [44–47] are available 

on the characteristics of the HER on platinum catalysts, as it is the most active 

electrode material. But due to the high price of Pt, steel and nickel usually have been 

the cathode materials of choice. [34] To optimize the hydrogen bond strength, the 

combination of nickel and Molybdenum provides the highest catalytic activity with 

respect to HER. Thus, Mo doped RANEY Ni is utilized for industrial HER 

electrodes. [48] 

Oxygen Evolution Reaction 

At first, the HER seems to be the more important reaction because it determines the 

amount of hydrogen produced. However, the oxygen evolution reaction (OER) kinetics 

are more sluggish than the HER kinetics and as a consequence, the performance of 

water electrolysis depends strongly on the OER. The OER occurs at high 

overpotentials on oxidized metal surfaces and follows a complex multistep mechanism 

via four electrons and four OH− transfer steps in alkaline media. In alkaline solutions, 

all of the proposed reaction mechanisms have the initial adsorption of the hydroxide 

ions on the catalytically active site as a common step, followed by different highly 

energetic reaction steps. [9] One of the earliest OER mechanisms in alkaline media 

has been proposed by YEAGER [49] in 1974 with a reported reaction order of 1, where 

S represents a surface active site: 

S + OH− ⇌ S − OH + e− (11) 

S − OH ⇌ S+ − OH+ e− (12) 

2 S+ − OH+ 2 OH− ⇌ O2 + 2 S + 2 H2O (13) 

A different mechanism was proposed by BOCKRIS in 1984 [50]: 

S + OH− ⇌ S − OH + e− (14) 

S − OH + OH− ⇌ S⋯H2O2 + e
− (15) 

S⋯H2O2 + OH
− ⇌ S⋯HO2

− +H2O (16) 

S⋯H2O2 + S⋯HO2
− ⇌ O2 + H2O+ OH

− + 2 S (17) 
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Due to the high overpotential required for the OER, the potential for the anodic 

oxygen evolution is larger than 1.23 V vs RHE, independent of the used 

electrocatalyst. This has two consequences: (i) all metal surfaces in an aqueous 

electrolyte are in fact covered by an oxide layer [9] (ii) at the more positive potential, 

the driving force for corrosion is higher. Corrosion of both the electrocatalyst and the 

catalyst support are major concerns for water electrolysis cell technology. [33] RuO2 

and IrO2, alone or in combination, are often considered the reference OER catalysts, 

but neither is “ideal”; thermodynamic calculations indicate that RuO2 binds oxygen a 

little too weakly, while IrO2 binds oxygen a little too strongly. [51] RuO2 and IrO2 are 

generally the electrocatalysts of choice in acid solutions but there are doubts 

concerning their stability in alkaline media as they suffer slow dissolution in alkaline 

solution. [33] Layered NiFe oxides/hydroxides have been demonstrated as the most 

active non-noble catalysts in alkaline electrolyte. [1] But, the performance of the 

catalyst further depends not only on the catalyst material, the support material, the 

pretreatment, and the resulting microstructure and morphology of the catalyst should 

be taken into account as well. 

Water Electrolyzer 

Electrolyzers are a mature technology and able to produce large quantities of 

hydrogen. Many commercial systems are available; most of them still use separators 

and catalysts developed centuries ago. The first commercial system was installed by 

NEL HYDROGEN, formerly NORSK HYDRO from Norway in 1927 to produce pure 

hydrogen via electrolysis for the HABER-BOSCH ammonia fertilizer process. [34] The 

crucial factor in hydrogen production technologies is the system efficiency, which is 

the ratio between the theoretical energy demand to produce 1 Nm3 of H2 at 1.23 V 

(3.0 kWh) and the energy required by the real overall system. [10]  

An electrolyzer can be built using either a unipolar or bipolar configuration. When 

built with a unipolar layout, all positive electrodes, and all negative electrodes 

respectively, are coupled in parallel. The electrodes are all submerged in one 

electrolyte bath. The total voltage is the same as that applied to the single cell. This 

configuration is simple to build, but it does bring rather large ohmic losses.  

The bipolar configuration, however, usually uses a zero-gap configuration and 

each electrode except the end plates is used as both anode and cathode, respectively. 

The electrodes are coupled in series in that case and the overall voltage is the sum of 

the voltages of the individual cells. Therefore, this type of electrolyzer is operated at 
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high voltages and low current densities. This is undesirable as the current density 

determines the rate of hydrogen production and therefore bipolar modules are usually 

connected in parallel to increase the current density. Bipolar electrolysis systems 

show lower ohmic losses than unipolar systems, yet leakage is a more severe issue, 

resulting in a more complex design, see Figure 4. The bipolar layout is also 

commonly used for PEM fuel cells, see chapter 2.3.2.1. 

The electrolyte is one of the most common properties chosen to categorize the 

electrolyzer unit. It can be distinguished by its pH value (alkaline and acid) or state 

(liquid electrolyte, polymer electrolyte, or solid oxide electrolyte). Polymer electrolyte 

membranes used to be based on acidic polymers, but with the rise of anion exchange 

membranes (AEMs) in past years, membranes are no longer solely proton exchange 

membranes (PEMs). In the following, the “conventional” alkaline water electrolyzer, 

the oldest and most common system, as well as the modern PEM - and AEM 

electrolyzer systems will be showcased.  

 

Figure 4: Schematic illustrations of a water electrolysis cell with zero-gap configuration (A) and of a 

bipolar water electrolyzer (B). Reproduced from [52]. 
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The Alkaline Water Electrolyzer 

The alkaline water electrolyzer (AWE) is typically built in a unipolar layout with a 

cell potential near 2 V at current densities up to 300 mA cm-2. Such systems reach 

efficiencies near 60 % and demonstrate lifetimes in excess of 10 years and in some 

cases more than 20 years. [10] AWE is one of the most common technologies to 

produce hydrogen on a large scale from renewable energy.[53] One major advantage of 

the alkaline conditions is the viable use of non-precious metals typically nickel foams 

or stainless steel, which lowers the capital costs of the system significantly. [33]  

Polymer Electrolyte Membrane Water Electrolyzer 

Polymer electrolyte membrane based electrolysis systems are classified into proton 

exchange membrane (PEM) and anion exchange membrane (AEM) water electrolyzers 

depending on the type of ions passed through the polymer membrane. PEM water 

electrolyzers have been reported to show higher hydrogen production energy efficiency 

than AEM electrolyzers, owing to the high conductivity of the employed electrolyte 

membrane and faster proton transport compared to hydroxide ions. [34]  

Proton Exchange Membrane Water Electrolyzer 

In comparison with the alkaline variant, a proton exchange membrane (PEM) 

electrolyzer is an advanced, reverse PEM fuel cell. On this account, a PEM 

electrolyzer consists mainly of a catalyst-coated membrane sandwiched by two 

electrodes. At the anode side, water (pH 7) is circulated through a flow field to the 

membrane electrode assembly (MEA), where it electrochemically reacts and is split 

into oxygen and protons. Within the MEA, a gas diffusion layer (GDL) is located 

between the catalyst layer and current-collecting bipolar plates. The purpose of the 

GDL is to transport electrons, heat, reactants and products to as well as from the 

catalyst layer with minimum voltage, current, thermal, interfacial, and fluidic losses. 

Carbon-based materials (carbon paper or carbon cloth), typically used in PEM fuel 

cells, are undesirable for PEM electrolyzers due to the high potential of the anode 

electrode. The corrosion and consumption of the carbon will degrade the GDL and 

result in poor interfacial contacts, which will degrade performance and efficiency of 

the PEM electrolyzer. [54] The generated protons are then transported through the 

proton conductive membrane, react with electrons from an electrical force, and form 

hydrogen gas at the cathode, which exits through the flow channel. Meanwhile, the 

oxygen is transported along with the water out of the anode. In contrast to the 
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alkaline water electrolyzer, the cathodic half-cell is not necessarily filled with water. 

If it is filled with electrolyte, a two-way application as PEM electrolyzer and as PEM 

fuel cell is possible, which is interesting in regards to fluctuating energy demand. This 

sophisticated concept provides the generation of hydrogen and oxygen during charge 

(or the storage of energy) and the recombination back to water during discharge (or 

the release of stored energy) in a single cell. [33] 

The main advantages of PEM electrolyzers are fast kinetics of the cathodic 

hydrogen evolution reaction and high-voltage efficiencies at high current densities. 

Furthermore, they can produce pure hydrogen at relatively high pressures 

demonstrated with over 150 bar, offering the possibilities of storing hydrogen directly 

without or only with small further mechanical compression. [55] However, under 

typical operation conditions of a PEM electrolyzer, several disadvantages like more 

stringent requirements on feed water and components, including expensive 

electrocatalyst materials (IrO2 and Pt) and costly polymer membranes, are associated 

with PEM electrolyzers. [39] 

The ability of the PEM electrolyzer to operate, not only under highly dynamic 

conditions but also in part‐load and overload conditions, is one of the reasons for the 

recently renewed interest in this technology. The electrical demand is relatively stable 

and predictable, however when coupling these to energy sources such as wind and 

solar, the demand of the grid rarely matches the generation of the renewable energy. 

Water electrolysis by PEM technology has offered up to now only theoretical 

advantages over traditional large‐scale alkaline water electrolysis, such as higher 

energy efficiency (about 70 % [40]), better adaptability to power fluctuations, higher 

specific production rates and more compact designs. With the recent launch of a MW-

scaled unit, it has moved into the field of large‐scale hydrogen production as a 

realistic alternative. For example, AIR LIQUIDE has recently installed a 1.2 MW PEM 

electrolyzer in Denmark to use surplus electricity of a wind park to produce hydrogen. 

[56] In addition, SHELL together with ITM POWER plan to install the world’s largest 

PEM electrolyzer with 10 MW of power in Cologne Wesseling. With this, SHELL will 

provide hydrogen for mobility purposes. [57] Furthermore, SIEMENS offers with their 

new PEM electrolyzer series SILYZER 300 a system in the power range of double-

digits MW. [58] 
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Anion Exchange Membrane Water Electrolyzer 

A very promising method to improve the performance of the alkaline water 

electrolyzer is the implementation of an anion exchange membrane (AEM) and a zero-

gap configuration, respectively. [34] In such systems the electrodes are contacting the 

two membrane surfaces, to minimize the voltage drop (iR-drop) between the 

electrodes, [33] resulting in significantly lower energy consumption. AEM water 

electrolyzers hold many advantages in comparison to PEM electrolyzer systems. As 

cheaper, non-noble metals are stable in alkaline media, the relatively low cost of the 

electrode materials is one of the main advantages of alkaline systems over PEM 

electrolyzers. Therefore, the majority of published literature on alkaline electrolysis 

describes electrodes based on low cost materials such as nickel for both anode and 

cathode. [43,59–61]  

The possibilities for low cost, energy efficiency water electrolyzers are excellent. 

The general target to be reached is a cell voltage lower than 2 V at current densities 

greater than 1 A cm-2 for cells operating below 373 K. [33] At the present stage:  

 Stable hydrogen evolution catalysts, offering low overpotential, are available. 

 Stable oxygen evolution catalysts have also been developed but the 

overpotentials are much higher than what would be desirable. In view of the 

very extensive research already focused on this problem, no major reduction in 

overpotential seems likely. Water electrolysis technology probably has to live 

with this inefficiency. [33] 

The potential for improvement lays in the development of: 

 Large-scale electrode design to increase accessible electrocatalytic surface area 

and to facilitate the bubble detachment from the electrode’s surface. 

 The next major improvement is likely to arise from hydroxide conducting 

membranes. By improving the conductivity of the membrane, resistance losses 

can be reduced, thereby the efficiency of the system increased. 

The Gas Bubble Issue 

The physics of gas evolution proceed through three phases: nucleation, growth and 

detachment. Bubbles start nucleating at the electrode surface from solution once the 

solution becomes highly supersaturated with produced gas. Subsequently, bubbles 

grow or coalescence with others, and finally detach from the electrode. [62] During the 

electrolysis, gas bubbles rise from the electrodes and thus increase the electrical 

resistance of the electrolyte. [48] Due to faster reaction kinetics, the effect of bubble 
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formation on the electrode surface is especially severe on electrodes with a high 

catalytic activity. At the position where the gas bubbles arise at the electrode, the 

electrode surface is blocked and the electron transfer between electrode and 

electrolyte is hindered, which increase the internal resistance of the electrode. With 

further gas evolution, the bubbles will grow and move along the electrode surface to 

coalesce with other bubbles. Especially at high current densities, bubble coalescence 

can be problematic, since a gas film can block the contact area between electrolyte and 

electrode completely. [63] Bubble overpotential can be even higher than the OER’s 

activation overpotential. Consequently, resistance means power loss and heating, 

resulting in a major efficiency loss. Hence, to decrease the overpotential of the OER, 

the detachment of the formed bubbles has to be facilitated. [34] Several methods have 

been tested to reduce the negative effects of gas bubbles in electrochemical processes.  

Application of centrifugal fields [64] , super gravity fields [65], magnetic 

fields [66], and ultrasound [67] result in a more complex system setup, yet do not 

improve the efficiency significantly and for this reason they have little technological 

implication. [48]. Instead, a larger surface roughness improves the catalyst activity 

and increases the hydrophilicity, benefiting the bubble detachment. Therefore, 

catalysts with hierarchical morphologies are favorable for the water electrolysis 

cell. [34] 

2.2 Hydrogen Storage and Transportation 

Renewable energy is understood to be the key source of a future sustainable 

energy system. The fundamental problem of the most renewable energy sources is 

their intermittent character. Namely countries with a large share of wind and solar 

energy producers have already experienced energy over-production on very windy or 

sunny days while facing significant energy shortages during high demand periods 

with unfavorable weather or seasonal conditions. There are two solutions to this 

circumstance:  

First, these countries run their large technical installations (power plants, 

chemical plants, plants for the production of consumer products, etc.) in an 

intermittent way, giving up the benefits of continuously operated facilities as 

described above. Today, Germany uses a double structure strategy, where basically 

coal power plants compensate the fluctuating wind and solar power.  



2 Hydrogen Economy 

21 

 

Or second, storage technologies are developed and installed, which are able to 

compensate over- and underproductions of energy through wind and solar, but also on 

longer time scales (e.g. to compensate seasonal differences). [5] The state-of-the-art 

technology to store energy long-term and in large scale is by pumped-storage power 

plants, where water is pumped in an upper reservoir in times of high wind and solar 

power share. Thus, the potential energy stored can then be used, for example, at night 

or during a doldrums. In this case, the water flows into the lower reservoir, thereby 

driving a turbine, which thus generates electrical energy (electricity) via a generator. 

Pumped-storage power plants are able to store energy in the GWh-scale with 70 % to 

80 % overall efficiency. [68] Although these losses are still significant, there is no 

other large scale and inexpensive method of storing energy with similar or even lower 

losses. Nevertheless, some other electricity storage technologies are deployed, 

including compressed air energy storage (CAES), battery energy storage systems, 

power-to-gas (P2G) and flywheels. [69] 

Suppose Germany wanted to achieve a wind-solar market share of 50 %. A 

pumped-storage volume of 2.1 TWh must be installed to not waste the overshooting 

power spikes of the wind and solar installations. [70] In contrast, Germany’s current 

pumped-storage volume is 0.038 TWh. The European ESTORAGE project has estimated 

that this volume can be extended to 0.045 TWh. [71] In other words, to realize an 

efficient implementation of 50 % wind and solar energy in Germany’s energy mix, the 

storage volume has to be 46 times larger than the maximum pumped-storage volume 

possible. Consequently, alternative storage technologies have to be considered.  

Like electricity, hydrogen is a secondary energy source. By contrast, it is a general 

principle that electricity must be used immediately upon being generated. However, 

the main benefits of hydrogen as energy storage medium are full scalability, ability of 

long-term storage of different renewable energies and the possibility to use it 

optionally as fuel for transportation. The fact, that hydrogen is a very light gas makes 

its storage and transportation a real challenge. However, while gravimetric energy 

density of hydrogen is excellent (33.3 kWh kg-1), the volumetric energy density of even 

liquefied hydrogen (2.4 kWh L-1) is critical. [72] The energy density of gasoline is 

about three times higher. Therefore, the aim of hydrogen storage technologies is to 

reduce the volume that hydrogen naturally occupies in its thermodynamically stable 

state under ambient conditions, where 1 kg of H2 occupies 11 m3.  

The conventional hydrogen storage technologies are compressed hydrogen and 

liquid storage as well as cryogenically compressed hydrogen as a hybrid technology. 

More advanced hydrogen storage approaches can be categorized into physically bound 
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hydrogen, where the hydrogen gas is physisorbed to high surface area substrate and 

chemically bound hydrogen, where hydrogen has formed a chemical compound with 

the substrate. [73] 

With the storage of hydrogen some safety issues need to be considered. Constant 

exposure to hydrogen causes embrittlement in many materials, which can lead to 

leakage in both metal and non-metallic components. If a hydrogen leak develops, then 

hydrogen disperses out rapidly. Due to the low density and high diffusivity, hydrogen 

dilutes in air considerably faster than gasoline. In ambient air, hydrogen is flammable 

in 4 – 75 % concentrations (which is much broader than gasoline range, 1 - 7.6 %) and 

is explosive in 15 - 59 % concentration range. Therefore, due to the significantly 

narrower explosion limit – when ignited early, hydrogen burns off before explosion 

limits are reached. Hence, the autoignition temperature is relatively high (560 °C [74] 

- 585°C [75]). This makes it difficult to ignite a hydrogen-air mixture on the basis of 

heat alone without some additional ignition source. 

2.2.1 Compressed and Liquefied Hydrogen 

Although hydrogen is extremely bulky, making transport in its gaseous state quite 

difficult. Therefore, hydrogen is kept under pressure to increase the density. At 

ambient conditions the energy density of hydrogen is only 0.003 kWh L-1. By 

compressing hydrogen to 700 bar the energy density rises to 1.3 kWh L-1. [72] If the 

hydrogen is to be stored as a liquid at -254 °C the energy density further increases to 

2.4 kWh L-1. [72] Alternatively, the energy density can be extended up to 3 kWh L-1 by 

cooling compressed hydrogen down to -240 °C, which is termed as cryogenic 

compressed hydrogen. Figure 5 gives storage density of hydrogen under certain 

pressures and temperature conditions.  

The relevant large volumes for hydrogen storage can only be provided by suitable 

underground geological formations. [76] Hydrogen storage in underground structures 

is not a new concept. Natural gas, for example, has been stored in depleted oil wells 

since the early 1900s. There are two main types of underground facility applicable to 

hydrogen storage. These are the use of pore storage (generally in naturally formed 

structures such as depleted oil and gas fields as well as water aquifers) and man-

made structures such as salt mines and salt caverns. [77] 



2 Hydrogen Economy 

23 

 

 

Figure 5: Storage density of hydrogen under technical relevant pressure and temperature conditions. 

Note, the energy density of compressed hydrogen (700 bar) at room temperature equals 1.3 kWh L-1
. 

Reproduced from [78]. 

Cavern storage uses cavities in underground salt mines, which are created by a sol 

process. There are two large underground hydrogen storage facilities in the world. 

One in Teesside (UK) with three 150,000 m3 caverns at a constant pressure of 45 bar, 

which enables an energy storage capability of 24.4 GWh. Another one in Chevron 

(Texas-USA) with 580,000 m3 of storage volume at a variable pressure of 70-135 bar, 

which corresponds to a maximum energy storage capacity of 83.3 GWh. [76] The 

pressure and therefore the storage capability of underground storage facilities is 

limited by the strength characteristics of the containing rock or salt formations. To 

increase the efficiency of hydrogen storage in large caverns, the hydrogen should 

ideally also be produced nearby. Therefore, this storage technology is rather restricted 

to location with appropriate geological formations and with high wind and solar power 

shares. 

In addition to storing hydrogen in underground storage facilities, it is also possible 

to feed hydrogen into the existing natural gas grid and thus use the storage capacities 

of the grid. At present the DEUTSCHER VEREIN DES GAS- UND WASSERFACHES 

investigates a possible injection of hydrogen from renewable sources into natural gas 

networks. However in Germany, the admixture is limited to 5 vol-% hydrogen at each 

point of the network according to the DVGW Arbeitsblatt G 262 and therefore also at 

the entry point. The German gas network has a total length of 511,000 km and an 
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energy storage capacity of 217 TWh in form of natural gas. [79] If the German gas 

network holds 5  vol-% hydrogen form renewable sources, an energy storage capacity 

of 3 TWh could be realized. This corresponds to 1.8 TWh of electrical energy, if the 

methane/hydrogen mixture is used as a fuel in gas turbine power plants. 

Natural gas is thus the suitable fossil "transition energy source" for a 

transformation of the energy system towards renewable energies and hydrogen as the 

main source of energy. This applies in particular to the infrastructure problem, which 

is often the limiting factor for the introduction of new energy sources. [19] A lot can be 

learned and substituted form natural gas storage and distribution technology. There 

are two main transportation concepts of natural gas called CNG (compressed natural 

gas) and LNG (liquefied natural gas). The LNG's transport economy is around 

2,500 km, for shorter distances the transportation by natural gas pipeline as CNG is 

more economical. The transport and storage of natural gas by LNG-tankers is 

particularly important for countries in the Far East, such as Japan, because of the 

long transport routes. 

Currently, compressed and liquid hydrogen storage technologies are most mature. 

A significant drawback is the large amount of energy input necessary for cooling and 

compressing, in particular for long-term storage, which is approximately 40 – 50 % of 

the hydrogen’s lower heating value. [80] Thus, some more contemporary hydrogen 

storage technologies are under research.  

2.2.2 Advanced Hydrogen Storage Technologies 

2.2.2.1 Physisorbed Hydrogen 

To reduce the mechanical requirements of pressurized vessels highly porous 

materials have been investigated for their ability to physically adsorb molecular 

hydrogen. The storage of hydrogen can rely on physisorption because the adsorbed gas 

can be released reversibly. Physisorption is based on resonant fluctuations in charge 

distributions, which are called VAN DER WAALS interactions. There are different 

mechanisms of adsorption depending on the geometry of the adsorbent and the 

temperature of adsorption. On an exposed surface and in pores larger than 50 nm 

multilayer adsorption occurs. The interaction force received by the first layer 

molecules is, in most cases, higher than the force received by the subsequent layers. 

In pores narrower than 50 nm capillary condensation could happen. [81] It can be 

concluded that the amount of adsorbed hydrogen is proportional to the specific surface 
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area and the pore size of the storage material (absorbent). Materials with a large 

specific surface area like activated or nanostructured carbon and carbon nanotubes 

(CNTs) are possible substrates for physisorption. The main difference between CNTs 

and high surface area graphite is the very narrow cavity inside the tube. [82] Back in 

1997 Dillon et al. reported a hydrogen storage amount of 4.2 mass-% at ambient 

temperature under 100 bar pressure for single wall carbon nanotubes and triggered a 

worldwide research hype on CNTs. [83] They claim, hydrogen would condensate in the 

tube’s cavities. However, later on this result was rebutted. According to the phase 

diagram of hydrogen, condensation at ambient temperature is absolutely impossible. 

[84] Under comparable conditions SONY could only realize a hydrogen amount of 

0.3 mass-%.  

As an alternative to microporous carbon materials metal–organic frameworks 

(MOFs) came up in the discussion as hydrogen storage materials in the early 2000s. 

MOFs are crystalline solids that are assembled through the connection of metal ions 

or clusters through molecular linkers. [80] One major benefit of the molecular linkers 

is the extension of the length between the metal centers, which defines the size of the 

inner pores. Thus, MOFs can provide very large surface areas of up to 6000 m2 g-1 or 

more and are therefore ideal candidates for hydrogen storage. [85] In the last two 

decades, a considerable number of different MOF materials were investigated due to 

their hydrogen storage capability. There is still substantial scatter in the reports on 

hydrogen storage of different MOF materials, which is partly due to the different 

conditions under which the storage properties have been evaluated. [86] As a result, 

hydrogen storage capacities from 0.2 to 3.8 mass-% can be found in the literature. 

[80,85,87,88]  

2.2.2.2 Metal Hydrides  

The metal hydrides as storage mediums are based on the reversible chemical 

reaction of certain metals or metal alloys with hydrogen. The adsorption/desorption 

kinetics are very fast in most hydrides thus allowing fast hydrogen storage and 

release. [89] Unfortunately, nearly all metal hydrides exhibit rather low mass 

absorption capacities (except magnesium hydrides). Therefore, the amount of 

hydrogen in classical metal hydrides is limited to roughly 2 mass-%, due to the fact 

that most metal hydrides are intermetallic transition metal compounds with an 

associated high atomic weight. [86] Typically, the hydrogen stored as metal hydride is 

released through a chemical reaction with water (hydrolysis) or through a thermal 
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decomposition. This results in some disadvantages. In the case of hydrolysis, the 

regeneration of storage material is still an issue and needs thermal or chemical post-

treatment of the storage material, which makes it not suitable for large storage 

applications. Alternatively, a thermal management system is required, because the 

absorption of hydrogen is an exothermic reaction while desorption of hydrogen is 

endothermic.  

Nevertheless, these metal hydrides are still implemented in fuel cell systems with 

solid state hydrogen storage in niche applications. For example a Fe/Ti/Mn/Zr alloy 

distributed under the name HYDRALLOY C by the ADVANCED METALLURGICAL GROUP 

(AMG) is used in the German Type 212 submarine class that runs on a PEM fuel cell. 

[90] Another promising approach comes from the FRAUNHOFER IFAM. They have 

invented a so called POWERPASTE on MgH2 base. This highly viscose liquid releases 

hydrogen by contact with water. It has a hydrogen capacity of more than 10 mass-%, 

which is 1.6 kWh kg-1 and 1.9 kWh L-1 and therefore more than compressed hydrogen. 

Due to the possibility to pump the paste into tanks and to store it lossless, even over 

longer periods of time, this technique enables seasonal hydrogen storage. 

2.2.2.3 Liquid Organic Hydrogen Carrier 

Liquid organic hydrogen carrier (LOHC) systems typically comprise a pair of 

organic molecules, a hydrogen-lean and a hydrogen-rich compound. During the 

hydrogen storage process, the hydrogen-lean LOHC compound is transformed into the 

hydrogen-rich compound by a catalytic hydrogenation reaction; most frequently 

Ru/Al2O3 is used as catalytic material. [72] The hydrogen uptake in the hydrogenation 

reaction requires elevated pressures of about 30 to 50 bar. The dehydrogenation on 

the other hand can be operated at ambient pressure, but necessitates high 

temperatures of up to 300 °C. [91] However, during storage time, hydrogen can be 

stored at room temperature and under high storage densities using conventional tank 

technology. In this way, LOHCs enable a decoupling of energy generation and energy 

usage in terms of both space and time. [5] 

This is one of the most important advantages compared to most other hydrogen 

storage technologies. In contrast to conventionally compressed or liquid hydrogen, the 

organic compounds used have little risk potential. They are almost non-toxic, only 

slightly flammable and non-explosive. Coupled with electrolysis and fuel cells, LOHC 

technology will potentially become one of the energy storage technologies of the 

future. Since 2016, the HYDROGENIOUS TECHNOLOGIES GMBH runs a commercial 
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LOHC plant for storage of hydrogen in dibenzyltoluene. Dibenzyltoluene is a 

commercially available thermofluid. The wide liquid range between -39 °C (melting 

point) and 390 °C (boiling point) as well as the high hydrogen storage density of 

6.2 mass-%, corresponding to an energy content of 2.05 kWh kg−1, make 

dibenzyltoluene a promising LOHC candidate. Hence, 1 m3 of hydrogenated 

dibenzyltoluene stores 57 kg hydrogen (624 Nm3 or 1.9 MWh). 

2.3 Utilization of Hydrogen as Energy Carrier 

The key for a widespread application of hydrogen is to not only use it in the 

transportation sector but also in stationary power production. There are basically two 

technological ways to reconvert hydrogen to electricity and heat. One is the 

combustion of hydrogen within gas power plants or to reach even higher efficiencies in 

combined cycle power plants. However, the controlled combustion of pure hydrogen is 

rather challenging particularly in large scale power plants. Thus, the natural gas as 

the standard fuel in such power plants will be enriched with hydrogen. Second is the 

reconversion of pure hydrogen to electricity by electrochemical fuel cells. Fuel cells 

have higher efficiencies and through the direct utilization of pure hydrogen they 

produce only water as exhaustion gas.  

This chapter opens with a short overview about the current hydrogen combustion 

technologies. A brief discussion of the challenges that need to be overcome for a 

successful implementation in the hydrogen economy follows. The second part of the 

chapter introduces the proton exchange membrane fuel cell (PEM fuel cell) and the 

solid-oxide fuel cell (SOFC) as the most promising solutions to utilize pure hydrogen 

in mobile and stationary power generation. Special focus is placed on the proton 

exchange membrane fuel cell. The state-of-the-art technology is put in context by 

combining it which forward-looking examples of their successful application. 

Subsequently, the current bottlenecks of the PEM fuel cell technology will be 

highlighted. The chapter consequently closes with a critical discussion of currently 

used catalysts and strategies to improve PEM fuel cells.  
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2.3.1 Combustion of Hydrogen 

All current heat engines (flame burners for heating systems, turbines, as well as 

gasoline combustion engines) can also be operated with hydrogen or hydrogen-rich gas 

mixtures with certain adjustments. [19] Like all other heat engines the efficiency of a 

hydrogen-fueled heat engine is limited by the second law of thermodynamics and is 

known as CARNOT’S rule. The CARNOT’S rule describes the highest, theoretically 

possible, efficiency in converting thermal energy into mechanical or electrical energy. 

Therefore, the efficiency of a heat engine depends simply on the temperature 

difference between the hot and cold reservoirs.  

𝜂Carnot = 1 −
𝑇cold
𝑇hot

 

In modern steam power plants temperature difference of 400 °C to 600°C are 

realized, which equals to a CARNOT efficiency of 50 – 65 %, depending on the cooling 

concept. Under operating conditions average efficiencies are 35 % for coal, 45 % for 

natural gas and 38 % for oil-fired power generation. [92] 

For the conversion of hydrogen into electrical energy, a combined-cycle power 

plant (CCPP) is the first choice, see Figure 6. [93] A CCPP uses both a gas and a 

steam turbine together to produce more electricity from the same amount of fuel than 

a traditional gas or steam power plant. The gas turbine compresses air and combusts 

it with fuel (usually natural gas or pure methane) at very high temperature (about 

1350 °C). [94] The hot air-fuel mixture moves through the gas turbine blades and 

rotates the turbine. The fast spinning turbine drives a generator that converts a 

portion of the mechanical energy into electricity. Furthermore, the gas turbine serves 

as a heat source for a downstream waste heat boiler, which in turn acts as a steam 

generator for a steam turbine. About 2/3 of the electric power is provided by the gas 

turbine and about 1/3 by the steam turbine. The combination of both turbine types 

results in excellent power plant efficiencies. The world record holder in efficiency is 

the CCPP Nishi-Nagoya Thermal Power Station No. 7-1 located in Japan. The three 

installed gas turbines from GENERAL ELECTRIC together with the steam turbine and 

generator technology from the TOSHIBA ENERGY SYSTEMS & SOLUTIONS CORPORATION 

provide an efficiency of 63.08 %. [95] 

CCPPs can be built relatively quickly and inexpensively. Thus, the investment 

costs and the construction time amount to only about half of a coal-fired power plant 

of the same power. Due to short start times and the possibility of rapid load changes, 
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CCPPs can be used very flexibly in power plant management. Therefore, they are the 

ideal match for fluctuating wind and solar power. 

In principle, the natural gas used to fuel current gas turbines can be substituted 

by hydrogen or hydrogen/natural gas mixtures. [96] The addition of hydrogen to the 

fuel of the gas turbine has a positive effect on the efficiency and performance of the 

CCPP. [93] The efficiency gain is due to the higher water content in the combustion 

gas by increasing the hydrogen content in the fuel gas. Thus, the specific heat 

capacity increases in the combustion gas and by that a 3 % greater enthalpy 

difference can be degraded. Thereby, the overall efficiency of a CCPP fueled with 

hydrogen-rich natural gas will improve by 1 %. [93] However, the use of hydrogen as a 

fuel in gas turbine technology brings with it some technical challenges. Hydrogen 

burns with a flame velocity about 7 times faster than that of natural gas and also at a 

higher combustion temperature. For this reason, technically, burners that use 

hydrogen-rich natural gas mixtures or even pure hydrogen need to overcome a range 

of problems such as fuel nozzle burnout, unstable combustion, and increasing NOx 

emission. In practice, this means that water must be injected to the gas mixture to re- 

 

Figure 6: Schematic construction of a combined-cycle power plant (CCPP), where natural gas and 

compressed air fuels a one or more gas turbines. The exhaust heat from the open gas turbine circuit is 

recovered in a heat recovery steam generator. In the following, the generated steam is used by a steam 

turbine generator to produce additional electricity. Reproduced from [97]. 
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duce the combustion temperature, which goes hand in hand with efficiency losses. 

Furthermore, new high temperature materials or coatings are required in order to 

develop a combustor that can cope with the characteristics of hydrogen 

combustion. [98] The formation of the NOx emissions can be suppressed by enhancing 

the mixing process of the reactants. By premixing the hydrogen fuel with air, 

significant NOx reduction can be achieved, but due to the high reactivity of 

hydrogen/air mixtures, the potential risk of flash back needs to be considered.  

Alternatively, a new fuel injection system developed at the AACHEN UNIVERSITY 

OF APPLIED SCIENCES together with the KAWASAKI Company will enable pure 

hydrogen usage in gas turbines without water injection. [99] The principle is to 

subdivide the fuel and eject it from tiny nozzles, so that a cross-flow mixing of air and 

fuel is obtained. This leads to a fast and intense mixing, which takes place 

simultaneously to the combustion process. As a result, a micro flame develops at the 

burner segment edge downstream of the injector nozzle. [100] 

In the mobility sector, the hydrogen combustion engine was discussed as a 

transition technology from the gasoline combustion engine to the hydrogen fuel cell. 

Between 2005 and 2007 BMW tested this concept in a luxury car named HYDROGEN 7. 

[101] Typically, hydrogen engines are designed to use about twice as much air as 

theoretically required for complete combustion to reduce the formation of NOx. [102] 

Unfortunately, this also reduces the power output of the hydrogen engine to half of a 

similarly sized gasoline engine. To overcome this drawback BMW has engineered a 

12-cylinder hydrogen combustion engine. Obviously, to implement hydrogen in the 

mobility sector the concept cannot come along with the double-up of the engine size.  

2.3.2 Electrochemical Conversion of Hydrogen to Electric Power 

In traditional combustion technologies, the chemical energy of the fuel is 

converted into mechanical energy and subsequently, if desired, into electrical energy. 

In contrast, in a fuel cell the fuel (hydrogen, methane or methanol) is converted 

directly into electricity by undergoing an electrochemical reaction. Fuel cells have the 

potential to replace the internal combustion engine in vehicles and to provide power 

in stationary applications, because they achieve excellent energy conversion 

efficiencies of about 80 %. [6] This is up to three times more than in state-of-the-art 

combustion engines, because their efficiency is not restricted to the CARNOT limit. 

[103] Furthermore, fuel cells do not burn the fuel to supply electric power, making the 

process quiet and pollution-free. A fuel cell system can be a truly zero-emission source 

https://en.wikipedia.org/wiki/BMW
https://en.wikipedia.org/wiki/BMW_Hydrogen_7
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of electricity by using hydrogen, produced from renewable sources, as fuel. There are 

different types of fuel cells; however, they are all made up of three adjacent segments: 

the anode, the electrolyte layer, and the cathode.  

This work will focus on the proton exchange membrane fuel cell (PEM fuel cell), 

because it is the ideal technology for the use of hydrogen as fuel in the mobility sector. 

Additionally, the solid-oxide fuel cells (SOFC) will be briefly discussed, since they 

become attractive for stationary power generation for backup and remote systems as 

well as for exposed locations like islands. 

2.3.2.1 Proton Exchange Membrane Fuel Cells for Mobile Power Generation 

The high efficiency (theoretically 83 %) and the compact design coupled with 

relatively low operation temperatures (80 °C) make PEM fuel cells particularly 

interesting for transportation applications. [104] In general, a PEM fuel cell is 

manufactured as a stack of identical repeating unit cells comprising a membrane 

electrode assembly (MEA), in which hydrogen gas (H2) is oxidized to protons on the 

anode (hydrogen oxidation reaction, HOR). The generated protons pass through the 

solid polymer electrolyte membrane, while the electrons are forced through a circuit, 

generating an electric current and excess heat. On the MEA cathode, the protons and 

electrons re-combine with oxygen gas (O2) to water (oxygen reduction reaction, ORR).  

    HOR 2 H2 → 4 H
+ + 4 e−   (𝐸0 = 0.0 V) (18) 

    ORR O2 + 4 H
+ + 4 e− → 2 H2O  (𝐸0 = 1.23 V) (19) 

Porous gas diffusion layers transport H2, air and product water between the catalyst 

surface and the bi-polar plates while electrically conduct them both. Most MEA 

catalysts used today are based on platinum nanoparticles dispersed onto larger high-

surface-area carbon black supports (Pt/C) to increase the Pt surface-to-volume ratio 

and thus the electrochemical reaction rate. [105] One of the most significant 

advantages of Pt/C is the widespread availability and low cost of the carbon black in 

various forms. [106] To protect the Pt catalyst from impurities (catalyst poisons), 

mainly CO that causes deactivation, only pure hydrogen can be utilized in a PEM fuel 

cell.  
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Figure 7: Scheme of a PEM fuel cell. Reproduced from [106]. 

Hydrogen Oxidation Reaction 

Hydrogen evolution reaction (HER) as the counterpart of the hydrogen oxidation 

reaction (HOR) was already discussed in Chapter 2.1.3.1. Like the HER, the HOR is 

one of the simplest reactions in electrocatalysis due to the simplicity of reactants. In 

fact, the fast reaction kinetic of the HER is comparable to the HOR. The HOR 

involves the oxidation of hydrogen on an electrode surface, generally resulting in a 

high coverage of adsorbed hydrogen. It is generally accepted that the HOR proceeds 

via three steps, where S represents a surface active site [107]: 

 2 S + H2 ⇌ 2 S⋯H𝑎𝑑    (TAFEL) or (20) 

 2 S + H2 ⇌ 2 S⋯H𝑎𝑑 + e
− + H+  (HEYROVSKY) (21) 

 S⋯H𝑎𝑑 ⇌ S + e
− + H+   (VOLMER) (22) 

The H-adsorption/desorption mechanism requires that hydrogen binds well, but not 

too strongly, to the reaction site S. The bond strength of Pt-H is almost ideal for the 

HOR. Thus, the reaction kinetic and therefore the exchange‐current density for 

hydrogen oxidation at platinum surfaces is six orders of magnitude higher than that 

for the oxygen reduction. In the case of hydrogen fuel cells, it is generally considered 
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that the overpotential of the HOR is negligible compared to that of the ORR. [108] 

However, the adsorption of impurities that significantly reduces the availability of 

active metal sites can reduce the long-term activity of the platinum catalyst. 

Significant catalytic performance losses can arise when either CO-contaminated 

hydrogen feeds, or other oxidizable fuels that produce CO, are used in the anode feed 

streams. [39] 

Oxygen Reduction Reaction 

The oxygen reduction reaction (ORR) is a multi-electron reaction that includes a 

number of elementary steps involving different reaction intermediates. [106] Of 

various reaction schemes proposed for ORR, a modified WROBLOWA et al. [105] 

scheme appears reasonable to describe the complicated reaction pathway by which O2 

is reduced at metal surfaces:  

 

Based on this reaction scheme, O2 can be electrochemically reduced either directly to 

water with the rate constant k1 without intermediate formation of H2O2,ad (so-called 

“direct 4e- reduction”). The adsorbed peroxide can be electrochemically reduced to 

water with the rate constant k3 (“series 4e- reduction”) or desorbed into the bulk of the 

solution (k4). [109] The detailed mechanisms of the ORR are complicated and depend 

primarily on the surface properties of the electrode. For the direct 4e- reduction, there 

are two possible mechanisms (the dissociative and the associative mechanism). Thus, 

ORR proceeds through a dissociation mechanism, where the O-O bond of oxygen 

breaks directly upon adsorbing at one or two catalytic active metal sites S and the 

formed Oad is reduced successively to OHad and further to H2Oad. [2] 

 2 S + O2 ⇌ 2 S − O (23) 

 2 S − O + 2 e− + 2 H+ ⇌ 2 S − OH (24) 

 2 S − OH + 2 e− + 2 H+ ⇌ 2 S + 2 H2O (25) 

Alternatively, ORR can also proceed according to the following associative 

mechanism. [110]  
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 S + O2 ⇌ S⋯O2 (26) 

 S⋯O2 + e
− + H+ ⇌ S − OOH (27) 

 S − OOH + e− + H+ ⇌ S − O + H2O (28) 

 S − O + e− + H+ ⇌ S − OH (29) 

 S − OH + e− + H+ ⇌ S + H2O (30) 

The association mechanism for the ORR involves the formation of OOHad, which 

breaks into Oad and OHad. Unfortunately, the OOHad species can also lead to just a 

2e- reduction, which will form H2O2,ad with the rate constant k2. In fuel cell operations, 

a direct 4e- reduction is highly preferred in order to get high efficiency as well as 

suppress catalyst and support degradation through H2O2.  

Out of all metals, platinum shows the greatest catalytic activity for the ORR. 

Nevertheless, the ORR at platinum surfaces is six orders of magnitude slower than 

the anode HOR and thus limits performance, so almost all research and development 

focuses on improving the cathode catalysts and electrodes. [106] Currently, almost 

half of the produced platinum, the majority of palladium and 80 % of rhodium are 

used for the production of auto catalytic converters for exhaust gas purification. [111] 

A typical light vehicle catalytic converter contains around 3 to 5 grams Pt and for 

heavy-duty trucks up to 15 grams Pt. [112] Diesel cars with EURO 6 emission 

standards need around 10 grams of Pt and other catalytic active metals to fulfill the 

emission requirements. [112] Thus, to reduce air pollution the combustion engine 

technology will need higher Pt contents to improve the catalytic exhaustion 

treatment. 

In contrast, fuel cell development exhibits the reverse trend. In the early days of 

the development of fuel cells, around 28 mg of platinum was required per cm2 of 

electrode surface area for each electrode (anode and cathode). Much progress has been 

made in reducing the Pt loading in H2/air-fed PEM fuel cells. Today’s platinum 

content has been reduced to below 0.2 mg cm−2 electrode surface area. [108] As a 

result, for a modern 100 kW PEM fuel cells around 20 grams of Pt are required.  

PEM Fuel Cell Applications  

The wide-spread implementation of PEM fuel cells in the transportation sector suffers 

from a lack of re-fueling stations and of high vehicle prices. Nowadays, the versatile 

benefits of fuel cells are often best realized in niche applications. But in the following, 

trendsetting examples are given, where fuel cell technology showcases their great 

potential for the widespread use towards a hydrogen economy. One of the first PEM 

fuel cell, developed by GENERAL ELECTRIC, was installed in the GEMINI V spacecraft 
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back in 1965. This fuel cell was used as the main electric power source, and 

furthermore the water produced by the fuel cells was used as drinking water by the 

astronauts. [113]  

More recently PEM fuel cell technology has been receiving more attention as a 

possible alternative to the internal combustion engine. All major car manufacturers 

have demonstrated prototype fuel cell vehicles and announced plans for commerciali-

zation. The main obstacles for fuel cell commercialization in automobiles are the cost 

of fuel cells and the cost and availability of hydrogen. [104] In contrast to an internal 

combustion engine, where the maximum efficiency is achieved at or near its 

maximum power, a fuel cell has its maximum efficiency at partial load. Therefore, 

most fuel cell powered vehicles are supported by a small to medium sized battery. 

Thus, the fuel cell only provide the base load, but the peak power for acceleration of 

the vehicle is provided by the battery or similar peaking devices (such as 

ultracapacitors). Furthermore, a battery allows recapturing the braking energy 

known as recuperation, resulting in a more efficient driving system. The 

disadvantages of having a battery onboard are the extra cost, weight and volume of 

the battery system. 

Buses for city and regional transport are considered to be the most likely types of 

vehicles for an early market introduction of fuel cell technology. Buses require more 

torque than power, because they frequently accelerate in a typical driving cycle and 

drive at relatively low speed. Hence, electric engines powered by fuel cell/battery 

hybrid system can perfectly meet these requirements. Buses operate in urban areas 

where pollution is already a problem. Moreover, buses are almost always operated in 

a fleet, and refueled in a central facility. This makes refueling with hydrogen much 

easier. In addition, storing larger quantities of hydrogen on board (typically above 

20 kg) is less of a problem, thus fuel cell buses typically store hydrogen on the 

roof. [104] Consequently, they require no infrastructure along route lines and can 

therefore operate like conventional diesel buses, which can facilitate there 

implementation. Over the past 10 years, 84 fuel cell buses have been put into service 

in 17 cities in eight European countries; they have proven their flexibility and safety 

in operation, and they are ready to be rolled out on a larger scale. [114] In addition, 

fuel cell buses are showing improved fuel economy over diesel buses. But, at this point 

in development, capital costs for fuel cell buses are still much higher than those of 

conventional diesel technology. As a result, fuel cell buses are viable options to meet 

emission reduction goals in cities. The costs of fuel cell buses are expected to drop 

significantly and become increasingly competitive with diesel technology.  
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To implement fuel cell cars in the passenger car market is a much greater 

challenge. Prominent arguments pro fuel cell passenger cars are high range and short 

re-fueling time in comparison to battery electric vehicles. Moreover, with the 

increasing number of battery electric vehicles in urban regions the electrical charging 

infrastructure and the electric power supply will be a technological challenge. In the 

near future, battery-electric vehicles will be a cheaper vehicle option than fuel cell 

electric vehicles for the majority of the passenger cars. But fuel cell vehicles will offer 

notable cost advantages within larger vehicle size classes and for long driving 

distances. According to MORRISON et al. there will be a competitive market space for 

both fuel cell vehicles and battery electric vehicles in the future to meet different 

needs of the car owners. [115] TOYOTA and HYUNDAI have started the mass 

production of fuel cell cars with the MIRAI and the iX 35 FUEL CELL in 2014. HONDA 

has followed suit with the CLARITY FUEL CELL. Today’s most advanced fuel cell 

vehicle is the HYUNDAI NEXO with a real driving range of over 550 km and a hydrogen 

consumption of 0.95 kg per 100 km (WLTP). In 2018, TOYOTA has unveiled a heavy-

duty fuel cell truck prototype called CLASS 8, which is powered by two fuel cell stacks 

from the MIRAI. [116] 

Hydrogen-powered rails became a reality in 2016 when ALSTOM presented the 

CORADIA ILINT, a fuel cell-powered train. [117] As an alternative to diesel trains, the 

fuel cell train is to be used in rural areas, where no overhead cables are installed. The 

train is powered by a 200 kW PEM fuel cell supported by a high power Lithium-ion 

battery, reaching almost 150 km h-1, traveling up to 1000 km per tank of hydrogen, 

and accommodating 300 passengers. The German railway operators ELBE-WESER-

VERKEHRSBETRIEBE and RHEIN-MAIN-VERKEHRSVERBUND have ordered 14 and 26 of 

these fuel cell trains, respectively. [118,119] 

For the naval forces, the properties of a fuel cell system like silent and low-

temperature propulsion provide some benefits as well. [120] In 2004, the 

HOWALDTSWERKE-DEUTSCHE WERFT KIEL successfully showcased the first non-

nuclear air-independent submarine with the U 212 A. The 306 kW PEM fuel cell is 

fueled with oxygen from pressure tanks and hydrogen from metal hydride storage 

tanks to allow complete electrical operation of the submarine. [121] Another maritime 

fuel cell pioneer is the ENERGY OBSERVER, a 30.5 m long self-sufficient ship that 

circumnavigates the world testing new energy solutions in a marine environment. 

This vessel is only powered by renewable energy and hydrogen, the latter is produced 

on board via electrolysis using ocean water and is utilized in a 22 kW PEM fuel 

cell. [122] 



2 Hydrogen Economy 

37 

 

Strategies to improve PEM Fuel Cells 

The two major challenges for PEM fuel cell technology are cost and durability. An 

argument often used to reduce costs is the scaling effect of mass production. However, 

this only affects the costs for the production and for the individual components. The 

major contributor to the cost is still the platinum electrocatalyst of the cathode (ORR).  

As a result, platinum is used in form of nanoparticles with 3 – 5 nm in diameter. 

Following down this path, the actually catalytic active surface atoms could be 

maximized. Nevertheless, even in such small particles the majority of Pt atoms do not 

contribute as catalytic sizes. Therefore, decreasing the Pt-loading of the cathode 

electrodes is mainly pursued along two strategies: (i) optimization of electrode 

structures so that the effect of reducing the cathode Pt-loading (number of 

nanoparticles) is limited purely to kinetical voltage losses, even at high current 

densities, and (ii) implementation of more active Pt-alloy catalysts with reported mass 

activity gains. [123] 

Setting aside practical issues such as manufacturing and materials costs, the 

fundamental technical problem of PEM fuel cells is the slow reaction rate of the 

oxygen reduction reaction, which leads to low levels of current and power. [108] 

Therefore, the polarization curve is most suited to describe the fuel cell’s 

performance. [104] In theory, a fuel cell should supply a voltage of 1.23 V. When 

current is drawn from a fuel cell, the voltage decreases as a result of three primary 

sources of voltage losses [108]: 

 Activation losses: These represent the slowness of the reactions taking place 

on the surface of the electrodes. A proportion of the voltage generated is lost in 

driving the chemical reaction that transfers the electrons to or from the 

electrode.  

 Ohmic losses: This voltage loss is the straightforward resistance to the flow of 

electrons through the material of the electrodes and the various 

interconnections, as well as the resistance to the flow of ions through the 

electrolyte. The voltage drop is linearly proportional to the current density.  

 Mass‐transport losses: These losses arise from the change in concentration 

of the reactants at the surface of the electrodes as the fuel is consumed. 

Especially at high current densities, it is difficult to get enough oxygen (air) to 

the catalyst. [106] 
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As shown in Figure 3, the main cause of voltage losses is the sluggish kinetic of the 

ORR. The five main ways of dealing with the slow reaction rates are to: 

 raise the temperature,  

 increase reactant concentration, 

 increase the pressure, 

 use more active catalysts, and 

 increase the electrode surface area. 

Whereas the first four options can be applied to almost any chemical reaction, the 

electrode area has a special significance for electrochemical cells. [108] Today’s PEM 

fuel cells operate at 80 °C, at this temperature a balance between performance and 

degradation of currently used membrane and electrode materials is achieved. High 

temperature PEM fuel cells (> 100 °C) have distinct advantages in order to increase 

the mass transport and the inherent rates of the electrochemical reactions. [124] 

Unfortunately, the electrocatalysts and the polymer membrane experience 

significantly higher structural and chemical degradation at elevated temperatures. 

Therefore, to boost the performance of PEM fuel cells an increase of the operation 

temperature is a good option, but the performance gain is associated with a shorter 

lifetime of the cell. Alternatively, the power output often improves with increased 

pressure due to the increasing reactant concentration at the electrodes. However, the 

compression of air requires energy and therefore the total system efficiency is 

reduced. That’s the reason why research has been focused on the development of more 

active catalysts (improved kinetics) and more efficient utilization of platinum by 

enlarging the catalytic active surface area.  

For the characterization and evaluation of a materials electrochemical surface 

area (available surface area for the electrode reaction), approved electrochemical 

methods, like cyclic voltammetry (CV) and linear sweep voltammetry (LSV) are used. 

For a closer look into these methods see Box 1. 
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Clearly, the rate at which either electrode reaction proceeds will be proportional to 

the area of the respective electrode. The performance of electrocatalysts is usually 

evaluated by using the total electrode activity (current density expressed in 

mA cm-2
geometric). In the case of platinum, the mass activity (current density expressed 

in mA mg-2
Pt) is even more important, thus they provide the efficiency platinum is 

utilized. The ORR take place at a multi‐phase boundary and therefore the cell 

Box 1: Voltammetry 

Voltammetry comprises a group of electroanalytical methods in which the current 

at an electrode is measured as a function of the applied potential to the electrode. 

As the applied potential becomes more negative, the electrode becomes more 

strongly reducing. In return, as the potential becomes more positive, the electrode 

becomes more strongly oxidizing. Therefore, redox reactions occurring on the 

electrode can be controlled by adjusting the potential. Most commonly, a three‐

electrode setup consisting of working electrode, counter electrode and reference 

electrode is used with a liquid electrolyte. The potential is controlled and measured 

by means of a potentiostat, so that no current is drawn from the reference 

electrode. If the potential of the working electrode is swept linear at a specific 

sweep rate (in mV s-1) the resulting current vs time curve is termed linear sweep 

voltammogram (LSV). The measured current is always a combination of the 

capacitive and the faradaic current. Only the latter is proportional to the 

concentration of the redox active species. Usually the potential sweep is reversed 

at a specific switching potential. If the reaction of interest is reversible, then the 

reverse sweep will show this as a current flowing in the opposite direction. Since 

the sweep rate is constant, one can easily convert time to potential, hence the plot 

of current versus applied potential is known as a cyclic voltammogram (CV), see 

Figure 8. 

 

Figure 8: Schematic cyclic voltammogram. 
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performance highly depends on the distribution of the catalyst and its interaction 

with the electrode. [108] 

On this account, most electrocatalytic electrodes are highly porous to provide a large 

surface area for the actual catalytically active nanoparticles. Currently in fuel cell 

technology, carbon black as supporting material has been widely accepted. 

Alternatively, nanostructuring of bulk electrodes is a simple and effective strategy to 

enlarge the electrochemical surface area, which results in a higher number of exposed 

electrocatalytically active sites per unit geometric area. [110] The electrochemical 

double layer capacitance has turned out to be a proper parameter to determine the 

electrochemical surface area of structured bulk electrodes, refer Box 2.  

Boosting Kinetics by Alloying Platinum with Transition Metals 

In the oxygen reduction reaction (ORR), the surface of the platinum catalyst tends to 

be shielded by a hydroxyl-layer. As a result, the active sites on the platinum surface 

are reduced in number, and the efficiency of the catalyst is limited. To improve the 

activity of Pt for the ORR the binding strength between platinum atoms and oxygen 

species should be lowered. [125] The strength of the chemical bond between oxygen 

atoms and atoms on the metal surface is dependent on the crystal planes and edges 

exposed. [108] Furthermore, the oxygen–metal bond strength can also be influenced 

𝑖𝑑𝑙 = 𝐶𝑑𝑙
𝛿𝐸

𝛿𝑡
 

Box 2: Double layer capacitance 

When a metallic electrode is brought in contact with a liquid ionic conductor 

(electrolyte), an electrochemical double layer among the two phases appears. 

Typically, two charged layers are present at the phase boundary, which carry 

opposite signs as in each capacitor. Therefore, the electrochemical double layer is 

to be understood as a plate capacitor of molecular dimensions, in which the metal 

electrode and adsorbed ions represent the plates of the capacitor. Thereby, the 

distance between the layers is to be understood as the radius of the hydrated ions. 

With electrochemical methods, such as cyclic voltammetry, the double layer 

charge and discharge determines the capacitance of the electrochemical double 

layer, which is proportional with the surface area of the electrode. If double layer 

charging is the only process taking place in a given potential region, the only 

current measured will be the double layer charging current idl. Thus, idl is a 

function of the potential sweep rate the double layer capacitance Cdl can be 

determined according to:  
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by alloying platinum with certain 3d-transition metals, see Figure 9. [110] The 

transition metals like Ni, Co or Fe induce:  

  heterometallic bonding interactions, termed the ‘‘ligand effect’’, between the 

active platinum atoms on the surface and the alloying metal atoms in the 

second or third layer, which result in a modification of the electronic structure, 

thereby changing the surface chemical properties (reduced adsorption energy 

for oxygen) [128], and  

 a “strain effect”, which originates from the shorter interatomic distance 

between the platinum atoms. [2] The smaller Pt–Pt bond distance leads to an 

enhanced dissociative adsorption of oxygen. [123]  

Over the last few years, extensive efforts have been directed towards the preparation 

of bimetallic nanostructured electrocatalysts with an enhanced activity for the 

ORR. [129–132] Thus, nanoparticles based on a stoichiometry of Pt3M (M: Cu, Co and 

Ni) are generally more active than pure platinum particles. [2]  

A further development of this strategy has been reported as the selective 

electrochemical dissolution (dealloying) of the non-noble metal. [133] Hereby, the non-

noble metals like Ni and Co serve as “sacrificial” elements in Pt-Ni and Pt-Co 

nanoparticles, because they are oxidized at much lower potentials than Pt. [105] As a 

result, Pt-skeleton nanoparticles (see Figure 10) or particles that consist of a Pt- 

enriched shell are realized. [132] A remarkably high activity for the ORR was 

observed on such particles. [134] However, for large-scale industrial synthesis the 

electrochemical dealloying approach is not very practical.  

Finally, the world record for ORR specific activity was measured on bulk crystals 

of Pt3Ni{111}. The Pt3Ni{111} surface is 10-fold more active for the ORR than the  

  

Figure 9: Volcano plots of pure metals (left) and of Pt-based transition metal alloys (right) as a function 

of the oxygen binding energy. Reproduced from [126,127]. 
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Figure 10: HRTEM image of a PtNi1.5 octahedral nanoparticle shows that selective leaching in the facets 

of the Ni rich PtNi1.5 results in the formation of an orthogonal skeleton structure. Reproduced from [130]. 

corresponding pure Pt(111) surface and 90-fold more active than the current state-of-

the-art Pt/C catalysts. [135] So far, several catalyst systems have shown ORR kinetics 

adequate for automotive applications, including the commercially available heat-

treated PtCo/C. As recent progress with “designer” catalyst particles suggests, they 

will reach their maximum kinetic performance over the next few years something 

close to the specific activity of Pt3Ni{111}. [106] 

But impressive kinetic activity will not automatically make a catalyst system 

attractive for large-scale automotive fuel cell production. As DEBE stated: “it has been 

25 years since the first PtCo/C catalyst was investigated, but it is still not generally 



2 Hydrogen Economy 

43 

 

accepted for use in current fuel-cell vehicles; it may take even longer to implement 

any of the newer catalyst approaches into realistic electrodes.” [106] 

Today, it simply is no longer sensible that the majority of researchers in the field 

are concentrating on synthesis of sophisticated electrocatalysts with ultrahigh ORR 

activities at least in lab-scale. Especially since the activity improvements are in the 

range of some tens of millivolts. At practical current densities of 0.1 to 2.5 A cm-2, 

improvements in cell resistance can have a much larger impact on the actual cell 

voltage than improvements in reaction kinetics. [106] Instead, the focus should lay on 

robust electrocatalytic systems that can be manufactured at high volumes with the 

requisite quality, throughput and yields, at the required low Pt loadings. [123] 

Nanostructured Thin Films  

Nanostructured thin films (NSTF) are a novel extended surface electrode structure 

with significant advantages in specific activity, durability, and cost due to the 

combination of surface area enlargement and Pt-alloying. [136] The NSTF technology 

is to date the only practical example of an extended surface area catalyst shown to 

effectively address several of the performance, cost and durability barriers faced by 

cathode and anode catalysts for fuel cell vehicles. [137] In general, NSTF consists of 

two compounds: (i) the nanostructured substrate, which provides as much surface 

area as possible and at the same time facilitates mass transport within the electrode, 

and (ii) a ultra-thin layer of catalytic active material. One major advantage of such 

polycrystalline thin film catalysts is the fact, that their specific activity for oxygen 

reduction is 5 to 10 times higher than for 2 - 3 nm diameter particles. The NSTF 

developed by the 3M Company (see Figure 11) is different from Pt/C or PtM blacks to 

the effect, that the catalyst support is a pure, organic molecular solid in the form of a 

crystalline whisker. The chemical compound is a perylene based heterocyclic organic 

solid used commercially in high volumes as a pigment. [137] The single crystalline 

nature of the whiskers assures highly reproducible and uniform surface properties for 

subsequent coating with catalysts. The crystallinity of the whisker can also influence 

the nucleation, growth and thin film morphology of an over-coated material such as a 

PtNi catalyst applied by the preferred methods of physical vapor deposition. [137] 

Even though Pt/C exhibits almost an order of magnitude higher surface area per gram 

Pt than the NSTF catalysts, the specific activity enhancement of the PtNi alloy NSTF 

catalysts is substantial, so that they actually have a higher mass activity than the 

carbon supported Pt nanoparticles. 



2 Hydrogen Economy 

44 

 

Figure 11: The catalyst coated whiskers end-up partially embedded in the PEM surface into which they 

were transferred by heat and pressure during the lamination step. This means a very short proton 

pathway from the catalyst surface to the membrane ionomer. Reproduced from [137,138]. 

Furthermore, the geometry of the NSTF catalyst makes it less susceptible to 

agglomeration and dissolution, whereby the durability could be improved in contrast 

to conventional nanoparticle catalysts. 

Catalyst Degradation and Platinum Exposition 

Considering that the prospect of further significant enhancement in the ORR activity 

is probably limited, the long-term performance of fuel cells has become the most 

important challenge that currently needs to be addressed. To compete with 

conventional internal combustion engines, a fuel cell should maintain at least 90 % of 

its performance after 5000 h of operation (equivalent to 250,000 km), including 

thousands of start-up and shut-down events. [2] Within the lifetime of a fuel cell, the 

electrodes, especially the carbon black support and the dispersed platinum 

nanoparticles, are exposed to electrochemical stress, which lead to degradation of the 

catalyst. In particular on high demanding conditions like cold start or power peaks 

the catalyst suffers. This results in a power output loss of the fuel cell, which will be 

caused mainly by five degradation phenomena’s: 

 Platinum dissolution: Smaller particles are more vulnerable for dissolution 

due to their higher surface energy. 

 Ostwald ripening: The dissolved platinum from smaller particles 

accumulates on larger particles in consequence of surface energy reduction. 

 Agglomeration: Particle cluster together, which leads to a decrease of the 

platinum/electrolyte surface area. 

 Particle detachment: The detachment of platinum particles from the 

support result in a complete platinum loss. Platinum will be exposed to the 

environment and therefore it is not recyclable anymore. 

 Corrosion of the carbon support: At the cathode the carbon support tends 

to oxidize due to high oxygen concentration and high positive potentials. The 
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oxidation of carbon to CO2 is thermodynamically possible above 

+0.207 V vs RHE, but it is kinetically limited below +1.2 V vs RHE. [139] 

Carbon corrosion can accelerate secondary degradation such as agglomeration 

and particle detachment. 

Through the degradation the Pt catalyst exhibits loss of active surface area. In 

contrast to catalytic converters in combustion engines cars, the degradation in fuel 

cells does not lead to a massive weight loss of the catalyst, as it is discharged from the 

system with the hot exhaust gases. [112] As a result, the recycling rates of Pt, Pd and 

Rh in conventional catalytic converters are in the range of 50 to 60 %. [112] However, 

fuel cells also expel small portion of platinum (typical under 5 mass-%) in the 

environment. Promising degradation resistance was observed at the former 

mentioned NSTF structure by using ultrathin layers of catalyst instant of 

nanoparticles. 

2.3.2.2 Solid-Oxide Fuel Cells for Stationary Power Generation 

The solid oxide fuel cell (SOFC) belongs to the high temperature fuel cells, with 

operating temperatures of 600–1000 °C. [108] In contrast to low temperature fuel cells 

such as PEM fuel cells, a solid ceramic inorganic oxide, generally ytteria-stabilised 

zirconia (YSZ), is used as the electrolyte. On the electrolyte gas-permeable electrical 

conductors are attached as the cathode and the anode. At the cathode, oxygen is 

reduced to oxygen ions, which pass through the solid electrolyte to the anode, where 

they react with the fuel, generally hydrogen and carbon monoxide, producing water 

and CO2 as well as electricity and heat. [140] In general, as the main fuel, methane is 

inserted into the cell stack, together with water vapor methane reacts to hydrogen 

and carbon monoxide inside the cell stack due to the internal reforming reaction that 

is a characteristics of SOFC. Alternatively, in contrast to today’s gas turbines, SOFC 

can be fueled with pure hydrogen. Another advantage over gas turbine power plants, 

which convert chemical energy into heat, mechanical power and then into electricity, 

is the direct electricity generation in a SOFC. Thus, their efficiency is not limited by 

the CARNOT efficiency. Moreover, SOFCs are excellent candidates for stationary 

power generation (hundreds of MW) [103], where the hot reaction products are 

usually used in a subsequent cycle such as a gas turbine, steam turbine, or combined 

cycle to produce additional electricity and increase the system efficiency to levels as 

high as 80 %, which is significantly higher than any conventional electricity 

generation. [140] 
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Nevertheless, there are a few systems commercially available yet. For stationary 

power supply of single-family homes, for instance, SOLIDPOWER commercially 

distribute the BLUEGEN combined power house with 1.5 kW electric power (60 % 

efficiency) and 0.54 kW thermal power supply. [141] Furthermore, ELCOGEN OY offers 

a 3 kW all-electric power solution. [142] For large-scale implementation of SOFCs 

MITSUBISHI HITACHI POWER SYSTEMS showcased with their SOFC-MGT hybrid 

system a 1000 kW combined cycle electric power plant, where in the first stage fuel 

gas is inserted into a SOFC to generate electricity and subsequently the hot exhaust 

gases are inserted into the micro gas turbine to generate additional power with an 

overall efficiency of 65 %. [143]  

SOFCs are still actively developed for clean and efficient electric power 

generation. The main focus of research lies on the oxygen-conducting electrolyte and 

on the oxygen reduction on the cathode. The electrolyte must be highly conductive for 

oxygen ion and at the same time electrical isolating at high temperatures. In order to 

reduce the transport resistance of the oxygen ions the membrane should be as thin as 

possible. Today’s YSZ membranes have a thickness of some hundreds of micrometer. 

On top of the YSZ membrane some tens of micrometers thick cathodic and anodic 

layers are coated. The cathode in state-of-the-art SOFCs is typically a porous gas 

permeable layer of La1-xSrxMnO3 that facilitates the critical oxygen reduction reaction. 

[144] The anode is instead made of Ni/YSZ to facilitate the conversion of methane to 

H2 and CO. [126] As already reported for SOFC cathodes, electrode microstructure is 

highly required to get efficient oxygen diffusion and a simultaneous water exhaust. 

[145] Consequently, the electrode active surface area is limited to the interface area, 

where electrolyte and cathode are in close contact.  

2.3.2.3 The Microbial Fuel Cell 

As a hybrid of PEM technology and stationary power supply the microbial fuel cell 

(MFC) will be briefly introduced in the following paragraph. The MFC is a bio-

electrochemical system that produces electricity by using bacteria for microbial-

catalyzed anodic oxidation processes. In contrast to the common PEM fuel cell, where 

hydrogen is anodically oxidized to protons, in a MFC microorganisms, like the 

Geobacter sulfurreducens, on the anode oxidize organic substances such as acetate, 

lactate or glucose to H+, CO2 and electrons. [146] The maintained protons will be 

transferred through a proton exchange membrane (PEM) to the cathode, whereas the 

electrons pass an external circuit. At the cathode, oxygen is reduced analogously to 
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the hydrogen-powered PEM fuel cell and water is formed with the protons from the 

anodic half-reaction. Unfortunately, ORR active catalysts such as platinum are still 

required for the cathodic reaction in a MFC. On the upside, the slow reaction kinetics 

of the microorganisms at the anodic site enables the application of less active but 

more affordable non-noble metal-based ORR catalysts like cobalt tetramethoxyphenyl-

porphyrin (CoTMPP). [147] 

The greatest potential of MFCs lays in the use of wastewater as fuel, which allows 

combining wastewater treatment and energy recovery. [148] In Germany, for 

example, 5000 million m3 of wastewater require 3 TWh of electrical energy for 

wastewater treatment every year. [149,150] On the other hand, 10.5 TWh of primary 

energy is contained in Germany’s wastewater of one year. [151] Due to the direct 

energetic utilization of wastewater ingredients by electrochemically active bacteria, 

the wastewater treatment is to be transformed from an energy-consuming to an 

energy-producing process. The low coulombic efficiencies and low power outputs of 

MFCs are major limitations and, however, still do not allow economical large-scale 

implementation. [104] One key factor for commercial success of this technology will be 

lowering the cost of electrodes and associated materials to enable recovery of capital 

costs within only a few years. [152]  
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2.4 Summary 

With the progressing expansion of renewable energies, energy storing and 

releasing technologies become mandatory as a consequence of their fluctuating power 

supply behavior. Storage of renewable energy in chemical bonds, in particular 

hydrogen, is attractive due to the high energy density, the elemental abundance, the 

long-term storability and the ability to transfer renewable electricity into other 

energy sectors. Usage of hydrogen as the main energy carrier also allows bridging the 

electricity and the gas grid as well as diffusing renewable energy to the heat and 

transport sector, and the chemical industry.  

In the so-called hydrogen economy, excess electric power will be used to generate 

hydrogen via water electrolysis. The scalability of water electrolysis, as well as its 

ability to easily operate in an on-demand mode makes this technology ideal to couple 

with renewable, time-varying energy sources. [153] Normally, “conventional” alkaline 

water electrolyzers are coupled with wind and solar power. The more efficient proton 

exchange membrane (PEM) electrolyzer technology requires the use of expensive 

noble catalysts such as iridium, ruthenium and platinum in order to facilitate the 

catalysis of the oxygen evolution reaction (OER) and the hydrogen evolution reaction 

(HER) in corrosive acid electrolytes at high positive potentials. By contrast, 

performing polymer membrane-based water electrolysis under alkaline conditions 

allows the use of non-noble metals such as nickel and stainless steel as electrode 

materials and simultaneously profits from the lower electrolyte and cell resistances. 

This approach harbors a great advantage of AEM electrolyzers over PEM 

electrolyzers and can significantly reduce the associated costs. It is clear that there 

remains significant room for improvement in the performance of AEM in order to 

achieve operational current densities comparable with PEM electrolyzers. [154] 

However, regardless of the route taken, the viability of these systems as sustainable 

hydrogen production technologies is, in the end, dependent on the electrochemistry of 

oxygen. The generation of molecular oxygen at the anode is the most energy-intensive 

step in the overall water splitting process. [38] In order to improve the overall 

performance of the oxygen evolution reaction (OER), this work focuses on electrode 

structuring to increase accessible electrocatalytic surface area and to facilitate the 

bubble detachment from the electrode’s surface. 

The electrochemically produced hydrogen can be used directly as a fuel in the 

transportation sector or can be stored in underground formations for later usage. The 

fact that hydrogen is a very light gas makes its storage and transportation a real 
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challenge. However, while gravimetric energy density of hydrogen is excellent 

(33.3 kWh kg-1), the volumetric energy density of even liquefied hydrogen 

(2.4 kWh L-1) is critical. [72] Therefore, the aim of hydrogen storage technologies is 

thus to reduce the volume that hydrogen naturally occupies. The relevant large 

volumes for hydrogen storage can only be provided by suitable underground geological 

formations. [76] The pressure and therefore the storage capability of those 

underground storage facilities are limited by the strength characteristics of the 

contained rock or salt formations.  In addition, it is also possible to feed hydrogen into 

the existing natural gas grid and thus use the storage capacities of the natural gas 

grid. However, in Germany, the admixture is limited to 5 vol-% hydrogen at each 

point of the network. But with a total energy storage capacity of 217 TWh [79] the 

German gas network can store 3 TWh of hydrogen. However, hydrogen as an energy 

source will always be less efficient and more expensive than the direct usage of the 

electricity from renewable energy sources. Consequently, it will only be used to 

compensate the gap between power demand and supply. Nevertheless, hydrogen 

storage is regarded as the most cost-efficient solution, which enables the storage of 

large quantities of electrical energy at 100 GWh energy storage capacity for inter-

seasonal energy storage. 

There are basically two technological ways to reconvert hydrogen to electricity and 

heat. One is the combustion of hydrogen within gas power plants or to reach even 

higher efficiencies in combined cycle power plants, which is the most feasible 

technology for hydrogen-based stationary power supply so far. However, the 

controlled combustion of pure hydrogen is rather challenging in particular in large 

scale power plants. Thus, the natural gas as the standard fuel in such power plants 

will be enriched with hydrogen. The second is the reconversion of pure hydrogen to 

electricity by electrochemical fuel cells. Fuel cells have higher efficiencies and through 

the direct utilization of pure hydrogen they produce only water as exhaustion gas. 

Especially in the transport sector, PEM fuel cell technology is of particular interest 

due to its high efficiency (theoretically 83 %) and compact design at relatively low 

operation temperatures (80 °C). [104] Most catalysts used today in PEM fuel cells are 

based on platinum nanoparticles dispersed onto larger high-surface-area carbon black 

supports (Pt/C) to increase the Pt surface-to-volume ratio and thus the 

electrochemical reaction rate, especially of the oxygen reduction reaction (ORR). [105] 

To protect the Pt catalyst from impurities (catalyst poisons), mainly CO that causes 

deactivation, only pure hydrogen can be utilized in a PEM fuel cell.  
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Electrochemistry will play a vital role in creating sustainable energy solutions in 

the future, particularly for the conversion and storage of electrical into chemical 

energy in water electrolysis cells, and the reverse conversion and utilization of the 

stored energy in fuel cells. [2] The large-scale operation of these technologies is 

currently limited by the serious challenges in the design of efficient, endurable and 

affordable electrodes for the OER and ORR. The three main deficiencies are related 

to:  

 the activity of the electrodes, since both oxygen reactions exhibit significant 

overpotential even with noble metal catalysts, thereby resulting in higher 

energy consumption for water electrolysis and in lower energy recovery for the 

recombination of H2 and O2 in fuel cells; 

 the stability of the electrodes, as the OER and ORR catalysts are exposed to 

harsh conditions that are obstructive for long-term performance of the device; 

and 

 the abundance of the materials used, because the most active catalysts for the 

OER and the ORR are based on noble metals such as platinum and iridium 

that are rare and pricy.  

Although specifically designed materials like bimetallic nanostructured 

electrocatalysts in form of particle or thin films already satisfy some of these 

requirements – at least in lab-scale, under real conditions in large-scale devices, this 

is still a huge challenge. The scalability of any new catalyst approach needs to be 

considered seriously. For many of the new catalyst approaches such as Pt-skeleton 

nanoparticles prepared by electrochemical leaching, it is unclear how their generation 

process could be scalable by keeping the quality consistent.  

In general, electrocatalytic activity of the electrode material can be enhanced 

(overpotential decreased) by increasing the electrochemical surface area. Therefore, in 

the present work, ultrashort pulse laser structuring was utilized to modify metal 

electrode with laser-induced micro- and nanostructures in order to dramatically 

increase the accessible surface area of well-known electrode materials such as nickel 

and platinum.  
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3 Ultrashort Pulse Laser Structuring 

Laser structuring is an emerging technology for generating surface functionalities 

on basis of optical, mechanical, or chemical properties. Lasers provide the ability to 

accurately deliver large amounts of energy into confined regions of a material in order 

to achieve a desired response. For opaque materials, this energy is absorbed near the 

surface and causing material ablation without altering the bulk. [155]  

Laser ablation is usually discussed in the context of pulsed lasers. The onset of 

ablation occurs above a threshold fluence, which will depend on the absorption 

mechanism, particular material properties, microstructure, morphology, the presence 

of defects, and on laser parameters such as wavelength and pulse duration. Typical 

threshold fluences for metals are between 1 and 10 J cm-2. With multiple pulses in the 

same region, the ablation thresholds may decrease due to accumulation of defects. 

[155] During material ablation with pulsed laser radiation different beam-matter 

interaction mechanisms become dominant. For short laser pulses in the micro- and 

nanosecond range, the ablation process is dominated by heat conduction, melting, 

evaporation and plasma formation. [156] In this case, the pulse duration is long 

enough that the absorption of laser radiation and ablation of a target material occur 

at the same time. Thereby, a thermal wave propagates into the target and creates a 

relatively large amount of molten material. The molten material is pushed out by the 

recoil pressure produced by the vaporization process. [157]  

Shortening of the pulse duration to a time scale shorter than a couple of 

picoseconds (ps) fundamentally changes the interaction physics of the laser radiation 

with the solid, which results in rapid and precise energy deposition into the materials. 

[158] During ultrashort pulsed laser irradiation, the laser energy is absorbed by free 

electrons, which occurs within hundreds of femtosecond by the absorption of photons. 

[159] At this stage, the electronic system is rapidly heated up to temperatures in the 

order of tens of thousands of Kelvin (109 K s-1 or more) [160] while the lattice remains 

largely undisturbed (cold). This phenomenon is described by means of the two 

temperature model. Efficient energy transfer from the electrons to the lattice occurs 

by electron-lattice scattering after the end of the laser pulse. The thermalization 

between free electrons and the lattice typically occurs on the time scale of 1–100 ps 

depending on the electron–phonon coupling strength of the material. [159] Via 

ablation extreme pressures, densities and temperatures build up and accelerate the 
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ionized material to enormous velocities. [156] Therefore, ultrashort pulse laser 

ablation is a machining technique with a marginal heat-affected zone. Usually, 

melting can be neglected, even in high thermal conductivity materials such as 

metals [159], because most of the heat is led away by convection with the hot ablated 

particles. [161] The resulting features can be broadly categorized into laser-inscribed 

and laser-induced structures. Laser-inscribed structures consist of machined features 

such as grooves and holes, with dimensions equal to or greater than the effective laser 

beam diameter. On the other hand, laser-induced surface structures that are formed 

under laser irradiation have feature sizes smaller than the effective beam 

diameter. [162] 

The first application of ultrashort pulse lasers in mass production processes was 

drilling inkjet nozzles with specific shapes by picosecond laser ablation. [163] Due to 

the precise material ablation, ultrashort pulse lasers are further utilized in the 

fabrication of medical coronary stents. [159] Currently, they are also used for scribing 

and patterning thin-film photovoltaic solar cells based on copper indium gallium 

selenide (CIGS) or cadmium telluride (CdTe). [164] 

In contrast to the classical machined features, laser-induced surface texturing is a 

process that allows the change of surface properties without changing the chemical 

composition of the material. Properly designed surface structures on the micro- or 

nanoscale can have very beneficial effects on friction and wear. [18] Thus, ultrashort 

pulse laser structuring is a promising approach for enhancing the tribological 

performance of mechanical components. Some concepts were already transferred to 

the automotive industry, for example the process of “laser-honing”, where laser 

structuring for reducing friction and wear is applied in the range of the upper piston 

reversal point of cylinders in combustion engines. [165] This additional 

manufacturing step is supposed to result in reduced oil and fuel consumption, less 

exhaust gas emissions, and an increased lifetime of the engine. [18]  

The development of laser structuring has been stimulated by recent advances in 

the development of high performance pump diodes, enabled the use of new laser 

media, especially ytterbium-doped fibers and crystals. The development of high-

performance ultrashort pulse lasers has achieved medium laser powers of 100 to 

1000 W in recent years, which makes large-scale industrial applications possible. 

Now, high power ultrashort pulse lasers allow 3D micro-structuring of large-scale 

metal surfaces for embossing and printing applications due to the shorter processing 

times. [166] The FRAUNHOFER Cluster of Excellence ADVANCED PHOTON SOURCES is 
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currently developing new ultrashort pulse laser systems, which should surpass all 

previous ones by an order of magnitude in the average laser power. [167] 

3.1 Laser-induced Surface Structures 

3.1.1 Laser-induced Periodic Surface Structures 

The laser-induced periodic surface structures (LIPSS), often referred to as surface 

ripples, discovered by BIRNBAUM in 1965 [168], are the most researched surface 

structure caused by laser irradiation. They are formed by irradiating materials with 

linearly polarized nanosecond or longer laser pulses with a fluence near the ablation 

threshold. [169] The formation of these LIPSS on metals is often explained by the 

interference of the incident laser light with the excited surface plasmon polaritons 

that results in spatial periodic energy distribution on the surface. [170] Consequently, 

the ripples are generally oriented perpendicular to the incident polarization. 

Therefore, the spacing is in the order of the wavelength or greater, see Figure 12 and 

Figure 13. Various mechanisms, including the self-organization of surface instability, 

second-harmonic generation, refractive index change, nano-plasma formation and the 

excitation of surface plasmon polaritons, have been proposed for the formation of 

LIPSS; however, no consensus has been reached until now. [159] 

Several application fields have been exploited taking advantage of the surface 

micro- and nanostructuring influencing the optical, mechanical and chemical 

properties of metals and other materials. [171] The most obvious application of LIPSS 

arises from the fact that their periods lie in the same range as the wavelength of 

visible optical radiation. [169] Hence, they efficiently act as diffraction gratings for 

dye-free structural coloration of metals and semiconductors. [170,172] Furthermore, 

LIPSS can be used in applications where the redistribution of light is intended, e.g. in 

thin-film solar cells. [173] LIPSS can have a positive effect on mechanical properties 

such as friction to reduce wear and fuel consumption in combustion engines. LIPSS 

modified surface reduces the friction by a factor of two compared to a polished 

surface. [174] 

There are only a few studies addressing the chemical and electrochemical 

properties of LIPSS so far. In 2014, NEALE et al. have established that the formation 

of LIPSS on nickel electrodes yields 2.5 times more surface area in alkaline solution. 

[175] They described a possible application of LIPSS in the field of Ni-H battery 
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electrodes, where larger surface area per electrode results in higher charge storage 

capacity at a stable battery size. 

Nevertheless, the transfer of a successfully established laser structuring method 

for generating LIPSS from one material to another remains difficult. The main reason 

are different material specific electron-phonon coupling strengths, which describe the 

capability to transfer energy from the hot electron system to the cold lattice. In 

practice, therefore, the parameter set of the laser structuring process must be 

determined empirically for each material. 

  

Figure 12: LIPSS produced on a polished nickel plate with a Yb:YAG (λ = 1030 nm) one picosecond laser 

system.  

  

Figure 13: Platinum LIPSS produced on a glassy carbon substrate with a Yb:YAG (λ = 1030 nm) one 

picosecond laser system. Therefore, 1 µm platinum was sputtered on the glassy carbon substrate and 

laser structured afterwards.  

3.1.2 Cone-like Protrusions 

Another promising structure type formed by ultrashort pulse laser irradiation is 

based on regular arrays of conical microstructures often called cone-like protrusions 

(CLPs) or spikes, see Figure 14 and Figure 15. The physical mechanisms attributed 
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to the formation of these 3D-surface structures are highly dependent on the properties 

of the substrate material as well as on the specific illumination conditions including 

the laser fluence, repetition rate, number of pulses incident on the sample as well as 

the angle of incidence, and the atmospheric conditions during processing. [176] In 

general, the formation of CLPs can be categorized in three steps. [176] Firstly, the 

introduction of nano- and microdefects in the surface that ultimately leads to the 

creation of precursor sites that affect the distribution of laser energy from subsequent 

laser pulses on the sample. Secondly, the growth of the precursor sites and the 

associated formation of larger self-organized features. And lastly, the evolution of the 

self-organized conical structures upon continued illumination. Thereby, the laser 

fluence and material properties like surface roughness, electro-phonon coupling 

strength and chemical composition have a significant impact on both the development 

of the precursor sites as well as on the growth mechanism. As a result, the laser 

fluence significantly affects the morphology of the CLPs. [170] 

The surface modification with CLPs leads to topography-based functionalization of 

a large variety of materials. This offers the possibility to introduce localized surface 

properties like enhanced wettability or water repelling behavior known as “Lotus 

effect” by laser irradiation. [177] Several efforts were undertaken to control and guide 

cellular behavior by introduction of CLPs in order to generate an “intelligent” 

biomaterial. [178–180] This would have a great impact in the field of medical 

implants, where the controlled interaction of proteins and cells with the implant 

surface plays an important role. [181] 

In 2017, RAUSCHER et al. showcased for the first time the great potential of CLPs-

modified nickel electrodes for water electrolysis application (hydrogen evolution 

reaction). [182] The CLP electrodes exhibited an increase in surface area of 73 times 

compared to a smooth nickel plate. In addition, the same group recently demonstrated 

that ultrashort pulse laser structuring in combination with thin layer catalyst 

deposition can dramatically boost the performance of cathodes for the hydrogen 

evolution reaction due to the enormous increase in specific surface area in 

combination with superhydrophilic properties leading to a rapid gas bubble 

detachment. [183] 
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Figure 14: CLPs produced on a polished Cobalt plate with a Yb:YAG (λ = 1030 nm) one picosecond laser 

system. 

  
Figure 15: CLPs produced on a Titanium foil with a Ti:Sapphire (λ = 800 nm) 60 femtosecond laser 

system (left) and the same structure coated with 0.12 mg cm-2 platinum catalyst via sputter deposition 

(right). Reproduced from [183]. 

3.1.3 Black Metals  

A decade ago, VOROBYEV et al. demonstrated a femtosecond laser blackening 

technique that made reflective metals highly absorptive, creating the so-called “black 

metals.” [184] In essence, this metal blackening technique applies intense 

femtosecond laser pulses on a metal surface and creates a variety of unique surface 

structures at nano- and micro-scales dramatically enhancing light coupling into the 

metal. These structures allow the transformation of highly reflective metals into 

totally absorptive surfaces in a broad wavelength range from 250 nm to 2500 nm. 

[185] The “pitch black” effect results from the aggregates of coalesced nanoparticles, 

which cause a broadening of the plasmon resonances into a band of frequencies. In 

contrast to isolated metal nanoparticles, at which surface-plasmon resonances occur 

at sharp individual frequencies. [170]  
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Surprisingly, there is no chemical or electrochemical study of black metals 

produced by ultrashort pulse laser structuring in the literature, yet. OU et al. used a 

nanosecond laser system to fabricate hierarchical nano- and microstructures on large 

10 x 10 cm2 nickel electrodes for water electrolysis application. [16] 

  

Figure 16: Black platinum produced on a polished platinum plate with a Yb:YAG (λ = 1030 nm) one 

picosecond laser system. 
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4 Published Results 

In Chapter 4.1 Platinum Electrodes for Oxygen Reduction Catalysis designed 

by Ultrashort Pulse Laser Structuring, the first systematic quantification of the 

surface area enlargement of the three main types of laser-induced surface structures 

is given. In cooperation with the LPKF LASER & ELECTRONICS AG a representative 

structure of each structure type (LIPSS, CLPs and black metals) was generated on 

platinum electrodes in air by varying the laser parameters average power, scan speed 

and line distance. In the related paper, the structure type of the black metals (in this 

case black platinum) is referred to as porous cone-like protrusions (pCLPs). The 

structured Pt electrodes were subsequently analyzed by cyclic voltammetry to 

determine the possible suitability of laser-induced surface structures as a strategy to 

increase the performance of electrochemical electrodes. The surface area enlargement 

was stated as the multiple of a smooth plane Pt reference sample the so-called 

roughness factor.  

The investigation of the electrochemical surface area revealed roughness factors of 

1.75, 7.4 and 1527 for the LIPSS, CLPs and black platinum, respectively. The result of 

our LIPSS concur with former investigated LIPSS on nickel that showed a roughness 

factor of 2.5. [175] Moreover, the CLPs possessed a considerable surface area 

enlargement, but may as well have other advantages as we will explore in chapter 4.3. 

By far the largest increase in electrochemical surface area was achieved with the 

black platinum structure. The reason behind was discovered by SEM analysis. 

Through the tightly hatched scan pattern with only 1 µm line distance a considerable 

amount of ablated material was ejected out of the Pt electrode and subsequently 

redeposited to form a filigree network comprising of nanoparticles with diameters of 

10 nm to 90 nm. To study the aging behavior of this nanoparticle network, we 

electrochemically stressed the electrode by 1000 CV cycles. Consequently, a moderate 

aggregation of the nanoparticles was observed in the SEM, which slightly reduces the 

electrochemical surface area. After the aging process, the crystallinity of the black 

platinum remained the same. In addition, XRD examinations did not show any 

preferential direction of crystallinity for any of the investigated laser-induced surface 

structures. 
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In conclusion, laser-induced surface structures, especially the black metal 

structure type, exhibit major surface area enlargement and good electrochemical 

stability, which makes this structure type ideal for electrode modification.  

Thus, further development of high surface area structures on the basis of the black 

metal structure type was pursued. The laser structuring process was optimized in 

order to develop new highly porous surface structures on a more practical and more 

affordable electrode material. Nickel was chosen as one of the most common electrode 

materials due to its beneficial catalytic properties especially for HER and OER and its 

good stability in alkaline solutions.  

One challenge we had to overcome was the fact that structuring non-noble 

materials with high spot energy densities (pulse overlap of more than 99 %) in air 

results in oxide formation and therefore in a substantial reduction of the structure’s 

electrical conductivity. To prevent oxidation the laser structuring needs to be 

performed under inert gas atmosphere. Therefore, a gas-tight reactor chamber with 

an inert gas inlet and a port for suction was constructed. Furthermore, a femtosecond 

infrared laser beam was coupled into the chamber through a glass window with more 

than 90 % infrared transparency.  

In productive cooperation with the LPKF LASER & ELECTRONICS AG and the 

FRAUNHOFER INSTITUTE OF LASER TECHNOLOGY (ILT) a new structure type generated 

by ultrashort pulsed laser radiation was discovered – the laser-induced nano-foam 

short LINF. In Chapter 4.2 Porous Nickel Nano-Foam by Femtosecond Laser 

Structuring for Supercapacitors Application, the enlargement of the surface 

area through LINF modification of Ni electrodes is presented. 1 cm2 arrays of LINFs 

on Ni were created with the objective to generate preferably a highly accessible 

surface area for electrochemical charge storage. The capability of Ni/NiO surfaces to 

store electrical charges by the fast reversible redox reaction of Ni(OH)2 to NiOOH in 

alkaline solution, makes high surface area nickel electrodes attractive for 

supercapacitor applications.  

In the literature there are only a few studies about porous surface structures 

generated by laser radiation. [186,187] None of them have determined the surface 

area enlargement or the real surface area of the produced structures. To the best of 

our knowledge, we demonstrate for the first time the use of femtosecond laser pulses 

to fabricate metallic porous surface structures that form on top of the original surface. 

The laser structuring conducted in this work leads to the development of a foam-like 

structure that emerges up to 100 μm on top of the surface of the Ni substrate. 

Contrary to other laser structuring processes based on ablation, our method uses 
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electrode material most efficiently by re-depositioning the ablated particles to form 

the porous network. 

For this purpose, a femtosecond laser beam was scanned across a nickel electrode 

in a line pattern. At the start of the structuring process, the laser beam is shaping a 

kerf in the material. The more lines are scanned by the laser beam, the wider and 

deeper the kerf becomes. Consequently, projection effects of the incident laser beam 

occur on the steep walls of the kerf, which results in the preferred ablation of material 

from the bottom of the kerf. After each scan, the ejected particles with diameters from 

15 nm to 200 nm redeposit on the electrode’s surface and form a filigree network. The 

network becomes even more filigree with decreasing the distance of the scanned lines 

from 5 µm to 1 µm.  

In conclusion, there are two substructures, one below and one on top of the 

original surface, which together form the LINF structure. The substructure below the 

original surface is made of porous bars with a thickness that is equal to the line 

distance of the scanned line pattern. In contrast, the substructure on top of the 

original surface is made of redeposited particles aggregated in a porous network. After 

the structuring, the Ni LINF electrodes were stored in air to induce the formation of a 

thin NiO passivation layer. 

The surface area of the LINF electrodes was estimated by measuring the double 

layer capacitance, which is proportional to the real surface area. Hence, the surface 

area enlargement can be expressed by the ratio of the double layer capacitances of a 

structured electrode and a plane surface of the same material. The accessible surface 

area and therefore the charge storage capacity can be tuned by the distance of the 

scanned lines. Thus, the 5 μm LINF electrode exhibited a surface area enlargement 

by a factor of 730, whereas the 1 μm LINF electrode exhibited an excellent 

enlargement factor of 1600. 

The total charge-discharge behaviors of the LINF electrodes were further 

examined by galvanostatic charge-discharge measurements. The total charge storage 

capacity increases with decreasing line distance analogous to the double layer 

capacitance. In particular, the 1 μm Ni LINF electrode showed an excellent capacity 

of up to 2 C cm-2 by virtue of the filigree laser-induced 3D structure. 

 

In the previously discussed publications, we were focusing on the enlargement of 

the electrode’s surface area to increase the number of surface sites for catalysis or 

charge storage purposes. In the case of gas-evolving reactions, such as OER and HER, 

an increase of the surface area through the modification of the electrode with porous 
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structures will not automatically increase the electrode’s performance. The gas 

formed inside the porous structure can block the pores and therefore parts of the 

active surface area. When part of the surface area is deactivated by gas bubbles, the 

remaining uncovered surface has to produce a higher current density to make up for 

the loss of active area, which drives the overpotential up. Furthermore, gas bubble 

growth inside of pores can lead to high mechanical stress due to increasing capillary 

pressure, which results in the mechanical degradation of the porous structures. [188] 

On this account, in cooperation with the LASER ZENTRUM HANNOVER E.V., 

electrode modification on the base of micro-sized spikes (CLPs) is proposed in 

Chapter 4.3 Spiky Nickel Electrodes for Electrochemical Oxygen Evolution 

Catalysis created by Femtosecond Laser Structuring. Through the modification 

of nickel electrodes with CLPs a considerable enlargement of the electrode’s surface 

area is coupled with enhanced gas bubble detachment by improving the wettability of 

alkaline water splitting anodes (OER). A superhydrophilic electrode surface attracted 

the electrolyte more than the bubbles and decreased the bubble-electrode surface 

attraction, accordingly bubbles detached easier.  

Cyclic voltammetry analysis was performed to determine the double layer 

capacitance and subsequently calculate the roughness factor (surface area 

enlargement) of the structured electrodes. The resulting data revealed a significant 

increase of up to 87 times in surface area for the CLP-modified Ni electrodes. 

Examination of the CLP electrodes with scanning electron microscopy (SEM) and 

X-ray microscopy (in cooperation with the INSTITUT FÜR WERKSTOFFKUNDE of the 

LEIBNIZ UNIVERSITÄT HANNOVER) revealed two reasons for the surface area 

enlargement. Firstly, the surface area enlargement is caused by the formation of the 

micrometer-sized spikes and secondly by a significant amount of a re-deposited nano-

sized ablation product, which covers the spike structure. Our results are in good 

agreement with published data. [182] Moreover, through cyclic voltammetric cycling 

(activation process) we discovered the preferred electrochemical oxidization of 

𝛽-Ni(OH)2 to 𝛽-NiOOH on the CLP electrodes. The letter exhibit excellent catalytic 

OER activity and therefore, the structured electrodes demonstrated OER 

overpotentials of 0.20 V to 0.23 V at a current density of 10 mA cm−2. The 

electrochemical stability and durability of the CLP-modified electrodes were tested 

under demanding conditions at 100 mA cm−2 for 48 hours. As a result, the electrodes 

exhibited only a slight increase of the OER overpotential during the test period, 

indicating excellent electrochemical stability at high current densities. 
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To give an explanation for the emergence of the large amount of highly active 

𝛽-NiOOH sites, the CLP-modified electrodes were investigated in cooperation with the 

INSTITUTE OF ENERGY RESEARCH AND PHYSICAL TECHNOLOGIES of the TU CLAUSTHAL 

with X-ray photoelectron spectroscopy (XPS). Based on the XPS data, the emergence 

of 𝛽-NiOOH sites could be attributed to the formation of defect sites at the surface of 

the laser-structured electrodes. Due to the high cooling rates within the ultrashort 

pulse laser structuring, the nano-sized decoration on the spikes showed a wide range 

of structural defects such as a higher emergence of steps, cavities, low-coordination 

sites, and compositional imperfections. These structural defects favor the formation of 

the highly active 𝛽-NiOOH species on the CLP electrodes. 

In addition, the formation of Ni(OH)2 and NiOOH positively influence the 

wettability of the structured electrodes. However, fresh laser-structured CLP 

electrodes revealed high contact angles of up to 101°, which is in good agreement with 

the literature. [189] Only after the electrochemical activation process, the wettability 

clearly improves. The electrodes become superhydrophilic due to the preferred 

formation of Ni(OH)2 and NiOOH at defect sites.  

In conclusion, an ultrashort pulsed laser was used to generate Ni/NiO spiky 

microstructures (CLPs) on bulk Ni electrodes with the objective to reduce the 

overpotential of the oxygen evolution reaction (OER). The electrode modification with 

CLPs has several positive effects. Firstly, an enlargement of the surface area by over 

80 times due to the unique topography of the micro-sized spikes covered with 

nanoparticular decorations. Secondly, the increased formation of defect sites at the 

CLP electrodes by virtue of the high cooling rates that occur in the laser structuring 

process. These structural defects favor the formation of the OER-active 𝛽-NiOOH. 

Thirdly, the formation of NiOOH and its precursor stage Ni(OH)2 enhance the 

wettability of the laser-structured electrodes, which facilitates the detachment of gas 

bubbles. Lastly, the CLPs modifications demonstrate good long-term stability 

especially at high current densities, where heavy gas evolution occurs. 

 

Finally, in Chapter 4.4 Laser directed dynamic Hydrogen Template 

Deposition of porous Pt@Ag Networks the possibility to locally tune the catalytic 

activity of an electrode by ultrashort pulse laser treatment is presented. The dynamic 

hydrogen template deposition (DHTD) technique is a promising deposition method for 

producing porous gradient metal networks (e.g. Ag) on electrodes by electrochemical 

reduction of an ion precursor while hydrogen is generated at the surface of the 
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electrode. The ascending hydrogen gas bubbles act as a soft-template for the deposited 

metal.  

We used the DHTD technique to generate gradient porous Ag networks on Ni 

electrodes and subsequently functionalized the Ag networks with Pt via galvanic 

replacement reaction. Furthermore, we demonstrated the concept to direct the DHTD 

of the porous Ag network by previously laser structuring the Ni electrode. Our 

approach was to reduce the overpotential of the hydrogen evolution reaction by 

sputtering a 10 nm thin platinum film on top of a nickel electrode. Subsequently, a 

hexagonal structure was engraved in the electrode by an ultrashort pulse laser beam. 

During the laser structuring Pt was ablated and the treated Ni electrode was locally 

oxidized. By virtue of the localized NiO formation, the hydrogen evolution and 

electrical conductivity were suppressed in the laser irradiated areas. Therefore, the 

Ag deposition occured mainly in the unstructured regions. Thus, the engraved 

structure created suitable diffusion paths and enhanced near-electrode mass 

transport. 

In general, the double layer capacitance and therefore the electrochemical surface 

area of the porous Ag nickel electrodes can be increased by laser engravement, 

although non-conducting NiO formed. The increase in double layer capacitance by 

roughly a factor of two can be associated with the porous Ag walls, which were formed 

alongside the hexagonal structure. In addition, we discovered by SEM and TEM 

imaging that the laser-engraved structure facilitates the galvanic replacement of the 

Ag network by Pt. SEM cross-section image and elemental mapping of Pt@Ag network 

on non-structured electrode showed Pt only on top of the Ag network. In contrast, the 

laser-engraved electrode demonstrated several Pt sites inside the Ag network. This 

observation is most probably due to diffusion-induced inhibition of the galvanic 

replacement inside the porous Ag network. After the consumption of the infiltrated Pt 

precursor by the galvanic replacement reaction, further Pt precursor is supplied by 

diffusion and deposits mainly on top of the Ag network. The engraved hexagonal 

structure creates suitable diffusion paths and therefore enhances the supply of the Pt-

precursor inside the Ag network. As a result, 25 % more Pt sites were 

electrochemically accessible. 
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5 Conclusions & Outlook 

Structuring electrodes with ultrashort laser pulses can provide surface structures 

with large surface area and high catalytic activity towards electrochemical reactions. 

The present work showcased that an ultrashort pulse laser is a promising tool to 

modify metal electrodes with laser-induced surface structures, e.g. LIPSS, CLPs and 

black metal, in order to increase the accessible surface area of the electrode for 

electrochemical reactions. This work provides the first systematic study of the surface 

area enlargement using laser-induced surface structures examined on platinum 

electrodes. For the black metal structure type, cyclic voltammetry displays surface 

area enlargement factors of up to 1500 in comparison with a polished platinum 

surface.  

Transferring of the laser structuring method causing the black metal structure to 

non-noble metals, especially to nickel, required inert gas atmosphere during the 

structuring process in order to prevent oxidation. 

Further development of the structuring method on nickel electrodes led to the 

discovery of the laser-induced nano-foam (LINF), a new laser-induced structure type. 

Contrary to other laser ablation processes the generation of the LINF structure uses 

the base material very efficiently by re-positioning of ablated nanoparticles to a 

porous network. By changing one particular laser parameter, the surface area of the 

LINF structure can be adjusted up to a roughness factor of 1600. The large accessible 

surface area and the excellent pseudocapacitive properties of LINF-modified Ni/NiO 

electrodes demonstrate the great potential of such LINF structures for charge storage 

in supercapacitor devices. The modification of nickel electrodes with LINF boosts the 

electrode’s capacity to 2 C cm-2 or 5.56 Ah m-2. 

Ultrashort pulse laser structuring offers more than a simple enlargement of the 

accessible surface area of electrodes. The rapid heating and cooling rates in the 

structuring process cause a wide range of structural defects in the resulting surface 

structures. This work demonstrates on spiky Ni/NiO microstructures (CLPs) the 

combination of surface area enlargement and increasing defect density, which boosts 

the catalytic activity towards the OER. The laser-induced structural defects facilitate 

the formation of β-NiOOH, the highly active precursor stage of the OER. 

Furthermore, the wettability of the electrodes improves dramatically during 

electrochemical treatment due to the favored formation of NiOOH species on the 
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surface of the CLPs. This results in faster oxygen bubble detachment at industrial 

applied current densities.  

By irradiating only a region of the electrode, non-noble electrode materials can be 

locally oxidized by the laser beam. The formation of an oxide layer in the irradiated 

region results in lower electrical conductivity and in some cases in lower catalytic 

activity. Ultrashort pulse lasers are therefore the only tool that enables full 

customization of the electrode design due to their ability to activate or deactivate 

specific regions of an electrode. 

 

However, a lot of research needs to be done to reveal the full potential of 

ultrashort pulse laser structuring for electrochemical purposes. One critical aspect is 

the long processing time of the laser structuring process. To speed up the process the 

average power of the ultrashort pulse lasers needs to be increased. Currently the 

FRAUNHOFER ILT is developing a 10 kW ultrashort pulse laser system, which will be 

the most powerful system in the industry. For instance, a 10 W laser processes 1 cm2 

of the porous LINF structure in 21 min. With a 10 kW laser system 1 cm2 could be 

structured theoretically in only 1.26 s. This makes the average power of the ultrashort 

pulse laser systems the key factor to exploit new industrial applications such as 

electrode structuring.  

Experiments, not discussed in this work, confirm that the LINF structure could 

also be generated on the nonmetal electrode material glassy carbon. Glassy carbon is 

a carbon form with a highly disordered graphite structure, which exhibits high 

hardness, low density, low electrical resistance and high chemical resistance. Those 

properties make glassy carbon an excellent electrode material. LINF structures on 

glassy carbon enlarged the surface area by extraordinary high roughness factors of 

over 10000. However, LINF structures on glassy carbon showed stability issues. 

Therefore, only areas of about 0.25 cm2 were modified with LINF.  

LINF structure on nickel could be a promising porous substrate candidate to be 

coated with a very thin layer of noble metal, resulting in a cost efficient and highly 

active electrode. Coating experiments of the Ni LINF structure with platinum were 

performed by galvanic replacement of Ni with Pt as well as by chemical vapor 

deposition (CVD) of a gaseous Pt precursor. As a result, platinum was mainly 

deposited on top of the LINF structure. In order to obtain a complete Pt coating even 

within the LINF structure, further optimizations of the coating processes are 

required.  
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In this work, the special role of gas bubble detachment in gas evolving 

electrochemical reactions, e. g. OER, was discussed. In order to enhance the bubble 

release from porous electrodes hydrophobic islands can act as preferential nucleation 

sites for gas bubbles. [188] The size of the nucleation sites determines the bubble size 

at detachment and thus the bubble detachment rate. CLPs can be generated with 

hydrophobic properties. Therefore, they are promising candidates to generate 

preferential gas bubble nucleation sites on porous electrodes, effectively removing the 

produced gas while leaving the pores bubble-free. 

 

Hopefully, this work will inspire others to use ultrashort pulse lasers to develop 

new solutions in the field of electrocatalysis and energy storage. Fortunately, in 2017, 

the European Union has funded the project LASER4SURF (project number: 768636) 

within the Horizon 2020 research and innovation program in order to implement 

ultrashort pulse lasers for mass production of functionalized metallic surfaces. 
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