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intrOdUctiOn

More than 90% of the world’s growing energy demand is satisfied by fossil fuels (BP Statistical 
Review …, 2015)1. One consequence of the unrestrained use of this technology is the continuous 
increase of the CO2 level of the atmosphere2. There are also the challenges associated with the limita-
tions of the corresponding resources (Hubbert, 1956; BP Statistical Review …, 2015). Climate change 
as a consequence of the growing CO2 level (see text footnote 2, ESRL Global Monitoring Division, 
2015) has been identified as one of the most critical challenges facing mankind and requires immedi-
ate action: “The Paris Agreement aims to strengthen the global response to the threat of climate change, 
( … ) by low greenhouse gas emissions development, in a manner that does not threaten food produc-
tion” (United Nations Framework …, 2015). How to reach the corresponding significant reduction of 
CO2 emission by 2050 is not defined in this document, but it implies that mankind must transform 
its energy technology from a fossil to a renewable basis. Numerous studies and publications have 
indicated that the sun’s energy and its derivatives (wind, water) are by far sufficient to supply world’s 
energy demand (see, e.g., Smalley, 2005; Züttel et al., 2010); but the large daily and seasonal power 
variation of renewable energy is an additional complication for a wide spread replacement of fossil 
energy by renewable energy. This difficulty is drastically demonstrated by the economic crisis of 
some electricity companies (How to loose half …, 2013), which cannot cope with the growing but 
strongly varying supply of renewable energy while maintaining the public mandate of a safe and 
continuous electricity supply. Large scale daily and seasonal energy storage is thus urgently needed 
to make the transformation toward a renewable energy society possible. Various technologies are 
under discussion including mechanical storage (fly wheel, pumped hydroelectricity, compressed 
gas storage, etc.), and electrochemical storage (batteries). Here, we do not want to diminish the 
potential of these storage possibilities but highlight the one of energy storage by the production of 
chemical fuels such as hydrogen (Schlapbach, 2009). One argument is the sheer size: seasonal energy 
storage for northern countries means the storage of roughly 50% of their total annual demand: with 
an approximated consumption of 10 kW per capita, this corresponds to 158,000 MJ to be stored 
in 87,600 kg Li-batteries, or by 3285 kg fuel oil (diesel) per person and year. Apart from technical 
challenges, these numbers illustrate another important issue: many house holders in Europe are 
indeed used to store several 1000 l of fuel oil for heating. Changing the energy carrier hydrocarbons 
implies that the corresponding infrastructure supplying more than 50% of the world’s energy has to 
be replaced (pipelines for oil and gas, fuel stations, end user installations, the automotive and aviation 
industry, market models, etc.). Alternatively, the existing infrastructure could be used in accordance 
with the ambitious Paris agreement (United Nations Framework …, 2015), if the hydrocarbons are 
produced from renewable energy. This is the great challenge (Smalley, 2005), which may be partly 
overcome by tackling the Hydrogen Grand Challenge as described in the following.

1 Total primary energy production in 2014: 12′924 MOE (million tons of oil equivalent) =5.4 × 1023 J; oil, natural gas, and coal: 
11′158 MOE; Nuclear energy: 574 MOE; Hydroelectricity 879 MOE; Renewable Energies: 316.9 MOE; from BP Statistical 
Review .. . (2015), p. 41.
2 http://www.ipcc.ch/
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FiGUre 1 | the three hydrogen grand challenges in a nutshell: although at the beginning, the (atomistic) phenomena as characterized by state-of-
the art analytics (challenge 1) are utilized by advance materials (challenge 2), which are part of big systems (challenge 3) to store and distribute the 
energy of the sun. The hydrogen grand challenge comprises research and development from the nano-scale to the macroscopic world. Pictures are from NASA, 
and references (Züttel et al., 2008; Bielmann et al., 2011; Vogt et al., 2014).
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the challenGeS

Light is the primary energy of the sun, and its conversion to 
chemical fuel has taken place on a Giga Joule scale by photosyn-
thesis for millions of years. This imposing proof of concept of 
renewable energy storage may be taken as a guide to a renewable 
energy technology [“artificial photosynthesis” (Nocera, 2012)], 
although agriculture as a direct utilization of photosynthesis is 
not recommended (see statement of the Paris agreement quoted 
above). To store energy, plants split water releasing molecular 
oxygen, protons, and electrons at a high (negative) electrochemi-
cal potential, at which some algae can produced molecular hydro-
gen (Rupprecht et al., 2006). Under normal conditions, plants do 
not produce hydrogen, but “organic hydrides,”3 which are used 
to eventually produce carbon based chemical energy carriers by 
reduction of CO2. Nature has thus solved energy storage problem 
by splitting water, which may be translated to technical needs as 
follows (Züttel et al., 2008):

• Production of hydrogen: harvesting of solar light, conversion 
of photon energy into an electro-chemical potential, elec-
tro-catalytic conversion of water into oxygen, protons and 
electrons.

3 In photosynthesis, the energy of the excited photosystem is transferred via proton 
coupled electron transfer reactions, such as quinone + 2H+ + 2e- → hydroquinone 
(Voet and Voet, 2011). These compounds may be seen as the biochemistry analog 
to inorganic metal hydrides in a Ni-MH battery, i.e., as organic hydrides. The 
analog is so good, that one can use it as a battery concept (Huskinson et al., 2014).

• Hydrogen storage: directly as molecular hydrogen, and by 
chemical reaction with matter, in metal hydrides, by CO2, 
carbon–carbon chain-linking, and reduction to hydrocarbons.

• Hydrogen end use: fuel cells and combustion.

These items needs define the technical part of the hydrogen 
grand challenge. As the supply of energy to people is a funda-
mental necessity to people, the hydrogen grand challenge has also 
ecological, economic, and social boundaries.

The hydrogen grand challenge may be divided into the three 
topical areas hydrogen production, storage, and end use, which 
are linked via the closed hydrogen cycle, by related scientific 
fundamentals, and through cross-cutting safety issues, and socio-
economic boundary conditions (see Figure  1). The targets of 
these topical areas are well defined: high conversion efficiencies 
of hydrogen production (Carmo et al., 2013; Ebbesen et al., 2014) 
and hydrogen use (Kirubakaran et  al., 2009; Fernández et  al., 
2016), and a high storage density of hydrogen storage (Graves 
et al., 2011; Lai et al., 2015), all at economically reasonable price 
(McFarland, 2014). However, specific challenges cannot be drawn 
from these topics, as the performance of the hydrogen cycle is 
based on the consecutive functioning of all steps as a whole. As an 
example, if hydrogen storage is realized by reaction of hydrogen 
with CO2 producing hydrocarbons, low temperature fuel cells can-
not be used. In this case, preferable end use of the fuel may be in 
internal and external combustion engines, high temperature fuel 
cells and heating, which usually have lower efficiencies than pure 
hydrogen conversion devices. Thus, although the challenge hydro-
gen storage is technically solved, the overall system performance 

http://www.frontiersin.org/Energy_Research/
http://www.frontiersin.org
http://www.frontiersin.org/Energy_Research/archive


0.1 1 10 100
-0.50

-0.25

0.00

1.25

1.50

1.75

 

)
E

H
D .pser 

V( laitnetop edortcele

current density (mA cm-2

Hydrogen side

oxygen side

= +

FiGUre 2 | large panel: electrode potentials during alkaline water 
electrolysis. The required voltage to split water at a given current density is the 
sum of both potentials, and defines the efficiency of the electrolysis process. 
The potentials result from the electrochemical (half-) reactions at the electrode– 
electrolyte interface as sketched in the inset. An analysis of the dynamic 
process at this interface is an analytical challenge. Novel optical spectroscopy  
(green lines) may give further insights. Data from Miles et al. (1976).
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is less than the one of the pure hydrogen system with hydrogen 
storage in pressurized cylinders (having other critical issues). The 
performance of the system is thus equally defined by the atomistic 
phenomena in the materials as well as at the system level. We 
consider the corresponding scientific bottlenecks as the specific 
challenges of the Hydrogen Grand Challenge (see also Figure 1):

• Challenge 1: time-resolved surface science analytics under 
harsh conditions,

• Challenge 2: materials science for hydrogen devices,
• Challenge 3: systems integration.

The overall hydrogen grand challenge is a true challenge of 
mankind (Nocera, 2012). Frontiers in hydrogen would like to 
stimulate research on scientific bottlenecks, in which break-
throughs will have significant impact on the hydrogen grand 
challenge as a whole.

Harvesting of solar light and the conversion of the energy into 
an electrochemical potential is a prerequisite of hydrogen produc-
tion. However, these tasks define the topic “photovoltaics,” and 
are as such too big to be implemented in this journal. The starting 
point of hydrogen production is thus electricity as produced by 
renewable energy, which may also include other sources than 
light (i.e., wind and hydroelectricity). As exceptions, Frontiers 
in Energy Research section Hydrogen Storage and Production 
would like to include photoelectrochemical and photocatalytic 
hydrogen production.

Hydrogen production may be seen as the starting point in a 
closed circle using hydrogen as a renewable energy carrier. The 
fundamental processes of renewable hydrogen production by 
electrolysis are relatively well understood and pilot plants have 
demonstrated the feasibility on the industrial scale. Nevertheless, 
today’s hydrogen stems to 95% from fossil sources. Research and 
development of hydrogen production is needed to make renew-
able hydrogen cost competitive to fossil hydrogen. This generates 
demands for fundamental research on new concepts and materi-
als in electrolysis. The corresponding scientific bottlenecks are 
relatively easy assigned, though not similarly easy overcome.

Electrolysis is an electro-chemical process taking place at two 
spatially separated electrodes. The Faraday efficiency for water 
electrolysis is near one; this can be different in more complex 
reactions such as the electro-chemical CO2 reduction (Kuhl 
et  al., 2012). The voltage–current relation is thus sufficient to 
characterize the reaction and defines the overall efficiency (see 
Figure 2). Although additional losses may add up, the electron 
transfer reactions at the electrode–electrolyte interfaces are the 
rate-limiting step. Here, the main losses occur, and materials 
improvements will have highest impact, also because to minimize 
amount of the often precious materials [e.g., platinum, iridium 
for PEM electrolysers (Reier et al., 2015)]. This grand challenge of 
finding Advanced Materials for electro-catalysis may be simplified, 
if a sound scientific description of the process is available.

Theories for electron-transfer at electrode–electrolyte 
interfaces are still based on semi-empirical ideas, be it the 
Butler–Volmer theory (Erdey-Grúz and Volmer, 1930; Nørskov 
et  al., 2004) or the Marcus theory (Marcus, 1993; Gao et  al., 
2000; Feldberg, 2010). Due to the polarity of the solvent water, 
the interface (“electrochemical double layer,” EDL) depends on 

the surface of the electrode, the dynamic properties of the water, 
impurities, and external parameters such as temperature. The 
classical description of corresponding electric field is obtained 
by solving the Poisson equation. However, the resulting potential 
barrier is of dynamic origin, i.e., the atomistic mechanism how 
such a barrier is overcome remains elusive. For example, an ion 
hopping from the neutral metal surface over this barrier into the 
electrolyte changes the local polarization drastically. The influence 
of the dynamic behavior is of highest importance for hydrogen 
production by homogenous solar water splitting due to the tran-
sient nature of the process. The grand challenge is to characterize 
such an interface – surface science under harshest conditions.

challenge 1: time-resolved Surface 
Science analytics under harsh conditions
Surface science has a long tradition in hydrogen based technolo-
gies: catalytic processes involving hydrogen such as Haber–Bosch 
synthesis (Ertl, 1990), steam reforming, methanation (Borgschulte 
et  al., 2013, 2016), hydrogen combustion (Fernández et  al., 
2016), etc. The surface is the gateway of hydrogen entering (and 
leaving) bulk material (Schlapbach, 1992), which is relevant in 
hydrogen storage in metal hydrides (Borgschulte et  al., 2008) 
and in hydrogen selective membranes (Delmelle et  al., 2016) 
in addition to the electro-catalytic hydrogen production as dis-
cussed above. A multitude of experimental tools [photoemission 
(Salmeron and Schlögl, 2008; Delmelle et  al., 2015); Infrared 
spectroscopy (Wandlowski et al., 2004; Yang et al., 2006); mass 
spectrometry (Johansson et al., 2008); STM (Mitsui et al., 2003; 
Wandlowski et  al., 2004; Schlaup et  al., 2015); tip-enhanced 
Raman spectroscopy (Pettinger et al., 2004); EXAFS (Ferri et al., 
2011)] were developed in the past aiming at bridging the materi-
als and pressure gap in surface science (Imbihl et al., 2007). Still, 
the operando characterization of the (electro-) catalytic active 

http://www.frontiersin.org/Energy_Research/
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FiGUre 3 | Materials science is only limited by the creativity of the researchers: materials for hydrogen economy may be prepared by mass 
production methods such a wet chemistry and ball-milling (left side) as well as sophisticated thin film methodologies (right side). Many catalysts (here 
Ni-particles in a zeolite matrix, left top picture) are prepared by wet chemistry, while ball-milling (left bottom sketch) is a common method for hydrogen storage 
materials. Thin film preparation such as sputtering (right background picture) is perfectly suited for 2D-devices such as sensors (right picture) and facilitates the 
investigation of the growth mechanisms and atomistic phenomena (middle bottom sketch), which define the resulting materials properties both for wet chemistry as 
well as physical deposition. Thin films can stabilize systems suffering from hydrogen-induced mechanical stress (top middle figures: mechanical deformation of bulk 
Ti after hydrogenation, similar stress is induced in yttrium hydride films, but they are kept stable due to adhesion to the substrate). Membranes (middle photo) and 
electrodes are commonly prepared by wet chemistry methods as well as thin film deposition techniques.
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surface sites remains challenging. The investigation of real-time 
motions of (electro-) chemical reactions on the atomic level 
have recently become possible for model systems [H2-desorption 
from Ru (Frischkorn, 2008), water dynamics (Tielrooij et  al., 
2010), electron-transfer reactions (Hsu et  al., 2014), and solar 
water splitting (Zhang et al., 2014; Rodenberg et al., 2015)]. The 
implementation of femto-second time resolution with nanometer 
spatial resolution is the ultimate goal, and will open new perspec-
tives for functional nanomaterials. Frontiers in Energy Research 
section Hydrogen Storage and Production would like to stimulate 
such investigations and their modeling with a focus on the appli-
cability for hydrogen technologies.

challenge 2: Materials Science for 
hydrogen devices
Solving the analytic challenge as described above is prerequisite 
to improve the performance of materials for hydrogen produc-
tion, storage, and end use. With the rate-limiting steps taking 
place at the nm-scale (e.g., the EDL), materials functionalization 
is most efficient at the nanometer scale, too. For a long time, 
heterogeneous catalysis has been a play-ground for nanoscience 
(Bell, 2003); maximizing the surface to volume ratio is one of 
the most common strategies in applied catalysis, which asks for 
novel nanostructuring technologies (nanoparticle synthesis, 

surface functionalization, etc., see Figure  3). These ideas can 
be adopted one-to-one to all hydrogen-related applications, in 
which the gas–solid interaction at the surface plays an important 
role, i.e., catalytic CO2 reduction (Borgschulte et al., 2015), cata-
lytic hydrogen combustion (Fernández et al., 2016), catalysts for 
hydrogen sorption in metal hydrides (Schlapbach, 1992), and 
electro-catalysis at electrodes for hydrogen production (Carmo 
et  al., 2013), only to mention a few. A particular challenge at 
electrode processes is the so-called triple-phase boundary. 
Different to purely catalytic processes, an electro-catalyst 
facilitates the interaction of electrons, ions, and neutral species. 
The complex nanostructure of the corresponding electrodes is 
specific to the type of device: Pt/carbon/Nafion PEM fuel cells 
(O’Hayre and Prinz, 2004) share only the general idea with 
Ni/YSZ solid electrolyte SOFC (Wilson et  al., 2006), but the 
materials problems are different. Materials science is needed in 
both cases to improve properties and to prolong life times. In 
addition, hydrogen production and reaction with CO2 may take 
place simultaneously in the same device (Kuhl et al., 2012), the 
so-called coelectrolysis of water and CO2. Ultimately, harvesting 
of solar light and CO2 from the atmosphere may be combined 
with the coelectrolysis of water and CO2 representing the arti-
ficial leaf (Nocera, 2012). This approach may gather synergetic 
advantages, but it also combines all materials science challenges 
in one single device.

http://www.frontiersin.org/Energy_Research/
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FiGUre 4 | two examples of a successful system integration of hydrogen technology. Left side: hydrogen storage in the high-temperature hydride MgH2 
(see footnote 4). Right side: SOFC units for households to produce heat and electricity from natural gas (see footnote 5).
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Hydrogen is the lightest of all elements, and thus the diffusion 
of hydrogen is exceptionally fast in many materials. This enables 
peculiar phenomena, in which hydrogen is readily exchanged 
in the bulk of materials, which may be exploited by applications 
in hydrogen storage (Züttel et al., 2008) and hydrogen selective 
membranes. However, hydrogen diffusion is not fast in all solid 
systems; complex hydrides as potential hydrogen storage materials 
suffer from slow sorption kinetics. To improve kinetics, one tries 
to shorten the diffusion paths. The latter requires diffusion path 
lengths on the order of nanometers, which might be possible by 
nanostructuring the hydrides (de Jongh and Adelhelm, 2010). 
For some hydrides, this strategy has been found to be successful: 
borohydrides (Gross et  al., 2008) and alanates (Lohstroh et  al., 
2010) dissolved in nanoscaffolds show improved hydrogen sorp-
tion properties. Apart from shortening the diffusion path lengths, 
nanostructured hydrides possess a higher surface area than pure 
hydrides, which improves the surface reaction kinetics. There 
have been reports that nanostructuring can change the stability 
of the hydride (Lohstroh et al., 2010; Baldi et al., 2014; Griessen 
et  al., 2016) and even its decomposition reaction path (Mueller 
and Ceder, 2010). Both effects might originate from an increased 
contribution from the surface energy relative to the volume energy 
(Mueller and Ceder, 2010; Fichtner, 2011; Griessen et al., 2016). It 
is telling that most of the research on hydrogen in nanoparticles 
relies on nanostructuring of palladium (Baldi et al., 2014; Griessen 
et  al., 2016): Pd is a hydrogen absorbing, and chemically inert 
material, and nanostructuring recipes exist since long (Adams and 
Chen, 2011). The true challenge for materials science lies in find-
ing and functionalization of non-precious metals with improved 
properties [e.g., as demonstrated by Lohstroh et al. (2010), see also 
Figure 3]. Hydrogen storage by adsorption suffers from too weak 
gas–solid interactions (Hirscher, 2010), much hope is laid on novel 
high-surface area materials with tailored (internal) surface prop-
erties such as metal-organic frameworks (Paik Suh et al., 2012).

In addition, materials science will help to improve auxiliary 
equipment, which makes the hydrogen technology practically 
possible. These are hydrogen impermeable tubes and tanks 

(Schlapbach, 1992), and their counterparts: hydrogen permeable 
materials for membranes (Delmelle et al., 2016); and hydrogen 
sensors and many niche applications such as a cold-starting aux-
iliary for fuel cells (A Docter, 2002). Hydrogen sensors are based 
on changes of a specific physical property of a material induced 
by hydrogen, which is used as an indicator of the hydrogen 
concentration. Possible interactions are changes of the electronic 
structure-inducing electric (Wagner and Pundt, 2010) and opti-
cal changes (Gremaud et  al., 2007), localized surface plasmon 
resonance (LSPR) sensor (Langhammer et al., 2010), adsorption 
of hydrogen at Schottky barriers (Sahay et al., 1991), heat from 
hydrogen oxidation reaction at catalytic layers (Oleksenko et al., 
2014). Hydrogen-induced changes of materials properties are the 
origin of many characterization methods; thus materials research 
on sensors is linked to challenge 1 (analytics). Frontiers in Energy 
Research section Hydrogen Storage and Production aims at indi-
cating such cross-relations.

challenge 3: Systems integration
Materials science is the response to requirements of a technol-
ogy, i.e., the performance parameters are defined by the needs of 
the application. In emerging technologies such as the hydrogen 
technology, new discoveries may revolutionize the field. This may 
be a fruitful interrelation of science and application, but gener-
ates difficulties as well. A striking example is hydrogen storage 
in metal hydrides. High capacity materials such as borohydrides 
need operation temperatures of 300–500°C at pressures up to 
100 bars (Lai et al., 2015). This diminishes the overall hydrogen 
capacity at the systems level: vessels for hydrogen at high pres-
sure and temperature need thick walls made of special stainless 
steel, heat insulation and special heat exchangers (Taube, 2015). 
With the exception of MgH2 (see Figure 4)4

,5, applications with 

4McPhy Solid Hydrogen Storage in MgH2. McPhy Energy S.A. Available at: http://
www.mcphy.com/en/products/solid-hydrogen-storage/ retrieved 2016.
5HEXIS Galileo Fuel Cell System. Switzerland: HEXIS AG Winterthur: A Company 
of the Viessman Group. Available at: http://www.hexis.com/en/home retrieved 2016.
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high temperature hydrides are thus rare. Most solid hydrogen  
storage devices are still based on d-metal alloys working near 
room temperature and low pressures, which were developed 
in 70s of last century (Schlapbach, 1992; Züttel et  al., 2008): 
hydrogen store on a canal boat (Bevan et  al., 2011), hydrogen 
store on a resource independent living and working environment 
(Bielmann et al., 2011), and Ovonic Hydrogen Storage system6. 
Clearly, the challenge remains to push novel high capacity materi-
als to the application level.

In general, the development of innovative ideas does not fol-
low an engraved path. In some cases, the problem can be turned 
into a solution. Solid oxide fuel cells face challenges associated 
with the high temperatures required, i.e., heat losses as a general 
problem, and materials problem (leaking) due to the high opera-
tion temperature. Hexis AG offers SOFC units for households, 
which are meant to produce heat by default to heat households 
(heating/warm water) and electricity from natural gas. The open 
construction circumvents the leak problems, and the unreacted 
reactants are removed by post-combustion. The corresponding 
lower electric efficiency is less critical, because the heat is used 
for warm water (see Figure 4).

An example on the production side is the so-called biogas 
upgrade. Biogas is produced from biological feedstock and 
consists of around 60% CH4 and 40% CO2. The CO2 is separated 
from the product gas and released to the atmosphere, which is an 
energetically as well as economically costly process. Alternatively, 
the CO2 may be converted to synthetic natural gas using renew-
able hydrogen [“biogas upgrade” (Specht et al., 2010; Borgschulte 
et al., 2013, 2016)].

Pure hydrogen may be an economically attractive alternative 
to fossil fuel or batteries in special applications: fleets with finite 
daily range are refueled at their base; on-board hydrogen storage 
is thus of less technical importance [see, e.g., hydrogen fuel sta-
tions of COOP, Switzerland (News Release of COOP AG, 2015)].

cOnclUSiOn

Frontiers in Energy Research section Hydrogen Storage and 
Production encourages publishing such success stories to 

6Ovonic Solid Hydrogen Storage Technologies. Rochester Hills, MI, USA,  
www.ovonic-hydrogen.com

stimulate similar innovations as well as critical reviews as a 
starting point trigger such developments. In addition, we invite 
publications of critical reviews and analyses of socio-economic 
constraints such as:

• Materials sustainability (efficiency, abundance, toxicity, and 
processes);

• Business models, economic viability;
• Public acceptance, user friendliness.

With this we hope to stimulate investments in renewable 
hydrogen. Important international initiatives, as the EU fuel cell 
and hydrogen joint undertaking7, should definitely be encouraged.

The COP-21 climate deal is a great challenge to the fossil fuel 
industry of coal, gas, and oil, because their reserves of fossil fuels 
should not be burned anymore. The corresponding capital of the 
companies will be markedly reduced, and some economists pre-
dict significant reduction of income (Ambrose Evans-Pritchard, 
2015). The author does not share this opinion because the income 
of the energy industry is generated by providing energy to the 
people. The energy demand of mankind will not decrease, i.e., 
the market will not diminish, and the only challenge remaining 
is the economically efficient production of an energy carrier – in 
other words the Grand Hydrogen Challenge. To satisfy the con-
tinuous increase of energy of the growing mankind will require 
continuous progress in energy research as well, and Frontiers 
in Energy Research will serve as a platform stimulating and 
exchanging the scientific output.
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