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Molecular liquid that can accommodate and release hydrogen molecules via chemical hydrogenation and dehydrogenation.

LOHC Hydrogen storage Liquid Hydrogenation

| 1. Introduction

Energy is crucial for development of the modern world. So far, most energy requirements are fulfilled by fossil-based fuels.
Indeed, rapid industrialization and advanced technologies affect the fuel economy, and in other direction, the vast
consumption of fossil energies causes anthropogenic global warming, which negatively impacts the environment and human
health. Moreover, our giant usage engenders the depletion of fossil-based resources and faces severe shortage in the near
future. In fact, renewable energy sources, such as solar and wind, have attracted enormous attention W, However, these
resources are not yet stable and fluctuate depending on the season. Alternatively, batteries reinforce global electric
transportation [&; however, this technology presents limitations, such as slow charging rates, scarcity of Li and Co with large-
scale utility, and may be costly Bl. Hence, alternative energy sources must be sought to conquer the current energy demands.
In this context, hydrogen is a clean and efficient energy carrier and can be employed as a carbon-emission free fuel for a
variety of appliances, such as fuel-cell vehicles, stationary and portable electronics, etc. 43!,

Hydrogen (H,) is the lightest element in the periodic table; it is a colorless, odorless, and tasteless gas with a low volumetric
density of 0.08988 g/L at 101,325 Pa [9. The idea of using hydrogen as an energy source and carrier was presented several
decades ago. In 1971, Jones postulated that the use of liquid hydrogen must be seriously considered as a logical replacement
for hydrocarbon fuels in the 215t century . Substantially, Winsche et al. 8], Momirlan et al. [¥, and Bockris 2% have been
highlighted the hydrogen roles and its benefits in the future hydrogen fuel economy. Though hydrogen is anticipated to be a
clean and efficient energy carrier, production is highly challenging. In this respect, there are different varieties of primary
energy sources, as well as various efficient technologies that have been developed for the production of hydrogen. Mostly,
non-renewable resources such as natural gas and coal are displaying similar participation in H, production. Nevertheless,
renewable and sustainable energy (RSE) sources have shown significant attention for long-term production of clean
hydrogen, for example, the splitting of water into hydrogen (H,) and oxygen (O,) by electrolysis process U and the
generating electricity by wind energy, which can be utilized in water electrolysis. The ubiquitous RSE source, solar energy,
also produces hydrogen by employing sunlight as an energy source in water splitting process. Furthermore, biomass energy
can generate hydrogen by biological and thermochemical processes 1213, Despite extensive research toward the production
of clean H,, safe and cost-effective storage and transportation of hydrogen is a major task in the development of a hydrogen
economy. To date, many physical and chemical hydrogen storage techniques have been extensively investigated. In physical
storage methods, high pressure compression in cylinders (up to 7 x 10* kPa) and liquefaction of hydrogen are commercially
used. However, hydrogen compression in capable cylinders should withstand high pressures ((2—7) x 10* kPa) and required
expensive composite materials (aluminum, steel, or thermoplastic-lined carbon fibers) for making these storage tanks (4],
Then, liquifying hydrogen (-253 °C) in cryogenic tanks also requires expensive, multi-storage cooling protocols 13 In
contrast, chemical storage techniques comprised of metal hydrides and their alloys 287 (e.g., MgH,, LaNisHg, NaAlH,),
store hydrogen via chemisorption and physisorption of hydrogen by porous materials 1819201 (e g  activated carbon,
graphene, carbon nanotubes, and metal-organic frameworks), in which these are more favorable storage methods.
Nevertheless, metal hydrides and associated complexes face severe issues, such as lower gravimetric hydrogen capacities
(<5.5 wt%; In 2010, the Department of Energy (DOE) target hydrogen capacity was 6 wt% for entire systems including tanks,
regulators, valves, etc., and in 2017, the DOE designated targets of 5.5 wt%, 40 g L1, for mobile applications [2—1].), limited
reversibility at optimal pressure-temperature regions, and instability of storage materials. Furthermore, physisorption of solid
materials requires extremely low temperatures (—196 °C). Given this, research efforts have drawn attention toward the
development of alternative hydrogen storage compounds, known as liquid-organic hydrogen carriers (LOHCs).

By definition, LOHCs are organic compounds which exist as liquids or low melting point solids under ambient storage
conditions. Indeed, LOHC systems are potentially safe and relatively cheap storage materials. These systems can have a pair
of hydrogen-rich (H2+) and hydrogen-lean (H2-) molecules. In this system, hydrogen is stored by H2— molecules through
catalytic hydrogenation (exothermic), and hydrogen is released by catalytic dehydrogenation (endothermic) reactions of H2+
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molecules at optimal temperature and pressure conditions (Scheme 1). Notably, the high gravimetric and volumetric storage
of hydrogen in small organic molecules have shown significant promise due to their numerous advantages, such as easy and
clean energy storage without any concept-induced leakages, compatibility with present transport and refueling infrastructures,
as well as operation under ambient conditions (pressure or temperature). To date, several efficient LOHC compounds have
been developed. However, research efforts toward their development and practical usage is still in infancy. Thus, based on
reported literature 221231241 3 | OHC system should meet the following characteristic properties in order to employ as good
candidate for practical applications.

« It should be non-toxic and safe, with an acceptable eco-toxicology profile during transportation and usage.

« To avoid the need for solid-based fuel infrastructure and external addition of solvents, LOHC systems should have low
melting points with favorable values <-30 °C.

« The boiling point of the LOHC system should be high (>300 °C) to simplify the purification of hydrogen and require low
dynamic viscosity for easy pumping.

- Reasonably high volumetric (>56 kg/m3) and gravimetric storage capacities (>6 wt%) are required.

« To attain the stability of LOHC molecules and achieve low dehydrogenation temperatures (<200 °C at 100 kPa H,
pressure), the desired hydrogen binding enthalpy should be in the range of 40-70 kJ/mol H,, based on Wild et al. 25! and
42-54 kJ/mol H, per Cooper et al. 28],

e The system should be able to liberate sufficiently pure H, while producing very selective hydrogenated and
dehydrogenated products over long-life cycles, as well as avoiding alternative decomposition pathways.

« It should be compatible with existing fuel infrastructure and have low production costs.

Therefore, the above-mentioned characteristic properties pave the way for novel discoveries toward the development of

efficient LOHC candidates in the near future. However, none of the known LOHCs, such as naphthalene, N-ethyl carbazole

(NEC), etc., have achieved these properties to the full extent.
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Scheme 1. Schematic representation of the LOHC concept.

| 2. Brief History of LOHCs

Research studies toward hydrogen storage in LOHCs via hydrogenation/dehydrogenation processes first took place in the
early 1980s [0, Based on the (de)hydrogenation processes, the most predominant task was pointed out as
toluene/methylcyclohexane (MCH) system [28], Following the MCH system research, numerous LOHC concepts have been
assessed based on hydrogenation and dehydrogenation criteria for hydrogen storage. In the early 2000s, the basic concept of
a cyclohexane/benzene LOHC system was investigated by Japanese researchers and they examined similar systems in more
detail 2229 Notably, NEC was proposed as a LOHC candidate by Pez et al. in 2005 31, and then in-depth research of this
carrier material has been continued by various groups 3233134l The |atter, different research groups have also shown
significant interest in alternative azaborine carrier materials B3JB837, |n 2008, Crabtree suggested that N-containing
heterocyclics are more advantageous LOHC materials, in terms of ease of H, release, safe storage, low vapor pressure,
better biodegradability, and simple heat management 28], Muller et al. proposed that nitrogen-containing aromatic compounds
are well-suited for better hydrogen storage based on thermodynamic evaluation 32, emphasized by their enthalpy changes
during hydrogenation. Based on the LOHC concept, a mile stone was reached by the Chiyoda Corporation (Japan; Scheme
2) 49, This company completed a pilot-plant facility for large-scale hydrogenation and dehydrogenation of LOHC materials in
2018. Additionally, numerous potential LOHC candidates were proposed and exploited in practical applications such as
decentralized energy storage network 41, combined heat and power (CHP) systems 42 Eypasch et al. demonstrated
theoretical assumption of energy supply based on LOHC for industrial production plants 43!, Very recently, Niermann et al.
indicated that LOHCs are technologically efficient and economically promising safe transportation and storage materials 44!,
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Scheme 2. The demonstration plan for large-scale hydrogen storage and transportation, as proposed by Chiyoda Corporation
(Japan).

In this context, a wide range of potential LOHCs have been proposed in the literature and are highlighted based on the
thermodynamic properties (28139, Efficient LOHCs have been proposed, and important insights into catalytic processes have
been gleaned from theoretical approaches such as density functional theory (DFT) and ab initio-DFT calculations [221145],
Further, contributions regarding fundamental catalytic aspects for hydrogenation and dehydrogenation of LOHCs have also
been discussed 481,

| 3. Critical Issues in Developing LOHC Media

According to reported literature, we briefly discuss a few important LOHC characteristic properties and key aspects of LOHC
catalytic systems as well as numerous other factors more generally for practical implementation of LOHCs.

3.1. Hydrogenation/Dehydrogenation

Usually, reversible hydrogenation and dehydrogenation at ambient temperature conditions is the primary requirement for
hydrogen storage LOHC candidates. Thermodynamically, the feasibility of these reactions is strongly influenced by the
thermodynamic reaction enthalpies. In particular, aromatic hydrogenation reactions are highly exothermic and
thermodynamically favorable (e.g., aromatic benzene ring enthalpy is ARh = -68.73 kJ/mol Ha, but the released energy not
typically used. On the other hand, dehydrogenation is endothermic and requires high heat demand which is in the range of
64-69 kJ/mol Hp, and as a result, this reaction is unfavorable both kinetically and thermodynamically (e.g.,
cyclohexane/benzene and MCH/toluene pairs) “448l |n contrast, liquid hydrogen carriers require low heat management
though it needs an active catalyst in the dehydrogenation process. Considering these thermodynamic difficulties, Pez and
coworkers for the first time suggested in their patent, the use of N-heterocyclics (e.g., NEC) decreases endothermicity and
enhance hydrogen release as compared with alicyclics at relatively lower temperatures 1. In addition, Crabtree and
coworkers’ systematic computational studies on structural factors generalized the substitution of nitrogen atoms in five- and
six-membered rings how judiciously achieving the lower H; release temperatures 9. Based on Muller et al.’s contribution, the
facile reaction enthalpy for an ideal LOHC candidate is about 40 kJ/mol Hz, and they suggested nitrogen-substituted aromatic
compounds could reach this requirement easily, despite non-aromatic compounds being barely suitable B2. Hence, these

reports encourage the nitrogen-containing compounds are the focus of interest in developing novel LOHC systems.

3.2. Reaction Catalysts for LOHC

Another crucial aspect in LOHC development is selection of the proper catalytic system for hydrogenation and
dehydrogenation reactions. As discussed in Section 3.1, chemical storage of hydrogen in liquid carriers is attained
exothermically during hydrogenation process whereas endothermic liberation of hydrogen is observed during
dehydrogenation process, moreover, this endothermicity is a major drawback due to the requirement of high heat demand.
Though thermodynamic evaluation is the one of the concerns in designing the LOHCs, an active catalytic system with a high
to moderate loading of precious metal catalysts (e.g., Pd, Pt, Rh, and Ru) can actually achieve acceptable dehydrogenation
kinetics at low temperatures (<150 °C). In particular, numerous homogenous catalysts [BU[5152] have been developed for this
purpose; however, the achieved stability, recycling, and practical advantages in large-scale applications have more precisely
promoted heterogeneous catalyst systems. Various commercial heterogenous catalysts with different supporting substances
(e.g., PdIC, Pt/Al,03, and Pd-Pt/Al,03) have attracted much attention for LOHC technology €. However, high catalyst
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efficiency is the major criteria in which metal loading, appropriate support selection, and structural properties (particle size,
porosity, active surface area, etc.) are all important characteristics 2334155 To this end, development and optimization of
efficient catalyst systems obviously requires both experimental and theoretical approaches. Theoretical studies using DFT
calculations can provide fundamental insight into catalytic activity and selectivity over different metal surfaces and
experimental methods comprised of various spectroscopic techniques (typically X-ray photoelectron spectroscopy (XPS),
temperature-programmed desorption (TPD), and infrared reflection absorption spectroscopy (IRAS), etc.) further support the
field of LOHC dehydrogenation catalysis 48l58]. Combining these complementary approaches, the development of efficient
catalytic systems is promising.

3.3. Features of LOHC Medium

3.3.1. Melting and Boiling Points

In 2017, the US DOE designated an organic hydrogen carrier target gravimetric storage capacity of 5.5 wt% H, relative to the
storage system including the carrier, tank, and dehydrogenation unit 21, Predominantly, the carrier materials depend on two
major concerns: storage density (typically 7.3 wt% for naphthalene) and existed temperature range in which the material
remains a liquid. Despite the storage density requirement, carrier compounds can have low melting points (<-30 °C) 57;
otherwise need to use of additional solvents to dissolve it which hinders the targeted storage capacity. Usually, larger aromatic
compounds, like naphthalene and anthracene have high storage capacities but solidify at room temperature. In this regard,
destroying the symmetry by substituting alkyl chains (e.g., cyclohexane melts at 6.5 °C whereas MCH melts at —=126.6 °C) is
an alternative solution 28], though it decreases storage capacity. Besides, the boiling point (b.pt.) of carrier molecules should
be as high as possible (>300 °C) which can minimize the vapor pressure during dehydrogenation and storage. In this case,
larger aromatic compounds (e.g., b.pt. of anthracene is 342 °C) are more advantageous than smaller compounds (e.g.,
toluene b.pt. is 110.6 °C), except for the occurrence of their solid phase states. Therefore, these mentioned thermodynamic
properties should be helpful in guiding future LOHC development.

3.3.2. Stability of LOHC Molecules

The consequent consideration in developing of ideal LOHCs is fall under the stability aspect of LOHC molecules. In LOHC
technology, carrier molecule stability is strongly affected by hydrogenation and dehydrogenation temperatures under relevant
catalytic medium. In particular, lower temperature conditions can avoid the decomposition pathways, thereby, yielding no side-
product formation and allowing for long-term use. On the other hand, suitable catalysts with high activity can minimize the
reaction temperatures. For example, carbazole-based derivatives undergo dealkylation which potentially leads to deterioration
of LOHC materials at the required dehydrogenation temperatures. In this case, Amende et al. reported that control of particle
size and structure-dependent effects of active metal catalysts on well-defined surfaces could benefit for long-term stability [5¢!
B9, Thus, understanding both structural properties and theoretical studies on model catalysts and their activities can facilitate
development of future LOHC molecules.

3.3.3. Toxicity and Biodegradability

Considering practical applicability, toxicity and biodegradability of LOHC materials must be evaluated. Owing to the increased
benefits of LOHC technology, hazard assessment of molecules needs to be examined to minimize negative impacts on
human health and the environment. As rated by the Toxicity Potential Indicator (TPI), values cover the range of “0” for non-
toxic to “100” for extremely toxic 8%, Generally, toxicity assessment is more common for dehydrogenation counterparts than
hydrogenated molecules 23!, For example, the safety data for the technical dibenzyl toluene mixture (Marlotherm SH; MSH) is
described as low risk, and ecotoxicological problems are less than common diesel and are comparatively more favorable than
NEC [82, |n addition, biodegradability is another key factor of a LOHC system. In this scenario, nitrogen-containing molecules
typically have better biodegradability than alicyclic molecules, as reported by Crabtree 24l Very recently, Markiewicz et al.
reported hazard assessment of quinaldine, three-different alkyl carbazoles, benzene, and toluene based on mutagenicity,
cytotoxicity, acute aquatic toxicity and biodegradability of each LOHC system 62 Therefore, study on toxicity and
biodegradability of LOHC molecules are imperative for developing LOHC systems.

In addition, there are several factors such as flashpoint, ignition temperature, density, viscosity, and surface tensions, that
need be considered for the development of LOHC systems. Though these properties are not addressed to the full extent in

the literature for all LOHC molecules, only few molecules are well-documented due to their utilization in mobile applications
[61](63]
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