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A B S T R A C T

Hydrogen can play a significant role as a clean energy vector due to its abundance, high gravimetric energy
density, and environmental friendliness. However, efficient hydrogen storage remains a bottleneck that poses
economic and technological challenges to the current system. Liquid organic hydrogen carriers (LOHCs) have
drawn intensive attention for their excellent compatibility with the existing fuel infrastructure. Among the
LOHCs under development, N-ethylcarbazole (NEC) is an attractive option mainly due to its ability to undergo
hydrogenation and dehydrogenation below 200 ◦C. This review discusses the recent experimental and theoretical
progress of catalyst development for hydrogen storage in NEC. The effect of various catalysts, including Ru-, Ni-,
Pd-, and Pt-based, on (de) hydrogenation of NEC is discussed. In addition, bidirectional catalysts and catalyst
support materials are also discussed. We conclude the review with a brief discussion of the future research
directions.

1. Introduction

The increase in energy consumption and depletion of traditional
energy sources have prompted the global shift to renewable energy
sources. Evolving geopolitical conditions and the effects of climate
change have further added to the demand for renewable energy.
Compared to conventional non-renewable fuels, hydrogen has a high
heating value (fuel energy content) by mass and other favourable
properties, such as being environmentally friendly and regenerative [1].
Along with this, hydrogen has the potential to be efficient, versatile, and
cost-effective [2]. For the application of hydrogen as fuel, efficient
storage is a significant criterion, and in the case of hydrogen, storage can
be classified into two approaches. The physical approach includes
compressed gas cylinders (up to 800 bar), hydrogen liquefication
(~-252 ◦C), and adsorption of hydrogen in porous materials (~-173 ◦C)
[3]. The chemical approach includes the storage of hydrogen as (com-
plex) metal hydrides, amides [3], liquid organic hydrogen carriers
(LOHCs) [4] and ammonia-based hydrogen carriers [5].

Compared to its excellent gravimetric energy density (120 MJ/kg),
hydrogen has a low volumetric energy density, 0.01 MJ/L (at 1 atm and
25 ◦C) [6], which has hindered hydrogen’s large-scale application as
fuel. Compression and liquefication do not improve the situation
significantly [7]. For existing technical applications, hydrogen is stored
as liquid hydrogen (LH2) at a low temperature, around ~ -252 ◦C, with
an energy density of ~10 MJ/L, or as compressed gaseous hydrogen
(CGH2, up to 700 bar) [8] with the density around 5.6 MJ/L at 700 bar
[9]. Under the current technological conditions, based on a lower
heating value of 120 MJ/kg, LH2 uses 30% of stored energy for lique-
faction, whereas it costs 15% for CGH2 to achieve 700 bar compression
[10]. For cryogenic liquid H2, the evaporation of liquid and the cost of
liquefaction prove to be a significant barrier. Compressed H2 would have
considerable safety, weight, and cost issues for large-scale applications
as the tank’s pressure and size increase.

Along with the technological complexity of storing hydrogen, there
is a need to develop an international distribution system to encourage
hydrogen uptake. The storage and distribution system should also
consider the problem of hydrogen embrittlement (HE) of metals, where
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fracture initiation, subcritical crack growth, and catastrophic failure
with subsequent loss of mechanical properties are possible due to elec-
trochemical reactions and high-pressure hydrogen gas environments
[11]. Hence, the need to store hydrogen in chemical compounds that can
undergo storage cycles is gaining importance [12–19]. Ethanol and
Ammonia are attractive options due to their compatibility with existing
liquid fuel infrastructure, but their decomposition and synthesis are
capital and energy-intensive [20]. Hence, storing hydrogen via LOHCs
has been proposed as an attractive option.

LOHC systems consist of hydrogen-lean and hydrogen-rich pairs that
store hydrogen using catalytic hydrogenation and dehydrogenation cy-
cles with the help of catalysts, as shown in Fig. 1. The system can be
coupled with a renewable energy source, which produces electricity,
that can produce hydrogen (H2) using H2O electrolysis [21]. The pro-
duced H2 can be used to convert hydrogen-lean molecules to
hydrogen-rich molecules. The hydrogen-rich molecules can be stored
and transported to release H2 on request to generate electricity using a
fuel cell. The entire system has the potential to play a significant role in
satisfying our energy demand. LOHCs do not require cryogenic tanks or
high-pressure vessels for transporting hydrogen and can store 6–8 wt%

hydrogen at ambient conditions. Due to the chemical similarity of
LOHCs to gasoline and diesel, large-scale transportation along with low
maintenance cost is possible with the help of existing petroleum trans-
portation and processing infrastructure [10]. Also, compared with other
storage methods, storing hydrogen via LOHCs has many advantages,
such as being economical, compatible with present infrastructure,
ambient conditions for transport, and clean and leak-free [4,22].

The exploration of hydrogen storage in organic molecules started
over forty years ago [23,24], with the first mention of hydrogen storage
in organic molecules appearing in the technical report of Exxon Com-
pany [25]. The 1980s saw significant contributions to this field from
Italy [26], Switzerland [27], and Canada [28], leading to the popular-
isation of the term ‘liquid organic hydride’ [24]. In 1981, the Paul
Scherrer Institute proposed using liquid organic carrier MTH (methyl-
cyclohexane-toluene-hydrogen) as a fuel [27]. The team suggested
prototype trucks and investigated the technical and economic feasibility
of hydrogen combustion engines [23,29,30].

Approximately two decades later, Air Products proposed heterocy-
clic organic hydrogen carriers due to their potential to dehydrogenate
the molecules at lower reaction temperatures [24,31], as depicted in
Fig. 3. They found that materials with high hydrogenation enthalpies
require high temperatures for their dehydrogenation reactions, whereas
those with low hydrogenation enthalpies are not stable [32]. Their study
noted that the desirable hydrogenation enthalpy range can only be
found for materials with large fused aromatic ring systems, as seen in
Fig. 3(a). However, the hydrogenation enthalpy can be significantly
lowered by substituting nitrogen in the ring, as shown in Fig. 3(b). Later,
Eblagon et al. performed comprehensive theoretical and experimental
investigation of Ru catalysed hydrogenation for LOHC material N-eth-
ylcarbazole and found that low coordination sites can accelerate the
conversion of intermediates to fully hydrogenated products [33].
Recently, Fan et al. proposed micropacked bed reactor for continuous
hydrogenation of N-ethylcarbazole [34]. Fig. 2 illustrates the develop-
ment of LOHCs and NECs for hydrogen storage for the last six decades.

For effective implementation of LOHC technology, the material must
satisfy several criteria along with the hydrogenation enthalpy.

Based on the literature, the selection criteria for LOHC include.

• High gravimetric (>6 wt%) and volumetric (>56 kg/m3) storage
capacities [35].

• Being compatible with current energy infrastructures
• Abundant availability with low production cost and easily recyclable

Abbreviations

LOHCs liquid organic hydrogen carriers
NEC N-ethylcarbazole
CGH2 Compressed gaseous hydrogen
LH2 Liquid hydrogen
HE Hydrogen embrittlement
MTH Methylcyclohexane-toluene-hydrogen
4H-NEC tetrahydro-NEC
8H-NEC octahydro-NEC
DME Dimethylether
XPS X-ray photoelectron spectroscopy
NP Nanoparticle
rGO Reduced graphene oxide
AC Activated carbon
COM Commercial catalyst
CR Chemically reduced
SiCN Silicon carbon nitride
ARC Australian Research Council

Fig. 1. Catalytic hydrogenation and dehydrogenation cycle of LOHC.
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• Stability upon (de) hydrogenation and transportation
• Low toxicity and high safety
• Suitable liquid temperature range, high boiling point (>300 ◦C)
[35], and high flash point

To date, several LOHC systems, such as N-ethylcarbazole, phenazine,
dibenzyl toluene, toluene, naphthalene, and 1,2-dihydro-1,2-azaborine
have been reported. Their advantages and challenges are listed in
Table 1.

While LOHCs are competitive among the hydrogen storage methods,
their large-scale applications depend on efficient, economical, and sta-
ble catalysts. Among the LOHCs, NEC has been regarded as very
promising due to its ideal enthalpy change. Here we aim to review the
recent development of catalysts for NEC. This review is structured as
follows. Section 2 provides a brief introduction to NEC and its (de)hy-
drogenation reactions. Section 3 discusses recent advances in catalysts
specifically designed for unidirectional hydrogenation or dehydroge-
nation. In Section 4, we examine studies on support materials. Although
these materials are briefly discussed in relation to catalysts in section 3,
their specific roles and properties have not been explored. Section 4 aims
to provide a more focused analysis on how support materials contribute
to catalytic performance. Section 5 explores the latest developments in
bidirectional catalysts, a novel approach that enables both hydrogena-
tion and dehydrogenation to occur at the same site. Finally, section 6
outlines promising future directions for research.

2. NEC as a carrier in the LOHC system

Structurally, NEC is obtained by adding an ethyl group to carbazole,
which reduces the melting point from 243 ◦C for carbazole to 68 ◦C for
NEC. The heteroatom in NEC reduces the dehydrogenation enthalpy
change, making NEC competitive against other LOHCs. However, the
current significant challenges encountered in NEC/12H-NEC include the
production of undesirable by-products due to easy thermal alteration of

the N-ethyl group and the high H2 pressure required for reverse hy-
drogenation (68 bar) [56]. To effectively implement NEC as a LOHC, it is
essential to know the mechanism of hydrogen storage in NEC. The
overall reversible hydrogenation reaction of NEC can be written as

C14H13N+ 6H2⇌C14H25N (1)

The detailed hydrogenation and dehydrogenation processes are
shown in Fig. 4(a–b). The hydrogenation enthalpy of NEC is − 50.6 kJ/
mol-H2, which means the reaction is exothermic [57]. During dehy-
drogenation, as seen in Fig. 4(b), 8H-NEC is formed due to the preferable
removal of hydrogen from the middle ring [36]. In the next step, it either
directly forms 4H-NEC, detaching four hydrogen atoms from a side
carbon ring, or first forms 6H-NEC and then releases the two hydrogen
atoms to form 4H-NEC. In the end, hydrogen-depleted NEC is formed
after removing four hydrogen atoms from the other side of the ring. The
fully hydrogenated NEC (12H-NEC), partially hydrogenated in-
termediates like octahydro-NEC (8H-NEC) and tetrahydro-NEC
(4H-NEC)) are in the liquid state at room temperature [58], while
NEC is solid below 68 ◦C.

It should be noted that experimentally, 6H-NEC is rarely observed by
NMR, and 2H-NEC has never been observed [33,59]. The liquid hy-
drogenated product offers advantages in terms of transportation due to
its ease for pumping, easy storage, and less hazardous nature compared
to other technologies such as compressed gas hydrogen, etc. NEC in a
solid state is a potential system drawback since it is difficult to pump and
transport compared to its hydrogenated product, complicating system
operation and design.

To further understand the dehydrogenation process, it is crucial to
understand the interaction between reactant and catalyst. Amende et al.
showed that at temperatures up to − 50 ◦C, molecular adsorption of 12H-
NEC takes place on Pt(111) [59], without molecular decomposition
below − 100 ◦C. They also showed that at cryogenic temperatures,
12H-NEC adsorbs molecularly on Pd nanoparticles [40] and Pd(111)
[60]. The onset temperature of dealkylation on defect-rich Pt aggregates

Fig. 2. Timeline development of LOHC and NECs for hydrogen storage.
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is about 90 K lower than on single crystal Pt(111) [43], as shown in
Fig. 4(c–d). The dealkylation is attributed to easier N-ethyl bond
breakage triggered by low-coordination Pt sites, whose population in-
creases as the size of Pt particles decreases. Dehydrogenation starts by
activating the C–H bond directly near the nitrogen atom in 12H-NEC,
resulting in 8H-NEC being the first stable intermediate product. The
transition from 12H-NEC to 8H-NEC occurs at temperatures above
− 50 ◦C, increasing in rate above 0 ◦C. Their findings align with com-
putations showing 8H-NEC to be the first intermediate dehydrogenation
product [61], a result that we have independently confirmed [62].

Gleichweit et al. conducted in-situ XPS measurement of adsorption
and reaction of 12H-NEC on Pt(111) [63]. Their results, highlighted in
Fig. 5(a–d), indicate dehydrogenation starts at − 73 ◦C and continues up
to 106 ◦C. Above 116 ◦C, they observed detrimental reactions where
carbon fragments or carbazole are formed on the surface. Their results
also support the mechanism that dehydrogenation starts at the carbon
atoms next to the nitrogen atom.

The effect of the nitrogen atom and ethyl group on dehydrogenation
is two-sided. On the one hand, they were found to promote the dehy-
drogenation of 12H-NEC by weakening the adsorption to catalyst sur-
faces, as compared to dodecahydrofluorene and dodecahydrocarbazole
[61]. On the other hand, the relatively weak N-ethyl bond causes deal-
kylation, or the scission of the ethyl tail, which hampers the functioning
in the long run, for example, by increasing the melting point of the
molecule. Dealkylation on Pt (111) was observed above 116.85 ◦C [59,
64], with 8H-carbazole being the primary desorbed product, followed by
8H-NEC. The breakage of ethyl tail at high temperatures to smaller
molecular fragments is similar to the pathway taken by other hydro-
carbons at elevated temperatures on transition metal surfaces [65,66].
These results prove that dealkylation is sensitive to the processing

environment, such as the catalysts composition, structure, and particle
size. In line with this argument, Wang et al. showed that dealkylation
and dehydrogenation reactions are related to the support’s calcination
temperature, which affects the interaction between the support and the
metal ion distributed in it [67].

Understanding the mechanisms and analysing the catalytic activity
for different materials are essential for efficient catalyst design. Jiang
et al. compared the distribution of 12H-NEC dehydrogenation products
for a series of noble catalysts on TiO2 and found that the catalytic ac-
tivity of noble metals is Pt> Pd> Rh>Au> Ru [68]. Fig. 5(e) shows the
Pd/TiO2 catalyst-based TEM image and Fig. 5(f) shows the hydrogen
release during 12-NEC dehydrogenation on various noble catalysts at
180 ◦C in 420 min. The kinetics calculations show that the transition of
4H-NEC to NEC is the rate-determining step among all the dehydroge-
nation steps. However, the stability of TiO2 in reducing hydrogen gas
environment requires investigation in this case. If unstable, such cata-
lysts might not be recyclable.

Wan et al. investigated the effects of hydrogen pressure, tempera-
ture, dosage, and stirring speed on the performance of Ru-based cata-
lysts on NEC hydrogenation, as shown in Fig. 6 [69]. The hydrogen
uptake rate increases with pressure, dosage, and stirring speed but sat-
urates at 6–7 MPa, 1.0 g of catalyst, and 600 rpm, respectively. On the
other hand, the hydrogen uptake rate reaches maximum in the range
95 ◦C–180 ◦C. It decreases at higher temperatures, probably due to the
system’s reduced catalytic activity and restricted hydrogen mass trans-
fer. The reaction conditions and catalysts strongly influence the catalytic
selectivity [58]. For hydrogenation of NEC, Pt, Ru, and Ni were found to
be more suitable with temperatures of 120-230 ◦C and hydrogen pres-
sure between 50 and 70 bar [39,70–76]. Similar to the dehydrogenation
case, side reactions such as disproportionation, N-ethyl bond cleavage,
and alkyl transfer are possible during the hydrogenation case, which
may reduce the efficiency of the reaction [77]. Hence, strategies should
be formulated in catalyst design to manipulate these side reactions [43],
which significantly affect the system’s performance.

3. Catalysts for NEC

Efficient catalysts are crucial for successfully implementing LOHC
technology and should have the ability to achieve >80% hydrogena-
tion/dehydrogenation of the hydrogen carrier under the following
conditions (Temperature: <200 ◦C, pressure: <10 MPa). Also, a stable
catalyst during the hydrogen storage cycle can have a significant eco-
nomic impact. If the catalyst changes in phase during the hydrogen
storage cycle, the new phase formed should be favourable for the pro-
cess. During its functioning, catalysts are expected to have optimum
binding to the reaction intermediates [78]. In the case of weak binding,
the reactant’s adsorption to the substrate is complex, resulting in low
catalytic activity. On the other hand, strong binding limits the regen-
eration of catalytic surface sites. The binding depends on many factors,
such as crystal structure, material, morphology, and particle size. For
LOHC technology, the design of catalysts can be mainly focussed on
accelerating low-temperature dehydrogenation to overcome the ther-
modynamic barrier, in view that compared to hydrogenation, endo-
thermic dehydrogenation requires high heat [79]. For efficient
large-scale NEC application, nano catalysts can be prepared through
top-down approaches, such as ball milling, and bottom-up approaches,
such as hydrothermal synthesis. However, it should be noted that before
proceeding to large-scale applications, it is essential to test the hydro-
genation reaction on a pilot scale using catalyst modules such as a flu-
idized bed since it is not practical to use suspended powder catalysts in
large-scale applications [80]. A combination of techno-economic anal-
ysis (TEA) and life cycle assessment (LCA) should be conducted to un-
derstand the process of hydrogenation of NEC better before proceeding
towards large-scale application. In the following sections, we discuss
several vital catalysts for NEC studied to date, including ruthenium-,
nickel-, palladium-, and platinum-based catalysts.

Fig. 3. (a) Calculated hydrogenation enthalpy changes for polyaromatic hy-
drocarbons versus their structures and the number of rings. (b) Impact of ni-
trogen heteroatom on calculated hydrogenation enthalpy changes for two
isostructural series of polyaromatic hydrocarbons. The enthalpy changes are for
standard conditions. Reproduced with permission from Ref. [31].
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Table 1
Comparison of liquid organic hydrogen carriers [37,41,44–55].
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3.1. Ruthenium-based catalysts

Eblagon et al. performed a comprehensive experimental and theo-
retical investigation of Ru-catalysed hydrogenation [33]. They per-
formed a hydrogenation reaction with an NEC/catalyst ratio of 20/1 in
100 mL cyclohexane as solvent and found that solvent cyclohexane in-
creases the reaction rate but does not significantly change the conver-
sion and selectivity, which are inversely correlated with the catalyst
particle size. Their investigations show that a 5 wt% Ru/Al2O3 catalyst
prepared under mild chemical reduction with many low coordination
sites accelerates the conversion of intermediates to fully hydrogenated
products. Computationally, they found that NEC prefers to adsorb at flat
terrace sites. In contrast, the 8H-NEC intermediate prefers step sites due
to their different steric features, and this preference is related to the
shape of the hydrogenated products, as shown in Fig. 7.

Recently, Tang et al. also conducted comprehensive calculations on
the dehydrogenation of H12-NEC on the Ru(0001) surface, examining
various reaction pathways that span from H12-NEC adsorption to
hydrogen release and NEC desorption, as shown in Fig. 8 [62]. Their
work identified the desorption of NEC as the critical or most
energy-demanding step. It also confirmed that dealkylation is possible at
elevated temperatures. To capture the effects of surface complexity,
Tang et al. extended their analysis to include an amorphous Ru phase.
For 8H-NEC, they observed a stronger bond with the amorphous surface
compared to the flat crystalline surface, aligning with Eblagon et al.’s
findings that 8H-NEC prefers binding to step sites. In contrast, 4H-NEC
and NEC exhibited weaker bonding to the amorphous surface, which
may promote NEC desorption. The tendency of hydrogen-poor mole-
cules (4H- and 0H-NEC) to bond weakly with amorphous surfaces is
attributed to the enhanced interaction of planar aromatic rings with
flatter crystalline surfaces (Fig. 8(b)).

Qin et al. [81] compared the performance of Ru/Al2O3, commercial
Ru/C, Ru/BC-NaBH4 (bio-carbon with NaBH4 as a reducing agent), and
RuNPs/pg-BC (Ru nanoparticles supported by partially graphitised
bio-carbon). Ru/pg-BC performs best among the catalysts in conversion
and 12H-NEC yield, as shown in Fig. 9(a-d). They attributed the excel-
lent performance of Ru/pg-BC to the reluctant agglomeration of Ru NPs
during the reaction cycles as they were trapped in the cavities of pg-BC
formed during the carbothermal process. By investigating the effect of
reaction condition on hydrogenation of NEC, Shi et al. showed that for
Ru/Ni–Fe-layered double hydroxide (LDH) (catalyst), the 12H-NEC
yield and NEC hydrogenation increased initially as pressure increased
but remained unchanged when pressure condition was higher than 6
MPa [82].

Their investigation also revealed that as the temperature increased,
the hydrogenation rate of NEC increased and then decreased slightly
which they attributed to low solubility of hydrogen at high
temperatures.

3.2. Nickel-based catalysts

Ye et al. studied the Raney-Ni catalyst for hydrogenation of NEC
[71]. They investigated the effects of catalyst, pressure, and reaction
temperature on mass transfer reaction processes, as seen in Fig. 10(a–c).
The results showed that the reaction rate accelerates with increased
temperature and becomes saturated at around 200 ◦C, following a
similar trend to Ru-based catalysts, shown in Fig. 10 [69].

Liu et al. compared the performance of 0.1Rh–Ni/γ-Al2O3 (0.1 wt%
Rh) with monometallic Ni/γ-Al2O3 and 1 wt% Rh/γ- Al2O3 for the hy-
drogenation of NEC and found that the bimetallic catalyst achieved
hydrogen storage capacity of 5.63% in 2 h [83]. The superior property of
0.1Rh–Ni/γ-Al2O3 was attributed to the electron transfer and synergy
effect between Ni NPs and Rh. The synergic effect results in smaller Ni
NPs and better selectivity for 8H-NEC towards 12H-NEC (Fig. 10(f-g)).
This result agrees with the computations by Eblagon et al. that 8H-NEC
prefers step sites [33], which are more likely on smaller particles. It

should be noted that investigating non-noble metals for creating step
sites in catalysts has the potential to reduce cost, which requires inves-
tigation. Wu et al. demonstrated complete hydrogenation of NEC in 5.6
h by mixing Ni/Al2O3 with metal hydride YH3 [84]. As shown in Fig. 10
(h), the atomic hydrogen in YH3 can be transferred directly to the NEC
molecule, resulting in hydrogen vacancies in YH3, which are refilled
through H2 molecule adsorption into YH3. Their performance is com-
parable to that of the best-performing Ru/Al2O3 catalysts. However,
Ni/Al2O3 alone achieved hydrogen uptake of only 0.3 wt% over 8 h.
Their investigation revealed Ni/Al2O3 is required to activate NEC mol-
ecules. Also, the hydrogenation efficiency of large Ni particles was
higher than that of small particles (Fig. 10(i)). The reason for this is
hydrogen adsorption depends on the YH3–Ni interface, which is more
readily available in the case of large Ni particles (Fig. 10(j)). Ding et al.
studied the hydrogenation of NEC and other LOHCs using 70 wt% Ni
catalysts supported by Al2O3, SiO2, and Al2O3–SiO2 [85]. The catalyst
with equal molar Al and Si in its support exhibited excellent perfor-
mance, better than commercial 0.5 wt% Ru/Al2O3. Their studies
revealed that the agglomeration of Ni, which causes catalyst deactiva-
tion, can be inhibited by the strong interaction between Ni and Al2O3.
Introducing SiO2 in the support also helps reduce Ni. Wang et al. con-
ducted NEC hydrogenation with different Ni/Co ratios and found an
enhanced catalytic activity with increased cobalt content [86]. They
found that catalyst activity is best when the Ni/Co ratio is 1, and the
activity of the catalyst is affected by the metal electronic structure.

The nickel-based catalyst prevents the deposition of carbon on active
nickel sites, which has resulted in good catalytic behaviour for the hy-
drogenation of NEC. Wang et al. investigated Ni/Al hydrotalcite oxides
prepared using various Ni/Al ratios to support Ru NPs [87]. They found
that Ni–Al interactions resulted in a difference in activity since these
interactions resulted in lattice defects. The crystal defects resulted in
small and dispersed Ru NPs since they enhanced the adsorption of Ru3+,

and the activity of Ru NPs increases as their size decreases.

3.3. Palladium based catalysts

Yang et al. compared the dehydrogenation activity of Pd with other
common noble metals and found the activity was of the order Pd > Pt >
Ru > Rh with Alumina as support [38]. For Pd and Pt, 100% conversion
to NEC was achieved in 5 h at 180 ◦C and 1 atm, while for Ru and Rh
catalysts, the fraction of NEC in the final products was 71.4% and 10.6%,
respectively. By fitting the experimental data of the three-stage dehy-
drogenation (12H-NEC → 8H-NEC → 4H-NEC → NEC) into a first-order
kinetic model, the authors found that, for all catalysts in the study, the
reaction rate decreased substantially with time. Also, they proposed that
reaction 4H-NEC → NEC is the rate-limiting step during the
de-hydrogenation process, consistent with the computational findings of
Tang et al. [78].

Later, Jiang et al. investigated the dehydrogenation activity of a
series of noble metals (Pt, Pd, Ru, Rh, and Au) supported by SiO2 [88].
They found the activity order to be Pd/SiO2>Pt/SiO2>Rh/-
SiO2>Ru/SiO2>Au/SiO2, which is similar to the findings of Yang et al.
[38], except Rh has higher activity than Ru. Both experiments were
conducted at the same reaction temperature (180 ◦C) but with different
supports, which provides the case for investigating the role of supports
during the hydrogenation process. Also, the stability of SiO2 in reaction
conditions of dehydrogenation requires investigation.

Wang et al. investigated dehydrogenation of 12H-NEC on the plane
(100), (110), and (111) of Pd nanoparticles supported on rGO [89] and
found the catalytic efficiency follows the order Pd(111) < Pd(110) < Pd
(100). This is understandable since the density of surface electrons,
which depends on the surface atomic structure, also increases in that
order. Jiang et al. investigated bimetallic Pd–Au/SiO2 catalysts prepared
by incipient wetness of silica gel [88]. They confirmed a positive cor-
relation between Au amount and particle size and the lack of alloy
structure in the catalysts proposed through XPS analysis. Their
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investigation found a negative correlation between particle size and
dehydrogenation activity. The activity order was Pd3Au > PdAu > Pd >

PdAu3. They claimed that the binding of all intermediates to PdAu(111)
is stronger than to Pd(111), based on first principles calculations. Like
hydrogenation, the increased concentration of step sites in smaller
particles may also play a role during dehydrogenation, requiring
investigation. Later, the authors extended their studies to other bime-
tallic catalysts Pd-M/SiO2 (M = Cu, Ni) and reported the performance
order of Pd3M > PdM > Pd > PdM3>M, with Pd3Ni showing the highest
performance of 100% conversion, 91.1% selectivity of NEC and 5.63 wt
% hydrogen release at 180 ◦C, 1 atm for 8 h [90]. They attributed the
enhanced performance of alloyed Pd to its modified electronic structures
and the decreased performance upon over-alloying to the active site

blockage by excessive M. Other research groups supported the above
findings. For example, Wang et al. checked a series of Pd–Cu catalysts
supported by reduced graphene oxide [91] for the dehydrogenation
process. They found that excellent performance of pure Pd was main-
tained when the content of Cu was below 50%, but further addition of
Cu resulted in electron transfer from Pd to Cu, resulting in reduced
dehydrogenation activity.

Shuang et al. studied the impact of Pd oxidation states on its catalytic
performance [92]. They compared the dehydrogenation of a hydroge-
nated LOHC mixture (40 wt% 2-methylindole, 36 wt% N-propyl
carbazole, and 24 wt% NEC) catalysed by Pd/AC and PdO/AC. They
observed significantly higher yield and conversion for PdO/AC under
mild conditions, with 100% conversion and 98.5% yield at 100 ◦C for 60

Fig. 4. The overall mechanism of hydrogen storage in NEC, (a) hydrogenation and (b) dehydrogenation (red shows an unsaturated ring, yellow shows a partially
saturated and green shows a fully saturated ring). (c) Thermal evolution of N 1s region for 12H-NEC on small Pt aggregates (left) and ordered Pt nanocrystallites
(right), with the support of Al2O3/NiAl(110). (d) quantitative analysis of the N 1s peaks as a function of temperature [43] Peak 1: Al2O3 adsorbed 12H-NEC, peak 2:
chemisorbed NEC on Pt, peak 3: 12H-NEC multilayer physisorbed, and peak 4: dealkylated 12H-NEC. Reprinted (adapted) with permission from Ref. [43]. Copyright
(2014), American Chemical Society. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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h and full hydrogen release at 140 ◦C for 8h. The authors found that
oxidation cleaned the components that block the pores of Pd/AC,
resulting in dramatically higher surface area, micropore area, and
micropore volume, and, therefore, new active sites for better catalytic
activity. However, it should be noted that the stability of PdO in a highly
reducing hydrogen gas atmosphere at reaction temperature requires
investigation. It should also be noted that PdO may convert back to Pd
during dehydrogenation. In-situ experiments in cases like this can pro-
vide insight into the catalyst mechanism and its role in the hydrogena-
tion process.

The effects of supports on Pd catalyst performance were also studied.
For example, Wang et al. found that compared to Pd/Al2O3, Pd catalysts
supported by reduced graphene oxide (rGO) have smaller Pd particles
with more active sites and better dehydrogenation performance [93].
Zhu et al. synthesised Pd supported on carbon nanotubes and found their
3 wt% Pd/CNT resulted in 5.8 wt% hydrogen produced at 260 ◦C with a
conversion of 99.6% [94]. Li et al. found that introducing Co into Pd
could achieve high levels of dehydrogenation at a relatively low tem-
perature due to the changes in the electronic state, the interfacial effect

of Pd, and the interaction with defects in support [95].

3.4. Platinum-based catalysts

Gong et al. investigated the effect of Pt loading on the dehydroge-
nation efficiency of Pt/TiO2 catalysts [96]. They found that optimum
performance occurs at 1 wt% of Pt on TiO2 support, and lower Pt loading
results in a decrease in performance due to reduced active sites.
Increasing the Pt amount did not increase catalytic activity. They
attributed this to the Sabatier principle, where too strong or too weak
interaction might limit the reaction rate. The Pt nanoparticles supported
on TiO2 were considered an electron-rich state, confirmed by the
negative direction shift of Pt04f7/2 in the XPS analysis when Pt-loading
on TiO2 increased from 0.5 wt% to 1 wt%. The excellent performance
was attributed to the strong metal-support interaction (SMSI) acceler-
ating the rate-limiting step. The authors claim better selectivity, activity,
and stability of their Pt-based catalysts for 12H-NEC dehydrogenation
than the 5 wt% commercial Pd/Al2O3 catalyst. Peters et al. investigated
the impact of mass transfer on the dehydrogenation of 12H-NEC by

Fig. 5. The quantitative analysis of XPS spectra of 12H-NEC upon its adsorption and reaction on Pt(111) [63]. The absorption and reaction of (a, c) N1s and (b, d)
C1s respectively, reprinted with permission from Ref. [63]. (e) TEM image of Pd/TiO2 catalyst, (f) 12H-NEC dehydrogenation on various catalysts in 420min at
179.85 ◦C. Reprinted (adapted) with permission from Ref. [68].
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coating an active, porous γ-alumina shell layer of various thicknesses,
impregnated with platinum, on a non-porous α-alumina core [97]. In the
temperature range investigated (224–261 ◦C), the authors highlighted
the role of pore diffusion on the productivity of precious metals. Even for
layers as thin as 24 μm, the kinetic regime is limited to 235 ◦C. 12H-NEC
needs to diffuse through the porous layer to react with Pt atoms,
resulting in decreased activity per metal due to the layer being thicker
than the mean diffusion length of the molecule. In such a scenario, Pt
atoms get underutilised since 12H-NEC reacts before reaching them,
reducing the overall activity of Pt. This experiment illustrates that
catalyst structure and conditions should be considered to obtain an
efficient dehydrogenation reaction.

Tarasov et al. found that introducing a second metal (Cr, Pd) en-
hances Pt/Al2O3 catalyst activity for 12H-NEC dehydrogenation [98].
Investigation revealed that Cr addition affects Pt’s electronic state and
local environment, with the average Pt nanoparticle size in Pt–Cr/Al2O3
about two times smaller than Pt/Al2O3. The results show the importance
of catalyst surface structure in the hydrogenation/dehydrogenation
cycle. Similarly, Li et al. employed Ti3C2Tx with a series of catalysts for

studying the catalytic activity, stability, and selectivity for dehydroge-
nation of 12H-NEC [99]. They found that 3 wt% Pt/S–Ti3C2Tx achieved
5.62 wt% hydrogen release, 91.55% selectivity of NEC and 100% con-
version. Enhanced performance is attributed to a large area and strong
interaction, especially electron transfer between S–Ti3C2Tx and Pt.
Alberto et al. investigated Ni nanoparticles anchored on an N-doped
graphitic carbon matrix [Ni@(N)C] as the hydrogen storage/release
catalyst on N- ethylcarbazole. They found that adding a minute amount
of Pt (18 ppm) increased the catalytic activity of Ni@(N)C due to H
spillover to the Ni NPs promoted by Pt. There was no linear correlation
between the catalyst activity and Pt concentration. They attribute this
result to single atoms or small Pt clusters at lower concentrations than
large, less efficient cluster regimes resulting from higher concentrations
[100]. These results again point out the role of defects in the functioning
of the catalyst for the NEC hydrogen storage cycle. Investigating
whether a similar effect can be achieved by designing non-noble metals
to create defects could pave the way for efficient catalysts in the future.

Fig. 6. The effect of various parameters on the hydrogenation of NEC with Ru-based catalysts. (a) temperature, (b) pressure, (c) dosage of catalyst, and (d) stirring
speed. Reprinted from Ref. [69].

Fig. 7. (a) Terrace sites of Ru (001) with NEC adsorbed on it. (b) 8H-NEC intermediate desorption in the energetically favourable way on Ru(001), (c) Stepped Ru
(109) with two atomic heights with NEC adsorbed on it. The energies are E(a) = 2.56 eV E(b) = 0.32 eV, E(c) = 1.61 eV [33]. Reprinted (adapted) with permission
from Ref. [33].
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4. Support for catalysts

Ideally, catalyst support should have a high surface area for
maximum dispersion of active sites, optimum porosity to facilitate the
diffusion of reactants and products, mechanical strength to withstand
reaction conditions, thermal stability to withstand operating conditions
temperature, and chemical stability that resists change in reaction
conditions. In case of (de)hydrogenation of LOHCs, the impact of cata-
lyst support has been widely observed [74,101,102].

Eblagon et al. studied the hydrogenation of molten NEC using cata-
lysts Ru, Pd, Pt, and Ni on various supports (Table 2) [39]. For Ru, the
catalytic activity for different supports is in the order Al2O3 >TiO2 >

SiO2–Al2O3 > zeolite > graphite > Activated carbon (AC). Their inves-
tigation revealed that hydrophilic support in hydrogenation could pro-
duce kinetically favoured but thermodynamically less stable cis-isomer
of 12H-NEC [74], which is desirable for easier dehydrogenation. For
dehydrogenation of 12H-NEC by Pd nanoparticles on different supports,
Feng et al. found the activity order to be Pd/AC > Pd/Al2O3 > Pd/TiO2
> Pd/SiO2 [103]. The results are similar to the study of Ru by Eblagon
et al. [39], except that Ru supported by activated carbon has the lowest
activity. The authors attributed the high activity of Pd/AC to the large
surface area and pore volume (1754 m2/g and 1.533 cm3/g). However,
in the case of Ru, the surface area of Ru/AC is the highest, but the
performance was not the highest among compared catalysts (Table 2).
These results show that the material selection and its design might play a
significant role during dehydrogenation rather than only the surface
area of the catalyst.

Wu et al. studied NEC hydrogenation using Ru/YH3 and Ru/Al2O3
catalysts at 403 K and 7 MPa and observed superior activity for Ru/YH3

[104]. The surface area of Ru/Al2O3 was larger than Ru/YH3, and the
electronic effects of support materials were the same on both Ru/Al2O3
and Ru/YH3, confirmed by XPS. The sizes of Ru were also similar in both
cases. They found that the leading products on Ru/YH3 are all-cis
products that can be dehydrogenated with less steric hindrance. The
enhanced activity was also found with other rare earth hydride supports,
such as LaH3 and GdH3. The enhanced activity results from the different
hydrogen transfer paths through the metal hydride [84], as discussed in
Fig. 10(h-j). A similar phenomenon was also observed in the catalyst
Pd/Al2O3 mixed with YH3 [105]. These observations may be crucial
since the design of cheaper metal hydrides as support for catalysts may
provide a breakthrough for implementing this technology.

Yu et al. investigated the effect of different TiO2 supports on bi-
metallic Ru–Ni catalysts [106]. Adding Ni to Ru improves the hydro-
genation performance in the cases of P25 and anatase TiO2 support.
However, it deteriorates the performance of rutile TiO2 support, as
shown in Fig. 11(a-b). For anatase support, the promotion effect of Ni
was attributed to an intra-particle hydrogen spillover effect, while the
deterioration in the rutile case was attributed to severe metal aggrega-
tion. For both Ru and Ru–Ni, P25 support offers the best performance,
which was attributed to some synergetic effect because of the lower
specific surface area of Ru/P25 compared to Ru/Anatase. Fig. 11(a-b)
shows that the impact of support is also dependent on catalyst material.

5. Bidirectional catalyst

In practice, there exist scenarios where it would be desirable for
hydrogenation and dehydrogenation to occur in the same reactor, and
the presence of two types of catalyst increases the system’s complexity

Fig. 8. Computational dehydrogenation of 12H-NEC on Ru surface. (a) Schematic of the process, (b) Isosurface of differential charge density showing stronger
bonding of the flat aromatic ring of 4H-NEC to flat Ru surface, (c) Relative system energy as a function of dehydrogenation step and reaction route. Energy kinks at n
= 8 and 4 indicate 8H-NEC and 4H-NEC are stable intermediates, (d) Reaction 2 on crystalline and amorphous Ru surfaces. Replotted from Ref. [62].
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and cost. In this situation, bidirectional catalysts that allow both hy-
drogenation and dehydrogenation are desirable, and many groups have
focused their efforts on this. Yu et al. developed a submicron LaNi5.5
bidirectional catalyst of a unique core-shell structure with excessive Ni
on the surface [107]. Hydrogen discharge during the reversible (de)
hydrogenation reaction is impacted by the concentration of atomic
hydrogen in the H–LaNi5.5 solid solution and, in turn, the pressure of H2
(Fig. 11 c-e).

A reversible hydrogen storage capacity above 5.5 wt% was achieved
below 473 K for 9 cycles using 10 wt% LaNi5.5, with a dehydrogenation
performance similar to noble metal catalysts. Similarly, Yang et al.
noticed that adding metal hydride YH3 to Pd/Al2O3, a bidirectional
catalyst, improves hydrogenation and dehydrogenation performance
[105]. In addition to metal hydrides, combining two distinct catalysts is
promising for developing bidirectional catalysts. Xue et al. [108] re-
ported boosted cyclic (de)hydrogenation using bimetallic Pd–Rh nano-
particles supported by Al2O3, with hydrogen uptake of 5.43 wt% in 1 h
and hydrogen release of 5.48 wt% in 4h. To understand the mechanism
for the performance boost, the authors performed first-principles cal-
culations of the enthalpy change for hydrogenation on Pd6, Pd4Rh2, and
Rh6, all supported by γ-Al2O3(110). They found that for the reaction on
catalyst Pd, each step is endothermic, with the total enthalpy change to
be ~3.9 eV, while on catalyst Rh, each step is exothermic and adds up to
~ -2.5 eV for the whole reaction. Their investigation found a moderate
enthalpy change (~-0.36 eV) for the reaction on Pd4Rh2, which favours
reversible (de)hydrogenation. Forberg et al. developed a binary bidi-
rectional catalyst, Pd2Ru supported by SiCN [42]. They reported
hydrogen uptake of 5.68 wt% (110 ◦C, 0.52 mol% active metal, 1 mmol
NEC, 36 h, p(H2) = 20 bar) and hydrogen release of 5.51 wt% (180 ◦C,
0.52 mol% active metal, 2 mmol 12H-NEC, 7h). Combining two metals
increased efficiency (especially for dehydrogenation), resulted in high
specific surface area, and reduced catalyst loading compared to
Pd/SiCN.

Xue et al. investigated the bidirectional catalyst RhCo and found that
the structure maximised Rh utilisation, boosting NEC’s reversible (de)
hydrogenation [109]. They realized complete hydrogenation at low
temperature of 90 ◦C and found that adding Co resulted in the shift of the
d band centre to the fermi level, as seen in Fig. 12. Adding Co improved
catalytic activity by enhancing the adsorption of the reaction substrate
on the catalyst.

6. Summary and outlook

In this review, we have provided a comprehensive account of the
recent development of catalysts for NEC as a hydrogen carrier, focusing
on various noble catalysts, support materials, and bidirectional cata-
lysts. While recent years have seen massive research efforts and devel-
opment in this field, large-scale NEC applications for hydrogen storage
are still challenging given, for example, the stability, abundance, and
cost of catalysts. Also, for LOHCs, a deep microscopic understanding of
the catalytic process (such as the role of support materials) is still
lacking, which hampers further development of efficient catalysts. These
aspects need to be addressed to develop efficient catalysts. Specifically,
we propose the future research directions listed in the following
sections.

6.1. Low-cost catalysts

Currently, noble metals are the best-performing catalysts for the
LOHC system. However, large-scale applications of noble catalysts for
hydrogen storage are not practical because of their cost and availability.
Either the content of the noble metals must be drastically reduced via,
for example, single-atom catalysts (SACs), or new non-noble catalysts,
such as transition metal oxides, must be developed. SACs contain indi-
vidual isolated atoms which are coordinated or dispersed on support,
optimizing the efficiency of metal atoms and reducing the cost [110].

Fig. 9. Stability and performance of various catalysts during hydrogenation of NEC. (a) Ru/pg -BC, (b) commercial Ru/Al2O3, (c) commercial Ru/C, and (d) Ru/BC-
NaBH4. Reproduced with permission [81].
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Fig. 10. (a–c) Hydrogenation of NEC under different conditions. (a) Temperature varied over 10 wt% Raney-Ni at 5.0 MPa, (b) Pressure varied over 10 wt% Raney-
Ni at 200 ◦C, (c) Different weight % of catalyst at 5.0 MPa and 200 ◦C. Reprinted with permission [71]. (d–g) Schematic representation of hydrogenation of 8H-NEC
to 12H-NEC on Ni/γ-Al2O3 and 0.1Rh–Ni/γ-Al2O3. Reprinted with permission [83]. (h–j) Synergetic hydrogenation of NEC on Ni and metal hydride YH3 [84]. (h)
Mechanism for synergetic hydrogenation of NEC catalysed by Ni/Al2O3-YH3. (i) Effect of Ni particle size on NEC hydrogenation on Ni/Al2O3-YH3 (150 ◦C, 3 MPa H2,
1 g NEC, 25 mg Ni/Al2O3, and 100 mg YH3). (j) TEM images and schematic illustrations of the catalysts. Reprinted with permission [84].
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However, the most common problem associated with SACs is the ten-
dency to form aggregates due to the high energies of single metal atoms
on the surface. Studies have shown that even though agglomeration
takes place at high temperatures, the catalytic performance can be
retained, proving that single atom catalyst can be used as low-cost cat-
alysts [111]. SAC designed for (de)-hydrogenation of NEC can
contribute towards development of low-cost catalysts. Metal-organic
frameworks (MOFs) are another class of materials whose stability and
efficiency for the hydrogenation process are worthy of investigation
[112].

6.2. Catalyst stability

The research activities reviewed in this paper are mainly for labo-
ratory scale, and for industrial applications, the stability of catalysts is
an essential factor of concern and needs more investigation. For
example, many experiments have shown that small catalyst particles
dispersed on supports have good activity, but particle aggregation might
occur during industrial applications due to temperature fluctuations and
long-time operation. In addition to this, the recyclability data, which
includes changes in the structure of catalyst during the hydrogen storage

Table 2
Activity and selectivity of various catalyst/support for hydrogenation of NEC. The activity represents the amount of NEC converted per gram of metal per second
(μmol/g/s), and the selectivity is for all 12H-NEC stereoisomers (%) at 130 ◦C and 70 bar (top panel). For dehydrogenation of 12H-NEC at 180 ◦C (bottom last 4 panels),
the activity is in unit mol NEC/mol Pd/min, and the selectivity is for NEC. Metal particle diameter Dm, surface area A, pore diameter Dp, and specific pore volume Vp are
averaged. COM stands for Commercial catalyst, whereas CR stands for chemically reduced. The chemical reduction method was carried out by drop-casting metal
chloride salt solution onto a slurry of support and reducing using a solution of sodium borohydride.

Sample Catalyst type Activity Selectivity Dm (nm) A (m2/g) Dp (nm) Vp (cm3/g) Ref.

5 wt% Ru/Al2O3 CR 8.2 98 1.61 152 11.7 – [39]
5 wt% Ru/Al2O3 COM 7.8 92 9.08 83 12 – [39]
5 wt% Ru/SiO2–Al2O3 CR 7.5 96 2.37 483 5.4 – [39]
65 wt% Ni/SiO2–Al2O3 COM 0.3 93 7.50 95 10.0 – [39]
5 wt% Ru/zeolite CR 7.2 78 2.31 343 3.2 – [39]
5 wt% Ru/graphite CR 7.2 64 2.30 7 35.3 – [39]
5 wt% Ru/TiO2 CR 7.9 96 2.11 191 14.6 – [39]
5 wt% Ru/AC CR 6.8 53 2.99 538 5.2 – [39]
Ru black COM 0.4 77 Aggregated 22 24.4 – [39]
5 wt% Pd/AC CR 1.5 2 – – – – [39]
65 wt% Ni/AC CR 0.05 33 – – – – [39]
5 wt% Pt/AC CR 0.1 0.6 – – – – [39]
5 wt% Pd/AC COM 2.76 35.5 3 1754 – 1.533 [103]
5 wt% Pd/Al2O3 COM 2.50 56.9 4.7 190 – 0.509 [103]
5 wt% Pd/TiO2 COM 1.97 35.9 1.7 57 – 0.334 [103]
5 wt% Pd/SiO2 COM 0.30 20.2 Aggregated 160 – 1.592 [103]

Fig. 11. (a) Performance of Ru and Ru–Ni catalysts with Rutile, Anatase, and P25 supports for selectivity and hydrogenation rate at 150 ◦C and 70 bar for 24 h (b)
Hydrogen uptake for different catalysts in the first 2 h. Reproduced with permission [106]. (c) Structure of LaNi5.5 nanoparticle. Transfer of hydrogen in LaNi5.5
during (d) NEC hydrogenation (e) 12H-NEC dehydrogenation. Reproduced with permission [107].
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cycle, are limited. A stable catalyst for multiple cycles has enormous
economic implications, potentially making it competitive with other
technologies. It should also be noted that there is a research gap in using
oxides, including mixed metal oxides, as catalysts for the hydrogenation
of NEC. The stability of these catalysts requires investigation. If any class
of oxides is found to be unstable, new rules for catalyst design with the
limited role of oxygen in the hydrogenation process are opened. The
design of stable, efficient oxides that do not get poisoned during the
hydrogenation process can make LOHC challenge other technologies
cost-wise.

6.3. CatalystSupport

Support materials impact on the performance of catalysts for (de)
hydrogenation, but this is a complex problem because of the number of
combinations of catalysts and supports and the discrepancy in the
literature. In addition, the mechanisms for catalyst-support interactions
are to be understood systematically.

6.4. Metal hydrides in the catalysts

Recent investigations revealed a boost in catalyst performance
resulting from introducing metal hydrides, which serve as an atomic
hydrogen reservoir and provide new pathways for interacting NEC with
hydrogen. The mechanism behind these new findings is yet to be

understood, and more work can be done to engineer the hydrides, such
as composition, structure, and distribution, for better performance.
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1970–2024. Inclusion criteria: hydrogenation of N-ethylcarbazole using
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Fig. 12. Mulliken charge distribution of Co(111), Rh(111) and Rh1Co(111) (e–g) Charge distribution on Co(111), Rh (111) and Rh1Co(111) respectively (h–m)
PDOS for the surface atoms of Rh1Co(111), Rh (111) and Co(111) Reproduced with permission [109].

P. Permude et al. International Journal of Hydrogen Energy 98 (2025) 1492–1509 

1506 



of other LOHCs excluding N- ethylcarbazole using commercial or syn-
thesised catalysts.
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