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Catalytic hydrogen storage in liquid
hydrogen carriers

N

Yuwen Ni, Zhe Han,* Yuchao Chai, Guangjun Wu © and Landong Li ®

Hydrogen energy, often dubbed the “ultimate energy source”, boasts zero carbon emissions and no harmful
by-products. Nevertheless, the storage and transportation of hydrogen remain significant hurdles for its
commercialization and large-scale implementation. Liquid hydrogen carriers (LHC), such as cyclohexane,
methylcyclohexane, N-heterocycles, methanol, and ammonia, have emerged as promising solutions in
hydrogen energy conversion systems. The storage and release of hydrogen rely on molecular hydrogenation
and dehydrogenation processes, which are heavily influenced by the presence of catalysts. As such, a
thorough understanding of catalyst design and mechanism is essential to facilitate (de)hydrogenation
reactions under milder conditions. In this review, we explore three prevalent LHC systems and the catalysts
employed during (de)hydrogenation processes. While noble metal catalysts exhibit superior performance in
catalytic hydrogen storage, non-noble metal catalysts have also made considerable advancements.
Furthermore, some liquid organic molecules are close to commercialization, potentially providing new
options for energy storage and transportation. This article aims to trigger interest in LHC research and
inspire the development of innovative catalytic systems for the catalytic hydrogen storage process.’

Hydrogen is currently considered as the most promising renewable energy source, however the physical properties of dihydrogen molecule present significant
challenges for its large-scale storage and transportation. In order to overcome these challenges, various liquid compounds, namely aromatic hydrocarbons, N-
heterocycles, methanol, and ammonia-related compounds, have been explored as potential hydrogen carriers. Ideally, these liquid hydrogen carriers can absorb and
release dihydrogen through reversible hydrogenation and dehydrogenation reactions under practical conditions, making them suitable for large-scale storage and
transportation applications. Catalysts are indispensable in the processes of hydrogen storage and release processes. In the past decades, significant progress has been
made in developing catalysts for the dehydrogenation and hydrogenation of liquid hydrogen carriers, while some key issues are still to be addressed. Herein, a
comprehensive overview of current state of catalytic studies related to liquid hydrogen carriers is provided. A thorough understanding of catalyst design and
mechanism can facilitate the progress of liquid hydrogen carriers, ultimately contributing to the broader applications of hydrogen as a renewable energy source.
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1. Introduction

Fossil fuels have been acting as the indispensable driving force in
human development. However, since the Industrial Revolution,
the widespread use of fossil fuels has led to a steady increase in
atmospheric carbon dioxide concentrations. By 2022, the global
average atmospheric carbon dioxide concentration has reached a
record 416 parts per million (ppm) and has continued to rise. The
increasing carbon dioxide concentration significantly affects the
global environment and biodiversity." Sustainable and carbon-
free energy systems need to be developed and deployed as soon as
possible to achieve the goal of carbon neutrality.> Moreover, the
energy shortages exposed by regional conflicts have emphasized
the need to replace fossil fuels with renewable energy sources.
Overall, it is pressing to find alternatives to fossil energy.
Hydrogen, one of the most promising renewable energy
carriers, has the advantages of zero carbon emissions and no
harmful by-products. Often referred to as the “ultimate energy
source,” hydrogen has the potential to address global environ-
mental issues and solve the energy crisis of the 21st century.
To harness the full potential of hydrogen, challenges in pro-
duction, storage, transportation, and utilization must be
addressed. Hydrogen storage and transportation, in particular,
are crucial due to the highly flammable and explosive nature of
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hydrogen at ambient conditions. Hydrogen storage technology
faces difficulties related to storage density (including mass and
volume storage density), energy consumption, and safety.’>”

There are two primary categories of hydrogen storage
methods: physical and chemical. Physical methods, such as
high-pressure gas storage, low-temperature liquid storage, and
adsorptive storage, each have benefits and drawbacks. For
instance, high-pressure gaseous hydrogen storage is low-cost,
fast, and operates at room temperature, but it has low safety
levels, requires significant compression work, and demands
pressure-resistant vessels.” Similarly, cryogenic liquid hydrogen
storage has high energy density, but the high costs and energy
consumption during liquefaction are significant drawbacks. In
order to encourage the development of materials for on-board
hydrogen storage in light-duty automobiles, the US Department
of Energy (DOE) sets system-level technical hydrogen storage
targets of 5.5 wt% and 40 g L™ " for 2025 and an ultimate target
of 6.5 wt% and 50 g L™ ". In this field, emerging research trends
include metal hydride hydrogen storage and porous material
adsorptive hydrogen storage, both offering potential solutions
to current limitations. Metal hydride hydrogen storage refers to
hydrogen storage in the form of metal hydrides. The hydrogen
release process is realized by the decomposition of metal
hydride upon heating. The hydrogen storage reversibility of
metal hydride still needs to be improved.® Porous material
adsorptive hydrogen storage shows promise due to its safety,
reliability, and efficiency. However, the volumetric storage
capacity of porous materials is generally low.”

In contrast, hydrogen storage using specific molecules
through reversible hydrogenation-dehydrogenation reactions
can achieve high storage capacity. These molecules, typically
liquid at room temperature, can be transported using existing
infrastructure, ensuring safety and convenience.” Liquid hydro-
gen carriers (LHC) offer high hydrogen storage capacity, high
energy density, and safe, convenient liquid storage and trans-
portation. This technology is considered an alternative to
liquefaction or high-pressure hydrogen storage and is expected
to play a significant role in future hydrogen energy storage and
transportation. For example, 1,3-diaminopropane has a theore-
tical hydrogen content of up to 10.8 wt%, far exceeding the US
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DOE (2020) target of about 5.5 wt%.® Research on utilizing
these chemicals for hydrogen storage shows great potential for
practical applications.®°

The concept of LHC can be dated back to the 1980s.'
Several systems have been proposed and studied to assess their
viability for practical application."” Hydrogen carriers might be
classified into two types: (1) hydrogen-lean organic liquids that
achieve fully reversible hydrogenation and dehydrogenation
storage cycles, such as aromatic hydrocarbons, and (2) hydrogen-
lean inorganic small molecules such as CO, or N,, which can form
molecules containing elemental hydrogen after catalytic hydro-
genation processes, like methanol and ammonia (Table 1). These
systems show differences in their development timeline, hydrogen
storage capacity, and energy density."

Cycloalkanes such as cyclohexane and methylcyclohexane
are widely used in industry and can be obtained at a relatively
low cost. However, the cyclohexane/benzene and methylcyclo-
hexane/toluene systems have their drawbacks. These reactants
and products have low boiling points, making them gaseous
during the dehydrogenation processes. As a result, condensa-
tion and purification steps are needed to separate pure hydro-
gen from mixed gases. Additionally, the toxicity of benzene
must be considered. In comparison, the perhydrodibenzylto-
luene system has a lower vapor pressure and volatility, allowing
it to release hydrogen in the liquid phase. The stability of the
DBT system is also relatively high, making it advantageous.
However, the viscosity of this system is quite high, posing
challenges for reactor design. N-Heterocyclic molecules have a
lower dehydrogenation enthalpy than alkanes, allowing dehy-
drogenation to occur at lower temperatures. Nevertheless, side
reactions like disproportion and alkyl transfer can negatively
impact long-term cycling performance and should be avoided.
Methanol, which has high hydrogen content and is widely used
in industry, has its limitations as well. Methanol decomposi-
tion produces carbon monoxide (CO), which is harmful to
hydrogen fuel cell applications. Thus, removing CO from the
effluent is necessary. Ammonia, on the other hand, produces
only nitrogen and hydrogen when decomposed, without any
carbon-containing gases. However, ammonia production is
energy-intensive, and its storage presents challenges due to

Table 1 Properties of presentative compounds for LHC
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its low boiling point and toxic nature. Ammonia borane and
hydrous hydrazine can be stored and transported more easily,
but they come at a high cost.

The hydrogen storage process using liquid hydrogen carriers
includes hydrogenation and dehydrogenation. The hydrogena-
tion process of organic molecules is generally thermodynami-
cally favourable, enabling high selectivity and conversion. In
contrast, the dehydrogenation process is a strongly endothermic
reaction that is thermodynamically unfavourable. Besides, dehy-
drogenation catalysts are prone to deactivation due to sintering
and coking at high temperatures.

Thus, the main challenge in achieving hydrogen storage
using liquid organic hydrogen carriers is to develop dehydro-
genation catalysts that are low-cost, highly stable, and offer
high activities. This review highlights the development of three
types of substrates in hydrogen storage applications and intro-
duces catalysts used in the reaction process, aiming to inspire
further research in this hot field.

2. Cycloalkanes

When the concept of liquid hydrogen carriers (LHC) was initially
proposed, the primary focus of research was on the hydrogen
storage cycles of benzene-based hydrocarbons, such as benzene/
cyclohexane and toluene/methylcyclohexane (MCH). In addition
to these two classical systems, researchers have developed the
hydrogen storage cycles of benzyltoluene (HO-BT)/perhydrobenzyl-
toluene (H12-BT), dibenzyltoluene (HO-DBT)/perhydro-dibenzyl-
toluene (H18-DBT), and naphthalene/hydrides of naphthalene,
including tetralin and decalin over the past twenty years.? In 2003,
Air Products and Chemicals pioneered the use of carbazole-based
molecules for hydrogen storage. A new class of heteroaromatic
compounds, N-ethylcarbazole (NEC)/dodecahydro-N-ethylcarba-
zole (DNEC), was proposed, which can be used for reversible
hydrogen storage under moderate conditions without generating
unwanted impurities. The dehydrogenation enthalpy of this system
is 51 kJ per mol H,, allowing the dehydrogenation process to
occur at a much lower temperature compared to naphthenic
hydrocarbons.'* Similar systems include N-propylcarbazole (NPCZ)/

H, density
Hydrogen carrier Dehydrogenated carrier wt% gL™! Dehydrogenation enthalpy (k] per mol H,)
Cyclohexane (C¢H;,) Benzene (C¢Hpg) 7.1 56.3 68.6
Methylcyclohexane (C,Hi,) Toluene (C,Hg) 6.1 47.1 68.3
Decalin (CyoHyg) Naphthalene (C;,Hsg) 7.3 64.9 63.9
Cyclohexylbenzene (C1,Hjs) Biphenyl (C1,H;,) 3.8 35.6 65.9
Tercyclohexane (C;gH3,) Terphenyl (C,gH14) 7.2 67.5 —
Perhydro-dibenzyltoluene (C,;Hsg) Dibenzyltoluene (Cy;Hy) 6.2 56.4 62, 65, 71
Dodecahydro-N-ethylcarbazole (C;,H,5N) N-Ethylcarbazole (C,,H;;3N) 5.8 — 50.6
Octahydro-1H-indole (CgH;5N) Indole (CgH,N) 6.4 58.5 51.9
Methanol (CH;0H) Carbon dioxide (CO,) 12.6 99.8 16.5
Ammonia (NH3) Nitrogen (N) 17.7 108 30.6
Ammonia borane (NH;BH3) Hydrolysis: NH,BO, 19.6 145 —52
Hydrous hydrazine (N,H,-H,0) Nitrogen (N,) 8.0 82.6 —25.3

© 2023 The Author(s). Published by the Royal Society of Chemistry
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perhydro-N-propylcarbazole (12H-NPCZ),"”> indole/indoline,
2-methylindole (2-MID)/8H-2-methylindole (8H-2-MID),'® N-
ethylindole (NEID)/octahydro-N-ethylindole (8H-NEID),"” and
tetrahydroquinoline/quinoline.*®

The hydrogenation process of aromatic hydrocarbons
(the term aromatic hydrocarbons in this context refers to a
broader definition and includes non-benzene aromatics)
results in a reduction of Gibbs free energy, often with a large
absolute value, which is thermodynamically advantageous.
Consequently, the conversion and selectivity of the hydrogena-
tion process of aromatic hydrocarbons are very high, with
conversion even approaching 100%. The aromatic hydrogena-
tion process is well-established and has been industrialized.
However, the dehydrogenation reaction is strongly endother-
mic that requires low-pressure and high-temperature condi-
tions while also being limited by reaction equilibrium
constraints.® Early studies on chemical hydrides as hydrogen
storage media indicated that chemical hydrides could not be
recycled for these reasons. Moreover, dehydrogenation catalysts
are susceptible to pore structure destruction, coking, and
deactivation under high-temperature conditions. The dehydro-
genation process might also involve side reactions, such as
hydrogenolysis. Consequently, research on these systems pri-
marily concentrates on the dehydrogenation process.

The activation and breaking of multiple C-H bonds are
required during dehydrogenation, both for the traditional
benzene-cycloalkane and the newly developed carbazole-based
system. Therefore, the selectivity of catalysts is crucial, and the
challenge lies in reducing the cost of dehydrogenation catalysts
while ensuring high conversion, high selectivity, high stability,
and good resistance to coking deactivation. Many studies
indicate that noble metals, such as Pt and Pd, show excellent
performance as the active component of catalysts. The activity
of the catalyst largely depends on the presence of a suitable
structure for the active sites, allowing the adsorption and
activation of reactant molecules. Pt-Based and Pd-based catalysts
continue to be the focus of current research. Although noble
metal catalysts have shown exceptional catalytic activity, the
scarcity of Pt, Pd, and other noble metals in nature, combined
with high industrial costs, limit the practical application of
these catalysts. From an industrial application standpoint,
non-noble metal-based aromatic hydrocarbon dehydrogenation
catalysts, such as those utilizing Ni, Cu, and other active metals,
are more practical. Among these, Ni-based catalysts show
great promise.

To further enhance the dehydrogenation activity of catalysts,
it is common practice to add a second metal component to the
catalyst. Bimetallic catalysts perform well in dehydrogenation
reactions because the second active metal component
can inhibit the migration and agglomeration of the original
active metal on the catalyst surface, thus improving the stability
and specific activity of the catalyst.’® In addition, the perfor-
mance of the catalyst can be improved by modifying factors
such as the catalyst support, the morphology of the catalyst,
and the interaction between the active components and
the support.

462 | EES Catal, 2023,1, 459-494
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2.1 Benzene/cyclohexane

Benzene/cyclohexane is one of the most well-known and classical
LHC systems and has been studied extensively. Dehydrogenation
is the most challenging part of this cycle because the C-H bonds
in cyclohexane are thermodynamically stable and kinetically
inert. In most cases, catalysts are required to accelerate the
dehydrogenation of cyclohexane to hydrogen and benzene.””
Transition metals are commonly used as catalysts for the
activation of C-H bonds because they can hybridize their s- or
d-orbitals with C-H s* anti-bonding orbitals so they can weaken
the C-H bonds of hydrocarbons.>! Transition metal-based cata-
lysts for this process mainly include Pt, Pd, and Co as the active
component.

2.1.1 Pt-Based catalysts. In 1969, Boudart proposed that
cyclohexane dehydrogenation on Pt is a structure-insensitive
reaction.>” However, later in the 1990s, a study using the model
catalyst prepared by depositing inactive metal atoms on
the surface of a Pt(111) single crystal suggested that at least
8 Pt atoms were required for cyclohexane dehydrogenation to
benzene.?® The high cost and low natural abundance of Pt limit
its application in the industry. Reducing Pt particle size is an
effective way to reduce industrial costs and maximize atomic
efficiency. Chen et al. prepared a single-site Pt,/CeO, catalyst
using the modified ascorbic acid-assisted reduction method.
This catalyst has active sites consisting of single Pt atoms and
neighbouring oxygen vacancies and exhibits unique catalytic
properties for the reversible dehydrogenation and hydrogena-
tion of large molecules such as cyclohexane and methylcyclo-
hexane (Fig. 1).** Recently, the concept of a fully exposed
cluster catalyst was proposed by Ma et al.>” A series of platinum
catalysts that have Pt clusters of different sizes anchored on the
curved graphene layer of nanodiamond (ND@G) were prepared
by using the incipient wetness impregnation or precipitation
method.*® The catalytic performance and DFT calculations
prove the advantage of fully exposed few-atom Pt ensembles
in cyclohexane dehydrogenation. Researches on Pt-based cata-
lysts also focus on using different supports and promoters.
Some representative results are summarized in Table 2. Good-
man et al. compared the performance of y-Al,0;, SiO,, and
activated carbon supported Pt catalysts.>” The activity decreases
in the trend of Pt/y-Al,0; > Pt/SiO, > Pt/C. Zhu et al. tested Pt
supported on a series of carbon materials, including hollow
and mesoporous carbon nanoparticles, multiwall carbon nano-
tubes, and activated carbon.”® Among these catalysts, the Pt/
hollow carbon nanoparticle shows the best activity, achieving
cyclohexane conversion of ~80% at 310 °C. The good activity is
ascribed to the short pore channels of carbon nanoparticles
which favor the diffusion of benzene and reduces the coke
formation. Luo et al. used Sn-doped MgAIO, as support for Pt
catalyst in cyclohexane dehydrogenation.>® The Sn-doped MgA-
10, was prepared from the decomposition of hydrotalcite-like
precursors by microwave heating. Pt was introduced by impreg-
nation. The interaction between Sn and MgAIlO, was enhanced
by microwave calcination, making the Sn species more difficult
to be reduced. The interfacial character between Pt and MgAIlO,,
was modified by the addition of Sn, which accelerates the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

Radial Distance /A
(@) HAADF-STEM images with corresponding elemental distribution images and (b) Cs-corrected HAADF-STEM images of Pt;/CeO,.

dehydrogenation hydrogenation

(c) Comparison of the performance of Pt;/CeO, with other catalysts in cyclohexane dehydrogenation. (d) Normalized Pt Ls-edge XANES spectra
and (e) k*-weighted Fourier transform EXAFS spectra (Ls-edge) of Pt in Pt;/CeO,, PtO,, and bulk Pt foil. (i Comparisons of the performance in
dehydrogenation and hydrogenation of different molecules.>* Modified with permission from ref. 24. Copyright (2022) Springer Nature.

Table 2 Pt-based catalysts for cyclohexane dehydrogenation

Temp. Conv.
Catalyst (°C)  Space velocity (%) Sel. (%) Ref.
3 wt% Pt/C 280 1h™ (WHSV) ~58 35
Pt/CN (N-doped carbon) 210 96.03 100 36
Pt,/CeO, 350 24h7! (WHSV) ~30 ~100 24
Pt/MgAl(Sn)O, 550 360 h™' (GHSV) ~11 ~48 29
Pt/ALO; 200 72.1 30
Pt-Ca/Al,0; 350 10 h™' (WHSV)  97.0 31
Pt,Sn/SiO, 600 ~35 ~85 33

migration of reaction intermediates. Besides, the electronic
state of Pt was modified by the formation of PtSn alloy, which
suppresses olefin adsorption on the surface and reduces
the deep dehydrogenation and hydrogenolysis activity. All
these effects contribute to the good activity of Pt/MgAl(Sn)O,.
Kusakabe et al. studied cyclohexane dehydrogenation in a
membrane reactor catalyzed by Pt/Al,0;.°° The FAU-zeolite
membrane was fabricated on a porous a-Al,O; support tube
by hydrothermal synthesis and used to separate benzene and
hydrogen from the reactant. The FAU membrane shows a high
separation factor for benzene over cyclohexane of 70 at 100 °C,
which decreases at higher temperatures. The decrease is caused
by the reduced benzene adsorption at high temperatures,
which reduces the blocking effect of benzene for cyclohexane
diffusion. Separating products during the reaction can increase
the conversion beyond thermodynamic equilibrium. The cyclo-
hexane conversion achieves 72.1% at 200 °C with a sweep gas

© 2023 The Author(s). Published by the Royal Society of Chemistry

flow of 100 mL min~", which is much higher than the equili-

brium conversion of 32.2%. Xu et al. reported that the perfor-
mance of Pt/Al,0; could be improved by the addition of Ca.***?
The introduction of CaO inhibits the coke formation by neu-
tralizing the residual Cl ions on the Al,O; surface which is a key
site for coke formation. The deep dehydrogenation of H-rich
carbonaceous species is suppressed by CaO addition. At the
same time, the coke desorption is enhanced by the increased
hydrogen content of the hydrogen-deficient coke.

The dispersion of Pt and hydrogen spillover capability of the
catalyst is also improved by CaO addition with a decreased
product adsorption on Pt sites by electron transfer from Ca
to Pt. The catalyst with Ca/Pt of 5 shows the best activity and
stability. At low Ca loading, the hydrogen spillover from the
Pt-Al interface is not enhanced efficiently. While at high Ca
loading, The CaO covers the support surface. The strong
interaction between CaO and Pt suppresses the reduction of
Pt and reduces the initial activity. Komatsu et al. tested SiO,
supported Pt-based intermetallic compounds, including Co,
Ge, Sn, Tl, and Zn, in this reaction.*® Pt;Zn/SiO,, Pt;Tl,/SiO,,
Pt;Co/SiO, were prepared by impregnation while Pt;Sn/SiO,,
PtSn/SiO,, and PtGe/SiO, were prepared by chemical vapor
deposition. Pt;Sn/SiO, and PtGe/SiO, show higher activity and
benzene selectivity than Pt/SiO,, while other catalysts show
lower activity and poor benzene selectivity. The difference is
ascribed to the different chemical properties of the second
metal as well as geometric factors. Ali et al. studied the
performance of Pt, Rh, Re, U, PtIr, PtRh, PtRe, and PtU on

EES Catal, 2023,1,459-494 | 463
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v-Al,0; using a pulsed micro-reactor.*® For the monometallic
catalyst, the activity follows the order of Pt/Al,O; > Rh/Al,O; >
Ir/Al,0; > Re/Al,O3; > U/Al,O;. For the bimetallic catalyst, the
PtRh/Al,O; shows the best activity, which is higher than the
Pt/Al,O;. The addition of U in Pt/Al,O; leads to a decreased
activity, possibly because of the low electronegativity of U
than Pt.

In addition to the thermal strategy, the dehydrogenation of
cyclohexane using other energy sources, such as renewable
solar energy, has been studied. This process can be performed
under mild conditions. Recently, Zhang et al. synthesized
Pt/black TiO, photocatalysts via reduction-oxidation-recon-
struction protocol.>” In this method, TiO, nanoparticles were
first reduced by NaBH,, then subjected to surface oxidation
treatment with aqueous H,O,. Pt was finally introduced via a
conventional wet impregnation. The catalyst obtained is desig-
nated as Pt@BT-O. The 0.2 wt% Pt@BT-O can achieve cyclohex-
ane conversion of 99% under 1 h of visible-light irradiation at
43 °C with a ratio of produced benzene to H, close to 1:3.

2.1.2 Other transition metal-based catalysts. Despite the
good performance, the very high cost of Pt affects its practical
application. Consequently, other transition metal-based cata-
lysts have been explored (Table 3). Pd-Based photocatalyst has
become one of the choices. Jeong et al. reported UV-assisted
dissociation of C-H bonds at low temperatures using the TiO,
surfaces modified by Pd nanoparticles (Pd-TiO,).>® Photocatalytic
dehydrogenation requires low pressure and temperature, mak-
ing it a promising H,-release process for LHC compared
to conventional thermocatalytic strategies. Rodriguez-Ramos
et al. used Ir supported on carbon and Al,O; in cyclohexane
dehydrogenation.®® The morphologies of Ir on these two sup-
ports are different. Ir nanoparticles are spheres and rafts in Ir/C
and Ir/Al,O;, respectively. A comparison of H, and CO chemi-
sorption suggests that more than one hydrogen atom can be
adsorbed on the surface of each Ir atom. The support influ-
ences the amount of H adsorbed on Ir. Reaction results show
that cyclohexane dehydrogenation is not sensitive to the metal
dispersion and support type. The Ir catalysts also exhibit good
resistance to the thiophene molecule in the feed.

Some non-noble metal catalysts, such as Ni** and Zn,*" also
show good catalytic activity. Besides, bimetallic catalysts play
an important role in enhancing activity in various reactions
compared to monometallic catalysts, including the dehydro-
genation of cyclohexane. Improving the performance of non-
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noble metal-based catalysts has practical significance for pro-
moting the application of catalysts. Liu et al. studied the
influence of Ni particle size on cyclohexane dehydrogenation
using Ni/Si0,/Mo(110) model catalysts.*> Ni was deposited on
the substrate by vapor deposition and the size was controlled by
changing the deposition time. The results show that the TOF
increases with the decrease of Ni particle size for the particles
smaller than 2.5 nm due to the increase portions of low
coordinated Ni atoms favoring H, desorption, while the TOF
is not sensitive to the particle size for the particles larger than
2.5 nm. Viveros et al. used Al,0;-TiO, as support for Ni in this
reaction.*® The effect of TiO, on the performance of Ni/Al,O; is
influenced by the TiO, content, Ni loading, and reduction
temperature. At low TiO, content, the dispersion and intrinsic
activity of Ni can be promoted by TiO,. However, at high TiO,
content, the metallic Ni surface is partially covered by reduced
TiO, species due to the strong metal support interaction,
resulting in reduced activity. Ichikawa et al. used Pt to promote
the performance of Ni supported on activated carbon cloth
(ACC).** The activity was tested using a spray-pulsed mode
reactor. The addition of only 0.5 wt% Pt into 20 wt% Ni/ACC
increases the hydrogenation production rate by ~1.5 times.
The promotion effect of Pt is ascribed to the easy formation and
desorption of H, on the Pt surface and a synergistic effect of
Ni-Pt for C-H bond activation. Chen. et al. studied the perfor-
mance of Ni-Cu/SiO, in cyclohexane dehydrogenation.*” The
catalysts were prepared by the one-step sol-gel method. Ni/SiO,
shows low dehydrogenation selectivity of <50% at 350 °C due
to the small Ni particle size, which has high hydrogenolysis
activity. The addition of Cu increases the selectivity to benzene,
possibly due to the formation of NiCu alloy. The Nig g5Cug 15/
SiO, exhibits 94.9% conversion of cyclohexane with selectivity
to benzene of 99.5% at 350 °C. SBA-15 was also used as support
for Ni-Cu catalyst."® The NiCu/SBA-15 with Ni and Cu of
4.9 wt% and 3.5 wt% shows a cyclohexane conversion of
99.4% and benzene selectivity of 98.7% at 350 °C. In situ diffuse
reflectance infrared Fourier transform spectroscopy (DRIFT)
shows that vinyl species are present on the catalyst surface
during dehydrogenation. Liu et al. studied the performance of
Ni,P/y-Al,O; in this reaction.*” The catalyst was prepared by the
decomposition of nickel hypophosphite supported on Al,O3
under N, atmosphere. The Ni,P/y-Al,0; shows higher activity,
selectivity, and stability compared to Ni/Al,O; and achieves
cyclohexane conversion of 80% with benzene selectivity of

Table 3 Other transition metal-based catalysts for cyclohexane dehydrogenation

Catalyst Temp. (°C) Space velocity Conv. (%) Sel. (%) Ref.
10 wt% Ag ™" wt% Pt/ACC 300 100 52
Ni-Cu/SBA-15 350 12000 mL g ' h™' (GHSV) 99.4 98.7 46
Ni,P/AL,O, 340 1 h™" (WHSV) 80 99.9 47
Pd/CeO,-HT 450 12000 mL g ' h™" (GHSV) 65.3 100 53
Ni/AlLO, 340 1h™' (WHSV) 65 90 47
1:4 Ag-Rh/Y,0; 300 35.8 54
Co/SiO, 550 2.3 h™' (WHSV) 9.1 74.4 48
Ni/20%Ce0,~Al,0; 350 3h™' (WHSV) ~50 100 55
RANEY"-Ni 320 72.7 100 56
464 | EES Catal, 2023,1, 459-494 © 2023 The Author(s). Published by the Royal Society of Chemistry
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79.9% at 340 °C. The good performance of Ni,P is ascribed to
the positive charge of Ni which enhances the interaction
between reactant and active sites and reduces the adsorption
of benzene as well as the ensemble effect of P in N,P that
inhibits the sintering of Ni,P under reaction conditions. H,
temperature-programmed desorption (TPD) profiles show that
the Ni,P has a stronger H, spillover effect, which may con-
tribute to the good performance. In situ DRIFT shows that the P-
covered Ni sites of Ni,P(0001) should be the active sites.

Sooknoi et al. tested Co/SiO, in cyclohexane dehydrogenation.*
A series of Co/SiO, was prepared by electrostatic adsorption
of Co salts on SiO, using [Co(bipy);](NOs),, [Co(NH;)5Cl|Cl,,
[Co(NH;)6]Cls, and [Co(en),Cl,]Cl. The activity of the catalyst
prepared using [Co(bipy);](NO;), is the highest among these
catalysts, which is ascribed to the highest Co** content in
the catalyst. A comparison of the activity for reduced and
unreduced catalysts shows that metallic Co is much less active
than the Co”* species. It is proposed that the dehydrogenation
on cationic Co** species has two steps. The first one is the C-H
dissociation with the formation of cobalt-alkyl species and Si-
OH, followed by B-H elimination of the cobalt-alkyl species.
Since the activity of this catalyst under H, is higher than N,
atmosphere, it is concluded that a cobalt hydride intermediate
formed under H, can facilitate the C-H activation of reactant
without the necessity for dissociation of the Co-O bond.
Pinard et al. used Ga containing MFI zeolite in cyclohexane
dehydrogenation.”® Three catalysts were prepared by direct
hydrothermal synthesis, ion exchange, and physical mixture.
Ga incorporates into the zeolite framework by direct hydro-
thermal synthesis while deposits on the outer surface by ion
exchange. For the physical mixture, Ga,O; and zeolite are
physically separated. The Ga species located on the outer
surface of zeolite can be reduced and migrate into the zeolite
crystal after high-temperature reducing treatment. The dehy-
drogenation reaction was conducted at 530 °C. Reaction results
show that the catalysts prepared by hydrothermal synthesis
show higher selectivity to benzene than the other two catalysts
due to its weak acid strength. Du et al. reported that the C-Mo,C
composite catalyst could catalyze cyclohexane dehydroge-
nation.>® Catalysts with different Mo contents were prepared
by hydrothermal synthesis followed by carbonized at high
temperatures. The catalyst with 25 wt% Mo content shows
the best activity with conversion of ~11% and selectivity to
benzene of ~100% at 315 °C. Chen et al. studied the perfor-
mance of Cu/SBA-15 in this reaction.”® A series of Cu/SBA-15
with different Cu loading of 1.9-7.1 wt% was prepared by
impregnation. For all the catalysts tested, the selectivity to
benzene is 100%. The 3.7 wt% Cu/SBA-15 shows the highest
turnover frequency (TOF) of 5578 mol h™" mol¢, " at 350 °C
due to the small Cu particle size under reaction conditions.
This catalyst also shows good stability with only slight activity
loss after 20 h on stream. Although the 1.9 wt% Cu/SBA-15
with lower Cu content should have a smaller Cu particle size
at the initial state, the sintering of Cu nanoparticles
after reduction makes the TOF of this catalyst lower than the
3.7 wt% Cu/SBA-15.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.2 Toluene/methylcyclohexane

The toluene/methylcyclohexane system is another attractive sys-
tem of LHC. This system can achieve gravimetric and volumetric
hydrogen storage densities of up to 6.1 wt% and 47.1 g L™,
respectively.”> The enthalpy change for this reaction is
205 kJ mol ! as shown in the equation below.””

C,Hy, — C,Hg + 3H, AH’ =205 kJ mol™*

The methylcyclohexane-toluene-hydrogen (MTH) system,
first proposed by Taube et al, shows great potential for
application."’ Compared to benzene in the cyclohexane-
benzene-hydrogen (CBH) cycle, toluene in the MTH cycle is
less toxic, aligning with the current green energy development
goals. While the hydrogenation of toluene has already been
commercialized, the main challenge lies in resolving the issue
of catalytic dehydrogenation.>® From an energy standpoint, the
MCH system can form a relatively closed loop if the heat
generated from the hydrogenation reaction is utilized for the
dehydrogenation reaction and gasification of reactants.

Catalytic dehydrogenation of MCH is typically carried out
using heterogeneous catalysts with metal and acid functional-
ities. A crucial aspect of developing catalysts for this system is
optimizing the metal and acid functions of heterogeneous
catalysts to prevent unwanted byproduct generation and
enhance toluene formation.”>*® Dehydrogenation of MCH is
an endothermic reaction accompanied by an increase in gas
volume, making it more favorable at high temperatures and low
pressures. However, most catalysts do not perform well under
high-temperature conditions, primarily due to coke formation
during dehydrogenation. Coke deposition can significantly
reduce catalyst performance and even deactivate it, leading to
an increase in byproducts, decreased selectivity, and reduced
reactant conversion. Therefore, developing catalysts with good
stability, product selectivity, and catalytic activity at relatively
low temperatures is of great importance. The dehydrogenation
of MCH is recognized as a structure-sensitive reaction, and in
this context, the support structure greatly influences catalytic
performance. Common supports, such as molecular sieves,
metal oxides, composite metal oxides, and activated carbon,
are generally suitable for MCH dehydrogenation catalysts.
Several representative catalysts for this reaction are listed in
Table 4.

For the catalytic dehydrogenation of MCH, similar to cyclo-
hexane, Pt-based catalysts have been widely studied as Pt can
effectively activate C-H bonds without splitting C-C bonds.>®
Different supports have been used for Pt-based catalysts
in MCH dehydrogenation. Biniwale et al. used single metal
oxides and perovskites, including La,0;, ZrO,, TiO,, CeO,,
Fe,0;, Al,O3, MnO,, LaNiO;z;, and Lay;Y,3NiO; as supports
for Pt in MCH dehydrogenation in a spray-pulsed reactor.®!
For the single metal oxide, the Pt/La,O; shows the best
activity of 21.1 mmol gpeea  min~ ' at 350 °C. The performance
can be further improved by using LaNiO; and Lag;Y,3NiO;
as supports, achieving hydrogenation formation rate of
30.3 mmol gper - min~' and 45.3 mmol gpera - min~ ' at
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Table 4 Catalysts for methylcyclohexane dehydrogenation
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Catalyst Temp. (°C) Space velocity Conv. (%) Sel. (%) Ref.
Mo,¢-Si0, 400 92.4 h™" (WHSV) 90 78
8 wt% Ni-2 wt% Cu/ACC 350 25.78 76
Pt-Sn/MgAIO, 300 9.2 h™' (WHSV) 90.5 ~100 69
Ir/USY 300 92.4 h™' (WHSV) 13.1 89 65
Pt-B1/Al,03-600 350 23 h™' (WHSV) 81.5 >99.9 84
Pt/Al,05-TiO, 400 5h" (WHSV) 93 99 67
Pt-Sn/Al,O; 300 600000 mL ¢ " h™" (GHSV) ~23.6 ~99.99 85
Pt;(Feg 752N 55)/Si0, 320 99 >99.8 86
Ni,AlO, 450 3h™' (WHSV) 77.4 85.6 87
Gas,Pt/SiO, 450 1730 h™' (GHSV) 15 85 19
Pt/GAC-S 300 5h™" (WHSV) 63 88
Zn/Ni-SiO, (Ni:Zn = 80:20) 350 18 h™' (WHSV) ~76 97 89
Pt/Y,053 350 98 ~100 62
Pt/activated carbon 300 28 h™' (WHSV) 42 >99 63
Pt/pyrolytic waste tire char 300 3h™' (WHSVY) >95 ~100 64
Cu-Pt/s-1 350 4.6 h™' (WHSV) 59.35 99.94 66
Pt/TiO,-AL,0; 400 5h" (WHSV) 93.2 99.1 67
Pt/Ce-Mg-Al-O 350 9h™' (WHSV) 98.5 >99.9 70

350 °C, respectively. The Pt/La, ;Y 3NiO3 also shows good selec-
tivity, as no methane can be detected in the product. In a
later work, V,05 and Y,0; were also used as supports for Pt.%*
The Pt/Y,O; shows a high hydrogen formation rate of
703 mmol gue | min~ ' at 350 °C, which is stable up to
150 min. The good activity is ascribed to the high dispersion
of Pt on Y,0; (31.5%) as determined by CO adsorption.
Bao et al. used activated carbon as support for Pt in MCH
dehydrogenation.®® The surface of activated carbon was mod-
ified by oxidation with HNO; and reduction in H,. Oxygen-
containing groups, such as carboxylic acid groups, can be
created on the surface of activated carbon during HNO; oxida-
tion. After H, reduction, carboxylic acid and anhydride groups
are removed while the thermal stable groups, such as lactone,
phenol, and carbonyl, are preserved. The two-step modified
catalysts show better activity than the unmodified or only
oxidized catalysts. The difference in activity is ascribed to the
different Pt dispersion caused by different surface groups.
Liu et al. used pyrolytic waste tire char as support for Pt.** The
waste tire char was purified in multi-steps before being used as
the support. The organic impurities in the waste tire char were
extracted by toluene refluxing, while the inorganic metal oxides
were removed by H,SO, washing. Then the support was activated
in steam to create the porous structure. The supported catalysts
with Pt loading 0.4-1 wt% show better activity than the catalyst
with low Pt content, achieving MCH conversion over 95% with
selectivity to toluene of nearly 100%.

Besides Pt, other noble-metal can catalyze MCH dehydro-
genation. Vasudevan et al. compared the performance of USY-
supported Ir, Pt, Pd, and Ni.®® The activity follows the order of
Ir » Pt > Pd > Ni. The good activity of Ir/USY compared to Pt/
USY is ascribed to the larger Ir nanoparticles formed due to the
moderate interaction between Ir and USY. Larger particles have
fewer kink sites which are active for the hydrogenolysis reaction
and responsible for reduced selectivity. The deactivation of
catalysts due to coke formation is related to the acidity of the
catalyst. High total acidity of Pd/USY leads to severe coke
formation and deactivation for this catalyst. The activity and

466 | EES Catal, 2023,1,459-494

selectivity of the noble-metal-based catalysts can be modified
by adding promoters. Guo et al. improved the performance of
Pt/S-1 in MCH dehydrogenation by doping Cu.®® The catalysts
were prepared by adsorption of metal precursors using
silicalite-1 as support, followed by calcination. The Cu-Pt/S-1
exhibits better activity, selectivity, and stability than Pt/S-1
and Cu/S-1, showing an average H, formation rate of
288.9 MmOl g - Mmin~' with a MCH conversion of 59.35%
at 350 °C. Formation of Pt-Cu alloy increases the dispersion of
Cu, facilitates the charge transfer from Pt to Cu, decreases the
electron density of Pt, and reduces the over-dehydrogenation
and hydrogenolysis activity of the catalyst.

Lin et al. used TiO, to modify Al,O; support for Pt/Al,O3
catalysts.®” TiO, was deposited on Al,0; by chemical vapor
deposition. The Pt/TiO,-Al,0; with 11.5 wt% TiO, shows the
best activity with an average MCH conversion of 93.2% and
toluene selectivity of 99.1% at 400 °C. The TiO,-coated Al,O3
combines the advantage of the high specific surface area of
Al,O; and strong interaction between Pt and TiO,, which
results in a good Pt dispersion of 57.5%. The surface density
of weak acid sites is reduced by TiO, modification while the
density of strong acid sites increases. At the same time, the
electron density and H spillover on Pt are promoted. All these
effects contribute to the increase in activity. Sekine et al. also
studied the promotion effect of TiO, on Pt/Al,0;.°® The repul-
sion between the n-coordination of toluene and electron-rich Pt
on TiO,-Al,0; promotes the desorption of toluene and sup-
presses the further demethylation to benzene and methane or
coke formation. Yang et al used Pt-Sn/MgAlO, in MCH
dehydrogenation.®® The MgAlO, support was prepared from
Mg-Al layered double hydroxides by calcination, and Pt and
Sn were introduced into MgAlO, by impregnation. The activity
and stability of Pt/MgAlO, were improved by the addition of Sn.
X-ray photoelectron spectroscopy (XPS) results reveal the exis-
tence of electron transfer from Sn to Pt, which may be related to
the improved activity by increasing the interaction between
electron donor and Pt and thereby enhancing the reactant
adsorption and product desorption. The good stability is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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ascribed to the absence of acid sites in support, large pore size
that reduces the diffusion resistance of the product, and a
drain-off effect of Sn in assisting the migration of coke pre-
cursors to the support. In a later work, Pt supported on
CeMgAlO, derived from layered double hydroxide precursors
was employed in this reaction.”® The catalysts with different Ce
content were prepared by one-step co-precipitation and the
introduction of Ce could promote the activity. The catalyst with
Ce content of 14% shows the best activity with a hydrogen
formation rate of 1358.6 MmOl e - Min~ ' due to the
smallest Pt particle size of 2.28 nm and the largest specific
surface area of 163.1 m”> g~ . This catalyst also shows a good
stability as no coke formation and deactivation could be
observed after 10 h on stream. The performance of Pt-based
catalyst can also be improved by Mo, as reported by Boufaden
et al.”' Mo was introduced into SiO, support via sol-gel route
before the introduction of Pt by impregnation. The catalyst
with 8 wt% Mo shows the best activity. At higher Mo content
(10.6 wt% and 12.7 wt%), MoO,-Pt core-shell nanoparticles
will form with a decline in activity. There is a linear correlation
between the activity and the surface Pt°/Mo*" ratio, indicating
that both MoO, and Pt° sites participate in the reaction and the
catalyst shows a bifunctional character of both metallic
and acidic character. Sekine et al. reported that Mn could act
as a promoter to improve the performance of Pt/Al,0;.7%7?
The MnO, selectively covers the unsaturated step facets on Pt
which have high activity for demethylation, thus improving
the dehydrogenation selectivity. Wasserscheid et al. studied
the performance of Ga-rich, supported catalytically active
liquid metal solution represented by Gas,Pt/SiO, in MCH
dehydrogenation.” Pt was dissolved in the Ga matrix, which
is supported on SiO,. Due to the low melting temperature of Ga,
the alloy presents in the liquid state under reaction conditions
and Pt in the atomically dispersed state. This catalyst shows
higher activity and better stability than Pt/SiO, and achieves
conversion of 15% with toluene selectivity of 85% at 450 °C. No
significant deactivation can be observed for 75 h on stream,
possibly due to the atomically dispersed and dynamic state of
Pt in the liquid Ga matrix under reaction conditions.

The non-noble metals such as Ni and Mo have also been
used in MCH dehydrogenation. Unsupported RANEY®™-Ni
shows some activity in this reaction.”* Yolcular et al. studied
the performance of Ni/Al,O; with Ni content between 5-20 wt%
in this reaction.”> MCH conversion increases with the Ni
content in the range studied and 20 wt% Ni/Al,O; achieves
MCH conversion of 92% at 440 °C. Biniwale et al. used NiCu
supported on activated carbon cloth with different Ni/Cu ratios
in this reaction.”® The catalyst with 8 wt% Ni and 2 wt% Cu
shows the best activity with a MCH conversion of 25.78%. The
improved dehydrogenation activity and decreased hydrogeno-
lysis activity are ascribed to decreases adsorption strength of
hydrocarbon intermediates due to the formation of NiCu alloy.
Takanabe et al. studied the effect of Zn on Ni/Al,O; in MCH
dehydrogenation.”” The Zn in NiZn/Al,0; occupies the low
coordination corner and edge sites which are active for C-C
dissociation and thereby improves the toluene selectivity.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The rate of MCH dehydrogenation on NiZn/Al,O; shows a
~0.5 order dependence on the H, partial pressure, indicating
that the rate-determining step involves H-derived species.
Density functional theory (DFT) calculations suggest that the
exothermic toluene dissociative adsorption by losing one H
atom from the methyl group occurs on the catalyst surface
during MCH dehydrogenation. The adsorption of this species is
so strong that the reverse hydrogenation and desorption to
form toluene needs to overcome an energy barrier of 1.29 eV
and becomes the rate-determining step. Therefore, the rate of
dehydrogenation reaction shows a positive order dependence
on the H, partial pressure. Boufaden et al. prepared Mo-SiO,
catalysts with different Mo content via sol-gel route and tested
them in MCH dehydrogenation.”® MoO, formed after the
reduction is ascribed to be the active phase for dehydrogena-
tion. The catalyst with Mo/Si of 0.1 shows the best activity at
400 °C with toluene selectivity of 90%. Further increase in the
Mo content causes the decrease of activity due to the decreased
MoO, dispersion and formation of MoO;. The acidity of the
catalysts also increases with the increased Mo content, result-
ing in coke formation.

It is worth mentioning that in the cycle of the MTH system,
in addition to the conventional fixed-bed reactor, some other
promising reaction systems have been studied. Takise et al.
reported low-temperature catalytic dehydrogenation of MCH by
applying an electric field in the fixed-bed flow reactor.””
Typically, 3 wt% Pt/CeO, catalyst demonstrates the highest
MCH conversion under the electric field which exceeds the
thermodynamic equilibrium at 150 °C. The enhanced conver-
sion under the electric field is ascribed to the proton hopping
on the catalyst and the suppressed reverse hydrogenation
reaction in the presence of electric field.

2.3 Polycyclic aromatic hydrocarbons

Decalin/naphthalene is one of the widely studied systems with
a theoretical hydrogen capacity of 7.3 wt% and dehydrogena-
tion heat of 63.9 kJ per mol H,. Naphthalene exists as a solid at
ambient conditions. These factors complicate the implementa-
tion of the storage system and hinder practical applications to
some extent.’ Despite these disadvantages, decalin is consid-
ered an excellent hydrogen source for fuel cells due to its high
energy and power densities, low energy consumption, safety,
economy, and ease of operation. Consequently, it holds promise
for applications such as hydrogen sources in fuel-cell vehicles.”®
Catalysts based on Pt-group metals exhibit exceptional perfor-
mance in decalin dehydrogenation, with size-dependent activity.
This underscores the importance of controlling Pt particle size
and achieving ideal dispersion by adjusting the catalyst support
for the dehydrogenation process.®® Studies have shown that Pt
atoms with a low coordination number are more efficient than
those with a high coordination number, as they have a lower
energy barrier.®! Nevertheless, the dehydrogenation product of
decalin, naphthalene, strongly adsorbs on the Pt surface. A few
studies show that the kinetics of decalin dehydrogenation is
limited by naphthalene desorption.””®* Changing the adsorp-
tion behaviour of the reactant is crucial, and adjusting the
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electronic structure of Pt by modifying the support is an effective
strategy. Commonly used catalyst supports include activated
carbon and metal oxides. Activated carbon is particularly attrac-
tive due to its low cost and good performance. Sebastian et al
reported that 4 wt% Pt/C could effectively catalyze decalin
dehydrogenation.®?

Tuo et al. improved the dehydrogenation performance of Pt/
CNT by modifying the surface of CNT with nitrogen and oxygen
functional groups.’® Recently, Tuo et al. used MgAl,O, to
modulate the electronic structure of Pt nanoparticles. The
prepared catalyst, Pt/MgAl,0,, exhibited record-high dehydro-
genation activity, which is almost as twice as the activity of
Pt/CNF®' (Fig. 2). Some bimetallic catalysts have also been
studied as they not only show distinctly different electronic
and chemical properties from Pt itself, but also explore ways to
reduce catalyst costs. Qi et al. designed Pt-Ni bimetallic cata-
lysts supported on active carbon, with the bimetallic catalyst
1Ni-1Pt/C displaying higher dehydrogenation activities than
the monometallic catalysts.”* Apart from Pt-based catalysts,
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other metal-based catalysts have shown promise for the reac-
tion. Kim et al. found that decalin is more easily dehydroge-
nated on Pt/C, while tetrahydronaphthalene is more easily
dehydrogenated on Pd/C.?* The difference in catalytic activity
and selectivity can be attributed to the distinct structural
properties and adsorption mode preferences between Pd and
Pt catalysts during dehydrogenation. Non-precious metal-based
catalysts have also been studied. For example, Al-Muntaser
et al. reported that a Ni-based catalyst, nickel(u) stearate,
reached the maximum decalin conversion rate of 21.95%.°* It
is worth mentioning that some studies have found that the
microwave effect appears in the process of tetrahydronaphtha-
lene, but in the dehydrogenation of decalin, microwave heating
is of little use to improve the catalytic performance.”®
Perhydrodibenzyltoluene (H18-DBT) is another promising
LOHC with a hydrogen storage content of 6.2 wt%. Mixtures
of isometric benzyltoluenes and dibenzyltoluenes are used
as heat-transfer oil in industry and produced on a large
scale. The dehydrogenation of H18-DBT undergoes different
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Fig. 2

(a) Comparison of dehydrogenation activity of Pt/MgAl,O4 and Pt/CNF with other catalysts at different temperatures. (b) Normalized Pt Lz-edge

XANES spectra and (c) k*-weighted Fourier transform EXAFS spectra (Ls-edge) of Pt for Pt foil, PtO,, Pt/CNF, and Pt/MgAl,O,4.°* Modified with permission

from ref. 91. Copyright (2021) Elsevier Inc.
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intermediates, including H12-DBT, H6-DBT, to dibenzyltoluene
(HO-DBT). This reaction can be catalyzed by Pt and Pd-based
catalysts. Wasserscheid et al. compared the performance of Pt/C, Pt/
Al O;, Pt/SiO,, Pd/C, and Pd/Al,O; in H18-DBT dehydrogenation.®®
Pt-Based catalysts show higher activity than Pd-based catalysts and
Pt/C exhibits the best activity among the catalysts tested, achieving
71% degree of dehydrogenation at 270 °C at catalysts loading of
0.15 mol%. In a later work, The reversible hydrogen storage in a hot
pressure swing reactor using H18-DBT and dibenzyltoluene cycle
catalyzed by Pt/Al,O; was demonstrated by Wasserscheid et al.”’
The reactor was operated at 290-310 °C. At this temperature, both
hydrogenation and dehydrogenation can take place catalyzed by
Pt/Al,O;. The reaction direction is changed by the hydrogen
pressure. Hydrogenation is achieved at high pressures, while
dehydrogenation is achieved at low pressures. Between the change
of reaction direction, the reactor does not need to be cooled,
making this system suitable for the fast start-up. Since the exother-
mic hydrogenation reaction can operate at a temperature slightly
higher than the endothermic dehydrogenation, a heat storage
system can be applied to utilize the hydrogenation heat for
dehydrogenation. Qi et al. studied the influence of surface hydroxyl
groups and oxygen vacancies of Al,O; on the performance of
Pt/AL,05.”° The surface of Al,O; was modified by H, or O, plasma
treatment. Surface treatment by H, increases the surface oxygen
vacancies, while treatment by O, increases the surface hydroxyl
groups.

The catalysts treated by O, plasma show improved hydro-
genation and dehydrogenation activity, selectivity, and long-term
performance. The high side reaction activity and poor stability
for the catalyst pretreated by H, plasma are due to the high
proportion of low coordinated Pt species. Bessarabov et al
reported that the activity and selectivity of Pt/Al,O; could be
promoted by adding Mg dopants in Al,O; support.”® The addi-
tion of Mg decreases the acidic property of the Al,O; support,
improves the stability of the catalyst, and promotes the
desorption of HO-DBT. Kang et al. studied the dehydrogenation
of H18-DBT on the Pt-based subsurface alloys (Pt/M/Pt(111),
where M = Pd, Cu, or Ni) using DFT calculation.'® The results
show that the rate-determined step is the first step of dehydro-
genation in the middle ring of H18-DBT for all the surfaces
studied. It is proposed that the hydrogen adsorption strength
might be a descriptor for the dehydrogenation activity since the
d-band centers and reaction energies for the rate-determining
step correlate to the hydrogen adsorption energy. The Pt/Pd/
Pt(111), tensile-strain-applied Pt/Pd/Pt(111), and tensile-strain-
applied Pt/Cu/Pt(111) might be promising catalysts due to the
low hydrogen adsorption energy of less than or equal to —0.6 eV.

2.4 N-Heterocyclic molecules

The lower endothermicity of heterocyclic organic liquids com-
pounds is conducive to the dehydrogenation process, which
means that heterocycles have the potential as hydrogen storage
carriers. However, their disproportion, alkyl transfer, degrada-
tion by C-N cleavage, and other side reactions affect their
application in industry."®" The introduction of nitrogen atoms
into the conjugated structure of aromatic hydrocarbons has

© 2023 The Author(s). Published by the Royal Society of Chemistry
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been shown to effectively lower the temperature required for
dehydrogenation reactions."®'°7'%* Researchers have expanded
the LHC system with a variety of N-heterocycles, including
carbazole,'® benzpyrole,'® pyridine,'®” benzopyridine,'*® and so
on, among which the most studied is N-ethylcarbazole. Noble
metal-based catalysts, such as Pd'*® and Pt,"'® have garnered the
most attention for their role in the dehydrogenation of N-
heterocycles. To assess the effectiveness of these N-heterocycles
within the LHC system, researches rely on various performance
indicators, including hydrogen storage capacity, operating condi-
tions, conversions, and turnover frequency (TOF).

2.4.1 Dodecahydro-N-ethylcarbazole  (DNEC)/N-ethylcar-
bazole (NEC). Focusing on N-heterocycles, carbazole and its
derivatives have emerged as primary research compounds for
LHC systems, particularly NEC. In recent years, the system of
DNEC/NEC has drawn considerable interest in LHC studies
(Table 5).""*"'™* Unlike cyclohexane and MCH, the introduction
of N atom efficiently reduces the dehydrogenation temperature,
potentially lowering the hydrogen storage cycle temperature to
below 200 °C."™ A single DNEC molecule can generate six
hydrogen molecules, offering a high hydrogen storage capacity
of up to 5.8 wt%."'® During the dehydrogenation process,
partially hydrogenated intermediates such as tetrahydro-N-
ethylcarbazole (4H-NEC) and octahydro-N-ethylcarbazole
(8H-NEC) are produced together with NEC. The fact that all
products and reactants remain liquid in this hydrogen storage
system offers a significant advantage for application.'”” Like
other LHC, transition metals serve as catalysts for DNEC
dehydrogenation. By altering the metal species and catalyst
support, the selectivity and activity of catalysts can be con-
trolled and adjusted. The most commonly used metals include
Pd, Pt, and Ru, among others. Although several studies have
compared different noble metals,"*”**® there is no definitive
rule determining the best catalyst.

2.4.2 Catalysts for DNEC dehydrogenation reaction. Since
the first report by Smith et al. in 2009,"'° Pd-based catalysts
have been the most commonly studied catalysts in DNEC
dehydrogenation. To maximize the atomic efficiency of pre-
cious metals, it is necessary to improve their dispersion.
At present, different synthesis strategies have been employed
to drive Pd atoms into highly dispersed state.'**"'**> Smith et al.
studied the structure sensitivity of DNEC dehydrogenation over
Pd catalysts in 2011."* According to experimental results and
DFT calculations, multiple catalytic sites were required and the
heat of adsorption depended on the surface structure. In 2017,
Yang et al. focused on the kinetic study and revealed that there
were three stages in the dehydrogenation of DNEC."** The rate-
limiting step is considered to be the third step, namely 4H-NEC
dehydrogenated to NEC. The supports of Pd-based catalysts
show significant impacts on the catalytic activity. $i0,"** and
Al,0;'* are the most used supports. Mesoporous silica,'*?
reduced graphene oxide (rGO),"*° CNT,"*" and other supports
have also been applied. Fu et al. reported a new strategy of
using PdO as the active site and activated carbon as the
substrate."*® PAO/AC showed great performance with a conver-
sion of 100% and yield of 95.8% at 100 °C. Several researches
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Reaction Catalyst Conditions Time (h) Conv./yield (%) Cycles H, stored (wt%) Ref.
Hydrogenation LaNi; 5 453 K, 7 MPa 8 96.8 9 5.5 145
Ni,o/AlSiO 423 K, 7 MPa 1.5 100 ~5.7 112
Pd/Al,O5-YH, 453 K, 10 MPa 2.0 94.8 3 5.5 114
Co-B/ALOs-YH; 453 K, 10 MPa 2.0 >94 3 5.5 135
RuPd/LDH 393 K, 6 MPa ~1.3 99.3 8 5.75 147
Ru/YH,3 363 K, 1 MPa 100 146
Dehydrogenation LaNi; 5 473 K, 0.1 MPa 6 91.7 9 5.5 145
h-BNNS 393 K 74 111
Pd/KIT-6 453 K, 0.1 MPa 6.0 97.4 10 5.59 113
Pd/Al,05-YH; 473 K, 0.1 MPa 4.0 94.8 3 5.5 114
Pt/TiO, 453 K, 0.1 MPa 7 100 5.38 117
Pd/TiO, 453 K, 0.1 MPa 7 100 5.25 117
Rh/TiO, 453 K, 0.1 MPa 7 100 3.72 117
Au/TiO, 453 K, 0.1 MPa 7 75.7 1.59 117
Ru/TiO, 453 K, 0.1 MPa 7 14.1 0.42 117
Pd/Al,0O4 453 K, 0.1 MPa 7 100 4.64 117
Pd/rGO-EG 443 K, 0.1 MPa 12.0 100 5 5.49 120
Co-B/ALO;-YH;_, 473 K, 0.1 MPa 7.0 >94 3 5.5 135
Pd;Au,/SiO, 453 K, 0.1 MPa 8.0 100 5.7 148
Pd;Ni,/SiO, 453 K, 0.1 MPa 8.0 100 5.63 105
Pd;Cu,/SiO, 453 K, 0.1 MPa 8.0 100 5.47 105
Pd/MgAL,O, 453 K, 0.1 MPa 98.3 149
Pd/MoO; 473 K, 0.1 MPa 1.5 5.8 136
Pd,Co,/ALO; 473 X, 0.1 MPa 8.0 100 5.52 150

using mesoporous materials in the past years are noteworthy. Bai
et al. prepared Pd nanocatalysts (Pd/KIT-6) via inorganometallic
chemical adsorption (ICA) and sonochemical reduction.’™® Typi-
cally, the Pd dispersion of Pd/KIT-6 could reach 97% and the
dehydrogenation efficiency maintained above 95% after 10 cycles.
Bai et al performed attempt with highly dispersed Pd/SBA-15
catalysts via glow discharge plasma.'®” After 7 cycles at 180 °C, the
dehydrogenation efficiency of Pd/SBA-15 remained above 97%.
Furthermore, metal-organic frameworks (MOFs) could also be
used as the precursors of Pd catalysts."”® Recently, Ma et al.
systematically studied the structure sensitivity of Pd catalysts with
different sizes."®® The results showed that Pd single-atom sites
were ineffective for the dehydrogenation reaction. With the help
of bulk-sensitive X-ray absorption spectroscopy and single-atom
sensitive electron microscopy, the authors confirmed that the fully
exposed atomic-layered palladium clusters, with an average Pd-Pd
coordination number of ~4.4, performed the best activation of
reactants and desorption of products.

Pt catalysts are another kind of catalyst widely used in
dehydrogenation reactions, with overall performance close to
Pd catalysts. The reaction mechanism of Pt(111) is very similar
to Pd(111). From 173 K, DNEC undergoes molecular adsorption
at Pt(111) and stepwise dehydrogenation to NEC while heating
to 380 K."*° Meanwhile, C-N bond will be broken above 390 K,
~60 K higher than Pd(111). Al,O; is the commonly used
support for Pt-based catalysts."*" Wasserscheid et al. first applied
egg-shell catalysts in the dehydrogenation of DNEC."** An inert
non-porous ao-alumina core and an active, porous y-alumina shell
of defined thickness were impregnated with Pt by a hybrid sol-gel
suspension process. Their results confirm that pore diffusion
strongly affects the dehydrogenation reaction in almost all com-
mercial catalysts. Recently, TiO, has been applied in Pt-based
catalysts.""”'** The catalytic activity of the noble metal catalysts
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on TiO, followed the trend of Pt > Pd > Rh > Au > Ru.'"
Jiang et al. proved the introduction of the Si-O-Ti species could
strengthen the metal-supporting interaction and increase the
oxygen vacancy concentration for efficient dedrogenation.'**

At present, most catalysts used in the dehydrogenation
reaction are noble metal-based catalysts. Non-noble metal
catalysts have also been explored due to the scarcity of noble
metals. Fu et al. reported that high crystallinity hexagonal
boron nitride nanosheets (h-BNNS) performed high catalytic
efficiency in the dehydrogenation of DNEC due to the synergistic
effect of the nanoporous structure and highly ordered crystalline
pattern.’™* Zheng et al. prepared a two-direction catalyst, namely
Co-B/AL,O3-YH;-x, for reversible hydrogen storage in NEC/
DNEC,"*®> which is the first non-noble metal catalyst used for
both NEC hydrogenation and DNEC dehydrogenation reaction.
Synthesis of bimetallic catalysts is also an important strategy for
dehydrogenation catalysts, which usually have catalytic activity
for both hydrogenation and dehydrogenation."**"**"*” You et al.
investigated the effect of interheteromolecular hyperconjugation
on heterogeneous (de)hydrogenation catalyzed by Rh-Pd loaded
silicon-aluminium oxide supports (Rh-Pd/SAO)."*® Sun et al
synthesized reusable bimetallic Pd-Rh nanoparticle catalysts."*’
The optimized catalyst performs a hydrogen release of 5.48 wt%
in 4 h and the maximum hydrogen uptake of 5.43 wt% in 1 h. The
good activity is ascribed to the synergistic effect between Pd and
Rh nanoclusters.

2.4.3 Catalysts for NEC hydrogenation reaction. The most
used catalysts for the hydrogenation reaction are Ru-based
catalysts."**'**> The mechanism of hydrogenation was first
discussed by Tsang et al. in a stepwise manner over metal
catalysts."*® It is concluded that steric constraints make the
catalyst inefficient in terms of activity and selectivity. Chen
et al. reported a Ru single-atoms supported on BEA zeolite

© 2023 The Author(s). Published by the Royal Society of Chemistry
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catalyst with a hydrogen uptake of 5.69 wt% (Fig. 3).***
The synergistic effects of Ru single atoms and BEA zeolite
(the strong acid sites of zeolites) can lower the activation energy
and accelerate the hydrogenation rate. Zheng et al. applied rare
earth metals in the hydrogenation of NEC.'* It is reported that
the sub-pm LaNi; 5 particles can catalyze the reversible hydro-
gen storage in NEC/DNEC below 473 K, which stem from the
change of H concentration in the LaNis-H solid solution.
Notably, the combination of Ru single atoms with YH; can
achieve complete hydrogenation of NEC at 363 K and 1 MPa
hydrogen."*°

2.4.4 Indole. Recently, significant attention has been paid
to indole and its derivatives, which are low in price and show
the potential for application in LHC. Compared with other
N-heterocycles, Indole has great application prospects because
of the high hydrogen gravimetric capacity (6.4 wt%). There
are still lots of problems in the dehydrogenation process.
For instance, octahydroindole is susceptible to ring-opening
reactions to form other products, which seriously affects the
cycling performance and hydrogen production efficiency.'*®
The most used catalysts for dehydrogenation include Pt"*" and
Pd"** based catalysts. The dehydrogenation mechanism has not
been fully revealed. Ouma et al. used Ab initio calculations to
study the adsorption properties of reactants and products on a
Pt(111) surface.” The calculated reaction energies explain that
the dehydrogenation of octahydroindole to indole will either

View Article Online
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select a reaction pathway through indoline or not. Papp et al.
performed a systematic study on indole to reveal the surface
chemistry of indole and possibly tweak the deprotonation
reaction and temperature.’>® The results indicate that methyl
has a strong impact on the stability of reaction intermediates,
which can be used to tailor more suitable LHC systems.
Besides, with the hydrogen gravimetric density of 5.23 wt%,
N-ethylindole is also used in the LHC system."’

2.4.5 Other N-heterocycles. The use of quinoline'®® and
pyridine'® in LHC has also been reported. In 2019, Beller et al.
applied Ni-based nanocatalysts in reversible hydrogenation and
dehydrogenation reactions of quinoline and its homologues."*®
The hydrogen uptake/release properties could be maintained
after three consecutive cycles under optimized conditions. Lim
et al. detailed a large-scale (1000 m® per h H,) LHC dehydro-
genation system and evaluated 2-(N-methylbenzyl)pyridine in
the process simulation.">* These results illustrate the promise
of N-heterocycles in LHC systems.

3. Methanol

The consumption of fossil fuels increases the emission of carbon
dioxide (CO,). Carbon capture and utilization (CCU) is an
effective way to reduce the excessive CO, concentration in the
atmosphere.'® Furthermore, the synthesis of methanol from
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Fig. 3 (a) Aberration-corrected HAADF-STEM image and (b) corresponding element mapping images of Ru(Na)/Beta. (c) Comparison of the

performance of different catalysts in the hydrogenation of N-ethylcarbazole. (d) Ru K-edge XANES spectra, (e) k*-weighted Fourier transform Ru
K-edge EXAFS spectra, and (f) EXAFS fitting curve of Ru(Na)/Beta.!** Modified with permission from ref. 144. Copyright (2022) Elsevier Inc.
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CO, and hydrogen is a feasible way to reduce the concentration
of CO, in the atmosphere.’>® Methanol has been proposed to
replace fossil fuels partially.®” From another perspective, it is
possible to use methanol as LHC. Methanol can store 12.6 wt%
H, in each molecule, which is higher than cyclohexane and other
LHC substances. Methanol is a stable liquid substance at room
temperature that can be easily transported. Hydrogen can be
generated from methanol through steam reforming as shown in
the following equation.

CH,OH + H,0 = CO, + 3H, AHJgox = +49.7 k] mol™*

MSR reaction is endothermic and heat from an external
source is required. On the other hand, due to the absence of
C-C bond in methanol molecule, its steam reforming can be
achieved at a relatively low temperature (150-350 °C) compared
to other alcohols and hydrocarbons. During MSR, the reaction
of methanol decomposition and water-gas shift reaction"®
might also occur.

CH,0H = CO, + 2H, AHjgox = +90.7 k] mol™*
CO + H,0 = CO, + H, AHYgox = +41.2 k] mol™?

The main drawback of methanol decomposition is the
byproduct of this process, CO, which can poison some catalysts.
Therefore, reducing the CO content in the effluent is one of
the targets of concern. In recent years, there have been many
reports on the dehydrogenation of methanol to hydrogen.
However, in many catalytic reactions, less than three molecules
of hydrogen can be obtained from a single molecule of metha-
nol. The by-products, CH, and CO, will reduce the purity of the
hydrogen product, which brings additional problems of hydro-
gen purification.

3.1 Heterogeneous catalysis for MSR

Catalysts play a crucial role in methanol steam reforming by
increasing the reaction rate. Heterogeneous catalysts, in parti-
cular, have garnered attention in this area due to their benefits
in large-scale applications, such as good stability, simple
separation, and reusability. A wide range of catalysts, including
Cu, Pt, Pd, and metal oxide-based catalysts, have been explored
for their potential use in MSR (Table 6).

3.1.1 Cu-Based catalyst. Cu-Based catalysts are widely used
in heterogeneous catalysis, such as water-gas shift reaction
and methanol synthesis from carbon monoxide, and also show
good activity in methanol steam reforming.’®® Cu is usually
employed together with ZnO to construct active catalysts. The
synergistic effect between Cu and ZnO has been widely studied
in different reactions.'®® Cu®-ZnO contact,"**%> Cu" dispersed
in ZnO,'®*'** formation of CuZn alloy, strained Cu
induced by interaction with ZnO,'®” as well as charge transfer
between Cu and ZnO'®® are proposed to explain the promotion
effect of ZnO. ZrO, and other supports have also been used to
construct active Cu catalysts and show good performance.
Different promoters, including metal oxides and metals, have
been added into Cu catalysts as structure or electron promoters

165,166
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to improve the performance. Cu has a low Tammann tempera-
ture of ~405 °C and sinters easily under high reaction tem-
peratures, leading to the deactivation of catalysts. Coking
is another influence that deactivates the catalysts. Cu-Based
catalysts are sensitive to sulfur even in a few ppm levels and
show pyrophoric behaviour when exposed to air.'®® Overcoming
these disadvantages will make Cu catalysts more practical in
industry applications. The influence of supports, preparation
methods, pretreatment conditions, and introduction of differ-
ent promoters on the structure and activity of the Cu-based
catalysts will be introduced in the following section.

Cu/ZnO and Cu/Al,0; catalysts. Among copper catalysts, the
most-studied catalysts are Cu/ZnO and Cu/Al,O3 based cata-
lysts. Ressler et al. studied the structure change of Cu/ZnO
during reduction and MSR using in situ X-ray diffraction (XRD)
and X-ray absorption spectroscopy (XAS).'®” Reaction results
show that catalysts reduced with the mixture of H, (2.5%) and
H,O0 (3%) exhibit lower CO selectivity than catalysts reduced by
H, alone (2%) at similar methanol conversion levels. The effect
of reduction followed by an oxidation cycle was also studied.
The addition of oxygen in the reactant stream transfers the
metallic Cu into Cu* and Cu®* with the loss of catalytic activity.
Besides, the methanol conversion and CO, selectivity increase
with repeated oxidation/reduction cycle. In situ XRD shows that
the lattice parameters of Cu and ZnO increase after the oxida-
tion/reduction cycle, indicating an expansion of the unit cell.
XAS shows that the medium-range structure disorder of Cu
increases with a reduced Zn concentration in Cu clusters after
repeated oxidation and reduction. Zn migrated out of Cu
clusters and formed ZnO on the Cu surface with increased
interface interaction between Cu and ZnO during this process.
The influence of aging during preparation on the structure and
activity for the Cu/ZnO catalyst was studied by Ressler
et al.”’®'"" Four Cu/ZnO catalysts with different aging times
(0, 15, 30, and 120 min) were investigated. An amorphous
precursor was obtained with short (15 min) or without aging,
while crystalline hydroxycarbonate was obtained after a long
aging time. For the catalysts after calcination, the longer aging
time results in a smaller CuO crystallite size and a lower
reduction temperature. In situ XRD and XAS show that the
microstrain in Cu increases with the aging time. The high Cu
surface area and increased microstrain both contribute to the
high reaction activity for the catalysts with long aging time.
Mendes et al. studied the influence of surface area and polarity
of ZnO on the activity of Cu/Zn0.'”* Different calcination
temperatures (300-400 °C) were used to control the ZnO surface
area, while the polarity (002) surface ratio was adjusted by using
different Zn precursors. A higher calcination temperature
results in a lower surface area of ZnO and Cu, thus a decreased
activity. Cu species on the polar surface of ZnO can be reduced
more easily, as caused by the strong interaction between Cu
and polar facets. The results suggest that the CO, selectivity
increase with the polar surface ratio of ZnO, indicating that the
Cu-ZnO polar interface is more selective for MSR. Xu et al.
studied the influence of the activation process on the catalytic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Catalysts for methanol steam reforming

Catalyst Temp. (°C) Pressure (MPa) Space velocity Methanol conv. (%) CO, sel. (%) CO sel. (%) Ref.
15 wt% Cu/ZnO 300 0.1 1.4 h™' (WHSV) 82.2 ~2 172
Cu/ZnO/Al,0, 225 0.1 6 h™' (WHSV) 67.0 0.07 173
Cu/ZnO/Al, 0, 263 0.1 25714 h™! (GHSV) 58 2.5 204
10 wt% Cu/ZnO-Al 250 0.1 15.3 h™' (WHSV) 57 ~98.7 235
5% MgO-Cu/ZnO/Al,O; 200 0.1 3.84 h™' (WHSV) ~70 ~1 174
30% Ni-Cu/Al,O, 300 0.1 0.9 h™" (WHSV) 96.89 33.5 181
Ru-Cu/ZnO/Al,05 240 0.1 4 h™' (WHSV) 95 1.97 175
CuNiAlO; spinel oxide 255 1 1.09 h™' (WHSV) ~92 <0.8 180
CuFeMg/y-Al,0;/Al mesh 250 0.1 3000 mL g, h™' (GHSV) 93.5 ~4 199
CuTi, o/y-Al,05/Al mesh 275 0.1 4000 ML g, * h™' (GHSV) ~100 ~3 236
20 Wt% Cu/ZrO,-Al,04 240 0.1 3.8 h™' (WHSV) 95 0.37 185
Cu/Zr0,-10 wt% SiO, 260 0.1 5h™! (WHSV) 73 <0.1 186
Cu/ZnO/ZrO, 300 0.1 24.9 h™' (WHSV) 84 1.6 203
Cu/ZnO/Zr0,/Al,04 305 0.1 0.77 h™* (WHSV) 80 3.6 205
Cu0/Zn0/Zr0,/Al,0; 270 0.1 8.7 h™! (WHSV) ~80 ~0.7 237
Cu0/Zn0/Ce0,/Zr0,/Al,0, 270 0.1 8.7 h™! (WHSV) 90.5 0.91 238
CuO/Zn0/Zr0,/Al,0; 270 0.1 8.7 h™' (WHSV) 92.4 0.97 238
2 Wt% In,053-Cu/ZnO/ZrO, 400 0.1 29.1 h™' (WHSV) 79 1.7 239
CuPd/ZrO, 260 0.1 1.4 h™' (WHSV) ~86 5 187
CuZnGaO, 150 0.1 0.12 h™' (WHSV) 36 <1 ppm (Conc.) 189
Cu/Ce0, 200 0.1 6.2 h™' (WHSV) 7.4 <0.5 240
Ceg.Cl 0y 300 0.1 36000 mL g.,. ' h™" (GHSV) ~99 ~1 241
Ce-Cu/KIT-6 325 0.1 2 h™' (WHSV) 96.8 3.7 198
Cu-Ce/SBA-15 250 0.1 6 h™' (WHSV) ~82 ~1.2 197
Zr0,-Ce0,—-Cu/KIT-6 300 0.1 2 h™' (WHSV) 96 0.7 242
Cu-MCM-41 300 0.1 2838 h™! (GHSV) 69.9 16.4 243
10% Cu/y-Al@ZnAlOy 300 0.1 800 h™' (GHSV) 99.98 0.92 (Conc.) 176
CeCuZn/CNTs 300 0.1 7.5 h™' (WHSV) 94.2 2.6 244
Culn/SiO, 260 0.1 18 h™' (WHSV) 71.20 0.08 195
CuZn/MCM-41 300 0.1 2.85 h™! (WHSV) 88 <1.8 196
Ru,/Ce0, 350 0.1 6 h™' (WHSV) 25.6 97.8 206
Pt/NiAl,O, 210 2.9 2.94 h™' (WHSV) >99.9 99.72 211
0.5 wt% Zn-Pt/MoC 160 0.1 1.8 h™! (WHSV) 65.9 0 210
Pt-SnO/MIL-101(Cr) 300 0.1 1.8 h™! (WHSV) 92 3.4 245
KOH-Pt/Al,O; 230 0.5 360 h™' (WHSV) <1 214
Pt/In,05/Al,0; 350 0.1 3 h™' (WHSV) 100 3.2 246
In,Pt 400 0.1 7 h™' (WHSV) 0.2 247
Pt/In,0,/Ce0, 350 0.1 3 h™' (WHSV) ~100 <4.5 248
Pt/In,0; 300 0.1 11 h™" (WHSV) 0.6 249
PtNi/CeO, 400 0.1 31 h™' (WHSV) 100 ~20 207
K-Pt@Silicalite-1 400 0.1 1.0 h™! (WHSV) 100 1.9 212
Pd/ZnO 250 0.1 2.03 ML g ' 571 (WHSV)  ~67 ~15 218
10 wt% Pd/ZnO 220 0.1 0.47 s~ (WHSV) ~58 2 216
15 wt% Pd/ZnO 250 0.1 3.4 h™' (WHSV) ~65 4 250
0.1 wt% Pd/ZnAl,O, 250 0.1 3.3 h™' (WHSV) <20 3 220
4 wt% Pd/ZnO (002) 330 0.1 30130 mL g, ' h™' (GHSV) 97.3 2.7 219
Fe/Mo,C 200 0.1 9000 ML g ' h™' (GHSV) ~8 ~4 251
Co/Mo,C 200 0.1 ~12 ~30 251
Ni/Mo,C 200 0.1 ~26 ~30 251
Pt/Mo,C 200 0.1 100 ~8 251
Cu/Mo,C 400 0.1 ~100 8 252
1% Au/CeO, 225 0.1 42000 h™' (GHSV) ~50 253
Au/CuO-CeO, 300 0.1 14.8 h™* (WHSV) ~79 0.43 254
Au-Cu/CeZrO, 350 0.1 21000 mL g, " h™' (GHSV) 100 ~3 229
Au/ZnO ~300 0.1 50 20 228
Zn0O/ZnZrOy 380 0.1 3.3 h™' (WHSV) 99.7 2.4 233
ZnCeZrO, 400 0.1 4.5 h™' (WHSV) 99.8 6.0 234
ZnO 300 0.1 0.18 h™' (WHSV) 3.6 99.6 231
ZnO-Cr,0;/Ce0,-Zr0,/Al,0; 460 0.1 22594 mL g, ' h™' (GHSV) ~100 ~9 232
Zn0O-AlL,O; 420 0.1 13275 mL g - h™' (GHSV) ~100 ~6 255

activity of commercial Cu/ZnO/AL,O; catalyst.'”® The catalyst
reduced by H, first followed by a 10 min reduction under H,/
H,0/CH;0H/N, showed the best activity and stability among
various pretreatment conditions. CuO could be reduced to Cu
under all activation conditions as confirmed by in situ XRD.
Moreover, scanning transmission electron microscopy (STEM)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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results of the catalysts after pretreatment show that activation
in H, only results in discrete ZnO and Cu nanoparticles. In
contrast, activation in H,/H,O/CH;OH/N, mixture induces the
formation of thin layers of ZnO covering the Cu nanoparticles
due to the strong metal support interaction (Fig. 4). The
formation of ZnO, overlayers outside of the Cu nanoparticle
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Fig. 4 HAADF-STEM images and corresponding EDS elemental maps of CuZnAl-H (reduced in H»/N,), (a), CuZnAl-R10 (reduced in H,/N,) followed by
H,/H,O/CH3OH/N,, (c) and CuZnAl-R60 (reduced in H,/H,O/CHzOH/N,), (e). Scale bars, 2 nm. Insets give schematic illustrations of the catalyst
structures. EELS spectra of marked regions for CuZnAl-H (b), CuZnAl-R10 (d), and CuZnAl-R60 (f) in (a), (c) and (e), respectively.l”® Reproduced with

permission from ref. 173. Copyright (2022) Springer Nature.

after treatment under H,/H,0/CH3;0H/N, was also confirmed
by quasi in situ XPS and IR spectroscopy using CO as a probe
molecule. Therefore, the better catalytic performance is
ascribed to the formation of abundant ZnO,-Cu interfacial
sites after activation in H,/H,0/CH;O0OH/N, mixture for a proper
period. DFT calculations of the migration energy of small ZnO
clusters over the Cu surface indicate that adsorbed CH;OH
molecules on the ZnO clusters can accelerate the migration of
ZnO, over the Cu nanoparticles, explaining the formation of
plenty of Cu-ZnO, interfacial sites for the catalysts activated
under H,/H,O/CH;0H/N, mixture.

Li et al introduced Mg into Cu/ZnO/Al,O; by co-
precipitation.””* The H, formation rate increases with the

474 | EES Catal, 2023,1, 459-494

increasing Mg content in Cu/ZnO/Al,O; up to 5% with the
decrease of CO, selectivity. The highest H, formation rate was
172 mol kg, " h™" at 200 °C. However, a further high Mg
content of 7% leads to a slightly low H, formation rate and high
CO, selectivity. The inverse trend for H, formation rate and CO,
selectivity can be explained by the increased reverse water-gas
shift reaction at high H, and CO, concentrations. Mg2+ can
incorporate into the malachite structure, replace the Cu®*
partially and improve the dispersion of Cu and ZnO after
calcination. The Cu*/Cu® ratio increased with the Mg content
up to 5%, indicating that Mg can stabilize the Cu’ and
promotes the Cu-ZnO synergy, leading to enhanced perfor-
mance. Hu et al. studied the influence of Pt, Pd, Rh, Au, Ag, Ru,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Ni, and Co on CuO/ZnO/Al,0; derived from precursors with
hydrotalcite structure in MSR."”® The catalyst modified with Ru
shows the best activity with methanol conversion increase of
20% at 240 °C compared to CuO/ZnO/Al,O;. At the same time,
the introduction of Ru does not have a significant influence on
CO selectivity. In contrast, the introduction of Ni and Rh
improves the CO formation significantly with a slight drop in
methanol conversion. Other metals lead to a decrease in
methanol conversion without a significant change in CO selec-
tivity. The promotion effect of Ru is ascribed to the electron
interaction between Ru and Cu, as confirmed by XPS. The
decrease of activity for other metals is due to the partly
destroyed lamellar structure and reduced active surface area
after impregnation and calcination.

Zhang et al. prepared ZnAl layered double hydroxides
(LDHs) on Al,03; and used them as support precursors for Cu
catalyst.'”® The ZnAl-LDHs were prepared by precipitation of Zn
ions in the presence of Al,O;, and the LDHs were calcinated
and transferred into mixed metal oxides before supporting Cu
with different loading by impregnation. XRD confirms the
formation of the hydrotalcite phase on the support precursor.
After calcination, the hydrotalcite phase transfers into metal
oxide. The catalyst with 10% Cu loading shows the highest
activity with methanol conversion of 99.98% at 300 °C. The
high Cu surface area and the easy reduction of Cu due to the
interaction with ZnO contributed to the good activity. Gao et al.
reported that Cu-Al spinel oxide was active in MSR."”” The Cu-
Al spinel catalyst with a high surface area was prepared by the
solid-state reaction between Cu(OH), and pseudo boehmite.
The sintering of Cu during pre-reduction can be avoided by
eliminating the pre-reduction step before reaction. During
MSR, Cu in the spinel structure was reduced by methanol
and released slowly in order to form Cu active sites. The
influence of calcination temperature on the activity was sys-
temically studied.”® The catalyst calcinated at 950 °C shows the
best activity, which can be ascribed to the modest release rate of
Cu from the spinel structure under reaction conditions and the
small copper nanoparticles stabilized by the defective spinel
structure. A detailed study of the dynamic change of CuAl,0,
reveals that the releasing rate of Cu species increases first and
then decreases with time on stream, in agreement with the
activity at the initial state of reaction.’”® The deactivation after a
long time on stream is caused by the coke formation. Even after
300 h on stream, a small amount (5.8%) of Cu species still stays
in the spinel lattice. Ni was introduced in the Cu-Al spinel
oxide to improve its performance.'®® The catalysts were pre-
pared by the solid phase reaction between Cu(OH),, nickel
acetate, and pseudo-boehmite at 900 °C. H,-TPR profiles indi-
cate that the introduction of Ni slows the reduction behaviour.
The catalyst with Ni/Cu of 0.05 exhibits the best activity and
good stability. A higher Ni content (Ni/Cu = 0.1 and 0.2) results
in an increased CO selectivity, which is related to the formation
of metallic Ni from the non-spinel NiO at high Ni loading.
However, the Ni** species in the spinel lattice are stable against
reduction under reaction conditions, as proved by the low
and stable CO selectivity of the catalyst with low Ni content

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(Ni/Cu = 0.01 and 0.05). The improvement effect of Ni on Cu-Al
spinel oxide catalyst is ascribed to the stabilization effect of Ni
containing defective spinel for the small Cu nanoparticles. Hsu
et al. also studied the performance of Ni-Cu/Al,O, in MSR.'®!
The catalysts with Cu/Ni ratios of 10:1, 5:1, 10:3 and a fixed
Cu/Al ratio of 1:10 were prepared by a precipitation-adsorption
method.

Characterization results show that the as-synthesis catalysts
possess Ni-Cu/Al,O, spinel structure. For the catalyst with
the highest Ni content, NiCu alloy can also be observed by
XRD. The stability test shows only a small amount of coke
(~1.0 wt%) formed on the catalyst after 20 h on stream, which
can be removed by calcination in air. However, the selectivity to
CO increases after regeneration.

The mechanism of methanol steam reforming on Ni-Cu
based catalysts (Ni@Cu(111) and Ni@Cu(110) models) was
studied using DFT calculations by Fajin et al.'®> The possible
reaction routes include methanol decomposition, water-gas
shift reaction, direct CO, production from reforming, and
formation of methane. Coke can form from the dissociation
of adsorbed species like COH* or from the dehydrogenation of
CH, species. According to the results, methanol decomposition
followed by the water—gas shift reaction is the main reaction
route on the Ni-Cu alloy surface, while CO, formation from
methanol direct reforming is a minor route. The desorption of
CO, formation of methane, and coke on the Ni-Cu surface are
unfavorable due to the high energy barriers.

Cu/ZrO, catalysts. Penner et al. compared the performance of
Cu/ZrO, catalysts prepared with different ZrO, phases (m-ZrO,
and t-Zr0,), synthesis methods, and Cu precursors in MSR."®?
Cu/t-ZrO, exhibited a higher activity with higher CO selectivity
compared to Cu/m-ZrO,. The difference is explained by the
more defective and hydroxylated surface of +-ZrO, with plenty of
reactive Lewis acidic and Brensted basic sites. Different binding
sites for methanol and water on the surface of +-ZrO, promote
the decarbonylation and splitting of C-O bond, leading to the
formation of CO and CH,. On Cu/m-ZrO,, the CO formation
comes from the spillover of formate to the support exclusively,
while the Cu-ZrO, interface sites on Cu/¢-ZrO, also contribute to
the CO formation. Meanwhile, the Cu precursors used in synth-
esis show some influence on the activity and product selectivity.
The performance of Cu/ZrO, with different Cu loadings was also
studied by Penner et al.*®* Cu dispersion decreased from 18% to
0.09% with increasing Cu content from 0.2 wt% to 80 wt%. The
Cu morphology was also influenced by the Cu loading, changing
from a highly dispersed state at low loading over nanoparticles
to bulk Cu grains wetting and covering ZrO, at 80 wt%, with the
change of fraction of exposed ZrO, simultaneously. It is inter-
esting that the TOF value increases with increasing Cu loading
despite the reduced Cu dispersion. Moreover, 80 wt% Cu/ZrO,
showed the highest H, TOF of ~0.015 s~ at 220 °C. Covering of
exposed ZrO, surface by Cu reduced the exposure of CO genera-
tion sites on ZrO,. Mateos-Pedrero et al. used ZrO,-Al,O; with
different Zr/Al ratios prepared by hydrothermal route as supports
for Cu and tested in MSR."® The increase of support Zt/Al ratio

EES Catal, 2023,1, 459-494 | 475
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up to 1 results in a decrease of CuO crystallite size for the as-
prepared catalysts. However, a further increase of Zr/Al ratio
higher than 1 leads to an increase in CuO crystallite size as
evidenced by XRD. The dispersion of Cu, influenced by the Zr/Al,
is revealed by N,O chemisorption. The catalyst with Zr/Al ratio of
0.4 shows the highest Cu dispersion of 19.7% and the best activity,
suggesting the activity is closely related to the dispersion of Cu.

Dal Santo et al. investigated the influence of Si on Cu/ZrO,
for MSR."®® Characterization results show that the introduction
of Si results in more amorphous content in the final catalyst
and changes the reduction behaviour as well as the final size of
Cu species. The Cu/ZrO,-SiO, with 10 wt% SiO, content shows
the best methanol conversion of 73% and hydrogen productiv-
ity of 370 mmol h™" g, ' (with the lowest apparent activation
energy of 54.9 k] mol '), which is higher than Cu/ZrO, and Cu/
Zr0,-SiO, with other SiO, contents. The improved activity is
ascribed to the Lewis acidity from the electron-deficient small
Cu nanoparticles. XPS results clearly demonstrate the introduc-
tion of Si results in a lower electron density for Zr and Cu.
Mendes et al. investigated the influence of the impregnation
sequence of Cu and Pd for CuPd/ZrO, in MSR."®” The results
show that the impregnation sequence has a significant impact
on the property and activity of catalysts. Segregated Pd nano-
particles form on the catalyst prepared by impregnating Cu
first, while Cu and Pd are well dispersed and homogeneous
mixed with the formation of CuPd alloy on the catalyst pre-
pared by adding Pd first. The catalyst with Pd loaded first shows
a higher activity, achieving methanol conversion of ~86% with
CO, selectivity of ~95% at 260 °C. Xiao et al. used CuZn
containing MOFs as precursors for the construction of CuO/
Zn0/Ce0,/Zr0, catalysts for MSR.'®® Typically, Cu/Zn/CuZn-
BTC were impregnated with other metal precursors and calci-
nated in air at 500 °C to form CuO/ZnO/CeO,/ZrO, mixed
oxides. Then the oxides were mixed with PVA and deposited
on the cordierite honeycomb ceramic support to get the final
catalyst. The catalyst derived from CuZn-BTC shows better
activity than the catalyst derived from Cu-BTC or Zn-BTC.
Characterization results show that the addition of Cu** during
the formation of CuZn-BTC MOF introduces lattice distortions
and increases the specific surface area. Meanwhile, the ZnO
formed during calcination can act as a spacer to prevent the
sintering of CuO, resulting in the formation of Cu active sites
with fine and uniform dispersion and high activity. The catalyst
also shows low CO selectivity, which is related to oxygen
vacancies on the Ce,Zr,_,O,.

Other Cu-based catalysts. According to thermodynamic cal-
culation, low reaction temperature (100-150 °C) is favorable for
MSR while equilibrium shifts to methanol decomposition at
high temperature and results in the formation of CO. Therefore,
it is important to develop catalysts active at low temperatures.
Tsang et al. reported that CuZnGaO, could achieve MSR with a
very low CO content (<1 ppm) at 150 °C.'®® The incorporation of
Ga*" into Cu/ZnO promotes the reduction of Cu species at lower
temperatures, as proved by H,-TPR. Through reduction, small
Cu clusters of 0.4-0.8 nm are formed from trapped Cu ions,
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leading to the high activity at low reaction temperature. Kinetic
analysis suggests that the selectivity to CO can be lowered
by increasing contact time. Chiu et al. studied a series of Cu-
containing delafossite materials, including CuCrO,,'***** CuCr,.
Fe,_,0,,'%> CuFe0,-Ce0,,"** and CuYO,"** in MSR. The promo-
tion effect of In,O; on Cu/SiO, was studied by Santo et al.'® The
CO selectivity drops from 0.37% to 0.08% at 260 °C while the H,
formation rate increases from 237 mmol h™* g, * to 301 mmol
h™' g.,. ' with the addition of 1 wt% In. The stronger reduction
peak for Cu-1In/SiO, than Cu/SiO, in CO-TPR indicates that In
promoted the reduction of Cu. H,O-TPD further reveals that
InO, can promote the activation of water.

Mesoporous silica with ordered structure and carbon nano-
tubes have also been used for catalysts construction. Jibril et al
compared the performance of CuZn/MCM-41 prepared by
impregnation and hydrothermal routes.'®® The best activity is
achieved by co-impregnation, offering methanol conversion
of 88% and CO selectivity of less than 1.8%. Huang et al.
studied the influence of Ce at Cu/SBA-15 on the catalytic
performance.’®” The finely dispersed Ce species show strong
interaction with Cu as confirmed by CO-adsorbed FTIR.
Reaction results indicate that Cu-Ce/SBA-15 with Ce ion
exchange for one time exhibits the best CO, selectivity and
stability. The improved CO, selectivity is explained by the redox
properties of Ce species, which facilitate H,O activation. Taghi-
zadeh et al. studied the performance of Ce-Cu/KIT-6 in MSR."®®
Enhanced activation of water by CeO, results in methanol
conversion of 96.8% and CO selectivity of 3.7% at 325 °C.
Zhang et al. prepared mesh-type structured CuFeMg/y-Al,O;/
Al catalysts and used in MSR."**°° A commercial Al mesh was
used as substrate and Al,0; was fabricated by anodic oxidation
and calcination. The Cu, Fe, and Mg species were introduced by
sequential impregnation. The introduction of Mg decreases the
formation of dimethyl ether, while Fe acts as both electronic
and structure promoters.’°® The comparison of the two cata-
lysts in the same size range (20-50 mesh) indicates that the
commercial granular catalyst shows a better intrinsic activity as
its activity at low temperatures is higher. However, when used
in the shaped form, the mesh-type catalyst shows better per-
formance than the granular catalyst. This should be ascribed to
the better mass transportation for the mesh-type catalyst.
Further, the arrangement of mesh-type catalysts in the reactor
can influence the activity due to the difference in the effective
contact area. The hole-to-edge arrangement can improve the
methanol conversion by 14% compared to the hole-to-hole
arrangement.

Cu-Based catalysts tend to deactivate due to different rea-
sons such as sintering, change of oxidation states, and coke
deposition. The poisons such as sulphur and chloride can also
lead to deactivation.'®**°" Valdés-Solis et al. concluded that
coke formation and sintering lead to the deactivation of Cu/
Zn0/Zr0, and Cu/Mn0,.*°*> Adding s small amount of oxygen in
the feed may be a solution to coke formation and also change
the reaction partially to oxidative methanol steam reforming.
However, the amount of H, produced will be reduced. Matsu-
mura et al. studied the deactivation of Cu/ZnO/ZrO, in MSR.?*?

© 2023 The Author(s). Published by the Royal Society of Chemistry
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It is found that the growth of Cu nanoparticles is not significant
during the reaction. The deactivation is ascribed to the growth
of ZnO, which changes the interaction between Cu and ZnO.
Hagelin-Weaver et al. studied the deactivation of nanoparticle
alumina supported Cu/Zn0.>** XPS shows that the surface Zn/
Cu ratio increases after the reaction, indicating that the Cu
surface is covered by ZnO due to the migration of ZnO under
reaction conditions. It is concluded that the deactivation is
related to the reduced Cu surface area due to ZnO cover.
No carbon build-up can be observed, indicating that coking is
not the deactivation reason for this catalyst. In another work,
the deactivation of Cu/ZnO based catalysts is ascribed to the
sintering of Cu nanoparticles.’® Pettersson et al. studied the
poison effect of sulphur and chlorine on Cu/ZnO/Al,05.° It is
found that sulphur is more detrimental to the catalysts than
chlorine. The poison effect of sulphur may be due to the
formation of ZnS or ZnSO, from ZnO and sulphur, while the
poison effect of chlorine may occur from the formation of
volatile copper chloride compounds. The high reaction tem-
perature is also detrimental due to the sintering. Adding
promoters such as ZrO,, Al,O3, CeO,, and In,0O; can improve
the stability of Cu-based catalysts by modifying the Cu support
interaction and inhibiting sintering. Using zeolite may also be a
promising method to improve stability by spatial confinement.

3.1.2 Other transition metal-based catalysts. Besides Cu
catalysts, Ru, Pt, Ni, Au, and Pd based catalysts have also been

View Article Online
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evaluated in MSR. Different supports such as Al,0;, CeO,,
Mo,C, ZnO, ZnAl,Q,, silicalite-1, and TS-1 are used to construct
catalysts. It should be noted that methane forms on some of
these catalysts during reaction, which is detrimental to H, yield
and should be inhibited as possible. The preparation methods,
promoters, support types, and surface structure of supports
show significant impacts on the metal-support interaction and
the activity of catalysts, as detailed below.

Ru, Pt, and Ni based catalysts. Su et al. investigated the MSR
on single-site Me/CeO, catalysts where Me includes Pt, Pd, Rh,
and Ru.”°® The catalysts were prepared by an ascorbic acid-
assisted reduction method. Ru;/CeO, shows the highest metha-
nol conversion and CO, selectivity compared to other catalysts,
which can be explained by the strong adsorption of CO on the
Ru,/Ce0, as confirmed by CO-TPD. It is suggested that MSR is a
tandem reaction, consisting of methanol decomposition to CO
and the subsequent wafer—gas shift reaction. On the single metal
site, the intermediate CO comes from methanol dehydrogena-
tion. CO can either desorb or react with water adsorbed on the
neighbouring Ce®* sites to produce CO,. The strong adsorption
of CO on Ru site can promote the water—gas shift reaction and
the formation of CO,, leading to low CO selectivity. On the Ru/
Ce0, surface, the single Ru sites and neighbouring Ce’** sites
construct an ensemble reaction pool, catalyzing the methanol
decomposition and water-gas shift reaction efficiently (Fig. 5).
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(a) HRTEM image, (b) HAADF-STEM image, and elemental mapping images of Ru;/CeO5. (c) Proposed mechanism for methanol steam reforming

on M,/CeO; single-site catalysts. (d) Normalized Ru K-edge XANES spectra and (e) k*-weighted Fourier transform EXAFS spectra for Ru K-edge of
Ru;/CeO,, RuO,, and Ru foil. (f) H, formation rate for different catalysts.206 Modified with permission from ref. 206. Copyright (2021) American

Chemical Society.
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The performance of PtNi/CeO, in MSR was studied by
Hernandez et al.”®” PtNi/CeO, shows higher activity and H,
yield than Pt/CeO, and Ni/CeO,. Unfortunately, a high methane
yield of ~10% and a CO yield of ~10% are achieved with PtNi/
CeO,. The CO-adsorbed FTIR indicates that the surface of PtNi/
CeO, is terminated by Pt atoms. Mechanism studies show that
methoxy species from methanol adsorption react with the
surface oxygen and transform into formate species during the
reaction. Ma et al. reported that single atom Pt supported on
a-MoC enabled MSR at 150-190 °C with a very high average TOF
of 18046 h™" calculated based on Pt.>°® The Pt/a-MoC catalysts
were prepared by temperature-programmed carburization of
Pt/MoO; under a flowing mixture of H, and CH,. The support,
a-MoC, shows strong interaction with Pt and facilitates the
atomic dispersion of Pt, as proved by STEM and XAS. DFT
calculations suggest that Pt/a-MoC provides bifunctional sites
for MSR. The electron transfer from Pt to a-MoC makes Pt
sites electron deficient. Methanol is activated on the Pt site
with an energy barrier of 0.67 eV and decomposes to adsorbed
CO. Water is adsorbed and activated on o-MoC, forming
hydroxy groups, which react with the adsorbed CO to produce
CO, and finish the reforming reaction. The excellent activity is
ascribed to the synergy effects between Pt; sites and o-MoC
(Fig. 6).

In a later work, Ma et al. reported that atomically dispersed
Ni on 0-MoC could also catalyze MSR efficiently.>*® A series of
Ni catalysts with different Ni loadings were prepared by impreg-
nation under inert gas protection. The best activity is achieved
with 2% Ni/a-MoC, which offers an average TOF of 1805 h™" at
240 °C. Although this catalyst shows low CO selectivity of 0.7%,
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the methane selectivity was very high (~20%). XPS results
reveal the charge transfer from Ni to support and the strong
electronic interaction between Ni and o-MoC. The local coordi-
nation study shows that Ni is anchored on the surface of «-MoC
through carbon bridge bonds. The MSR mechanism on this
catalyst is studied by DFT calculations and the decomposition
of adsorbed methoxy is established as the rate-determining
step. The atomically dispersed Ni sites are responsible for the
C-H bond activation and CO reforming, while H,O activation is
more easily on the Mo terminated o-MoC site. Therefore, the
Ni-C-Mo interfacial sites play an important role in MSR reac-
tion. Sun et al. investigated the promotion effect of Zn on the
Pt/MoC catalyst.>'® A series of Zn-Pt/MoC with different Zn
loadings were prepared by temperature-programmed carburiza-
tion of mixtures of ammonium molybdate, chloroplatinic acid,
and ZnO. Characterization results show that the introduction
of a suitable amount of Zn can promote the formation of the
a-MoC;_, phase and improve the dispersion of Pt species
through the electronic interaction between Zn and Pt/Mo. The
best performance is achieved with Zn-Pt/MoC with Zn content
of 0.5%, which shows methanol conversion of 65.9% without
the detection of CO at 160 °C. The activity decreases when Zn
content is higher than 0.5%, possibly because of the formation
of PtZn alloy. The effect of H,O/CH;OH ratio on the stability
of the catalyst is also studied. High H,O/CH;OH ratios will
accelerate the deactivation of the catalysts, possibly due to the
oxidation of a-MoC, by water. Mechanism study suggests that
aldehyde is the intermediate for MSR, which can react with
adsorbed methoxy species to produce methyl formate and
finally decomposes into CO, and hydrogen through formic acid.
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reforming. (d) The coordination numbers of Pt—Pt and Pt—Mo shells and the activity change with the change in the molar ratio of a-MoC in Pt/MoC. (e
and f) Energy profiles for CHzOH dissociation and CO, formation on a-MoC(111), Pt(111), and Pt;/a-MoC(111) surfaces.?°® Modified with permission from

ref. 208. Copyright (2017) Springer Nature.
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The aldehyde species can also convert into formic acid directly
via the nucleophilic attack of water (Fig. 7).

Guo et al. compared the activity of Pt/NiAl,0, and Pt/y-Al,O3
for methanol aqueous phase reforming.”’' The Pt/NiAl,O,
catalyst shows a methanol conversion of 99.9% and a H, yield
of 95.7%, much higher than the Pt/y-Al,O;. This catalyst also
exhibits good stability with 90% of the original activity being
preserved for 600 h on stream. Mechanism study suggests two
tandem reactions, namely methanol decomposition and water-
gas shift reaction, occur sequentially on the Pt catalyst. For the
first reaction, adsorbed methoxy species form and then dehy-
drogenate to formaldehyde species and finally to absorbed CO
step by step. The Pt species on Pt/NiAl,O, catalyst under work-
ing conditions are closer to the metallic state compared with
those on Pt/y-Al,O3, thus exhibiting higher activity for metha-
nol decomposition. For the water—-gas shift reaction, the IR
study suggests that the mechanisms for these two catalysts are
different. On Pt/y-Al,O3, adsorbed CO converts to CO, via
formate intermediate, while a redox pathway happens on Pt/
NiAl,0,4. The redox pathway on Pt/NiAl,O, is faster than the
formate pathway on Pt/y-Al,O3, leading to higher water-gas
shift activity for the former catalyst. Sun et al. investigated the
performance of K-promoted Pt/silicalite-1 catalyst in MSR.*'?
The Pt species were confined in the silicalite-1 via a ligand
protection one-pot synthesis route and K was introduced by
adding KOH in the synthesis gel. The final Pt content in the
catalysts is ~0.3 wt% while the K content varies from 0.1 wt%
to 0.8 wt%. The size of Pt nanoparticles is influenced by K
loading, possibly due to the Pt-O-K, interaction. The catalyst
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with 0.2 wt% K shows the highest Pt dispersion (66.5%) and
smallest Pt particle size (1.7 nm), which offers the best activity
and lowest CO selectivity. A detailed analysis of the Pt state
indicates that Pt° and Pt’+ co-exist on the K-modified catalysts.
The Pt-0.2 K@S-1 has the highest specific surface area of both Pt°
and Pt’*, contributing to its high activity. The different roles of
Pt° and Pt°" sites are studied by DFT calculations. Pt’ sites are
suitable for methanol adsorption and activation, forming HCHO
and HCOOCH;. CO is formed more easily on Pt° sites through
the decomposition of HCHO. On the other hand, HCOOH is
formed on the Pt’+ sites from the nucleophilic attack of
HCOOCH; by water, while the decomposition of HCOOH on
Pt’+ sites produces CO, and H,. The synergy effect between Pt°
and Pt’+ sites is responsible for the high activity and low CO
selectivity. Xiao et al. used titanosilicalite-1 supported Pt catalyst
in MSR, in comparison with Pt catalysts supported on ZSM-5,
Si0,, and TiO,.>"* The Pt nanoparticles on TS-1 show an average
diameter of ~2.6 nm, smaller than those on other supports,
indicating that TS-1 can stabilize the Pt nanoparticles more
efficiently. CO adsorption results show that Pt’ and Pt’+ coexist
on Pt/SiO, and Pt/ZSM-5 while the major species on Pt/TS-1 and
Pt/TiO, are Pt°, as also confirmed by XPS and XAS, indicating the
enhanced electron transferred from Ti containing support to Pt.
Reaction results show that the activity of Pt/TS-1 is highest
among all these catalysts, offering a H, formation rate of
6.6 mmol h™" g.,.~" at 250 °C. The good activity is ascribed to
the small Pt nanoparticle size and the metallic state of Pt.

Moreover, this catalyst shows good stability as Pt nanoparticles
only sinter slightly to ~2.8 nm after reaction at 300 °C.

7. Yairs
TR R

L \?‘"

(@) HRTEM image, (b) HAADF-STEM image, and (c) EDX element mapping and line spectra along the red arrow in (b) of 0.5% Zn-Pt/MoC.

(d) Catalytic performance of 0.5% Zn—-Pt/MoC for methanol steam reforming at different temperatures. () Proposed mechanism for methanol steam
reforming on 0.5% Zn-Pt/MoC.?!° Modified with permission from ref. 210. Copyright (2020) Elsevier Inc.
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Wasserscheid et al. used molten salt to modify the Pt/Al,O;
catalysts and tested them in MSR.*’*?*® Methanol conversion
and CO, selectivity both increase with the addition of promoters.
The best loading is determined to be 7.5 wt% and 5.35 wt% for
KOH and NaOH, respectively. Phase behaviour study showed
that under reaction conditions, a liquid film containing alkali
hydroxide/alkali carbonate solution forms on the catalyst
surface, which increases the local water concentration and
contributes to the improved performance. Besides, the electronic
interaction between alkali ions and Pt promotes the intrinsic
activity of Pt active sites.

Pd-Based catalysts. The most used Pd catalysts are Pd/ZnO.
In an early work, Takezawa et al. compared the performance of
Pd/SiO,, Pd/ZrO,, and Pd/ZnO in MSR.>'® The Pd/ZnO shows
higher CO, selectivity than the other two catalysts. The CO,
selectivity of Pd/ZnO is influenced by the reduction tempera-
ture. Characterization results show that PdZn alloy is formed
at high reduction temperature and results in the high CO,
selectivity. The morphology of ZnO for Pd/ZnO catalyst has a
significant impact on the catalytic activity as reported by Datye
et al.>"” In a later work, Wang et al. studied the effect of ZnO
crystallite faceting in detail.>'® The needle-like ZnO predomi-
nantly exposed (1010) nonpolar facets were prepared by a PVP-
assisted alcohol thermal method and a commercial ZnO prism
without preferential exposed facets was used for comparison.
Reaction results show that the selectivity to CO decreases with
the increase of Pd loading for both supports. This is ascribed
to the increased particle size of PdZn at high Pd loadings.
Meanwhile, the needle-like ZnO support shows higher CO
selectivity compared to ZnO prism, which is explained by the
difficulty in the formation of f-PdZn on the nonpolar (1010)
surface compared to the (0001) polar facet. On the nonpolar
(1010) surface, Pd dominated Pd,Zn, (x > y) phase and Pd
nanoparticles are easily formed and show higher selective to
CO. Huang et al. also studied the facet effect of ZnO. Typically,
Pd nanoparticles with narrow size distribution were deposited
on the surface of ZnO with different major exposed facets of
(002) or (100).>*° The results demonstrate that the (002) face of
ZnO has a stronger interaction with Pd species, which promotes
the reduction of Pd species and the formation of PdZn alloy.
Thus, the Pd/ZnO (002) catalysts show better MSR activity and
CO, selectivity. The strong interaction also contributes to the
stability of formed PdZn alloy against oxidative decomposition
under oxidizing atmosphere. Wang et al. studied the effect of
Pd loading (0.1 to 15 wt%) of Pd/ZnAl,0, in MSR.*** Character-
ization results show that o-PdZn alloy phase forms on the
catalyst with high Pd contents of >7.5 wt%, while B-PdZn alloy
phase forms on the catalysts with low Pd content of <2.5 wt%.
The Pd loading has a significant influence on CO, selectivity.
The catalysts with low Pd loadings show high selectivity to CO,
and the highest CO, selectivity of 97% is achieved with 0.1 wt%
Pd/ZnAl,0,. When the Pd content increases to 7.5 wt%, the CO,
selectivity drops to ~50.5%. Therefore, the f-PdZn alloy phase
is more selective for MSR. It is proposed that the polar face of
the ZnAl,O, promotes the formation of the B-PdZn alloy at low
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Pd loadings while the formation of o-PdZn at high Pd loadings
is due to the limited Zn atoms on the ZnAl,O, surface.

Armbriister et al. prepared Pd/In,O; aerogel catalysts by
gelation of InCl; and PdCl, using propylene oxide in water
and ethanol mixture and applied them in MSR.”*' InPd bime-
tallic nanoparticles are formed after mild reduction at 230 °C,
which show a high H, formation rate of 50 mmol mmolpg "h™*
and a CO, selectivity of 99% at 300 °C. The apparent activation
energy is 142 kJ mol~" at 225-300 °C and 54 kJ mol " at 300~
400 °C. The high activation energy at low temperatures is
similar to the performance of In,O; while the low activation
energy at high temperatures resembles InPd, indicating
the existence of In,O; on the catalyst surface at below 300 °C
and a dynamic change of surface structure with temperatures.
Characterization results show that In;Pd, formed from the
reduction of In,0; and incorporation of In into InPd at tem-
peratures equal to or higher than 300 °C. Isotope-labelling
experiments confirm that the reaction involves the Mars-van-
Krevelen mechanism, and oxygen atoms in the phase boundary
of In,0; and PdIn participate in the reaction.

Compared to the Cu-based catalyst, the Pd-based catalysts
show better thermal stability. Penner et al. studied the thermal
stability of PdZn alloy using TEM.?*** PdZn alloy is thermally
and structurally stable on reduction between 200 °C and 600 °C
from the TEM observation. Iwasa et al. compared the stability of
Cu/ZnO and Pd/Zn/CeO, at 350 °C. The Pd/Zn/CeO, is quite
stable and no deactivation was observed for 3 h on stream.**’
In contrast, the Cu/ZnO shows a significant deactivation with
activity loss by 20% after 3 h on stream. Datye et al. compared
the stability of Pd/ZnO/Al,O; with commercial Cu/ZnO/Al,05.%%*
The Pd/ZnO/Al, O3 is tested at 250 °C, slightly higher than 230 °C
for Cu/ZnO/AL,O;. The Cu-based catalysts show a 40% activity
loss after 60 h on stream, while Pd/ZnO/Al,O; only shows a 17%
loss in activity. The deactivation of Pd-based catalysts is not due
to sintering, as the average diameter only increases slightly.
A simple oxidation-reduction cycle can regenerate the Pd/ZnO/
Al, 05 and fully recover the activity. Tomishige et al. found that
zinc carbonate hydroxide forms for the used Pd/ZnO and may be
related to the deactiviation.””®> Datye et al. proposed that the
deactivation of PdZn is caused by coke formation.*?® Pérez-
Hernandez et al. studied the performance of Pd supported on
TiO,, ZrO,, and ZrO,-TiO, mixed oxide and ascribed the deac-
tivation to sintering of active phase and coke deposition.>*”

Au-Based catalysts. Wang et al. studied the performance of
Au/ZnO in methanol steam reforming, decomposition, partial
oxidation, and oxidative stream refroming.”*® Au/ZnO with Au
content of 4.3 wt% and a mean particle size of ~3.2 nm was
prepared by deposition precipitation. The catalytic activity
for methanol decomposition and steam reforming is lower
than partial oxidation and oxidative steam reforming, as the
initiation temperatures are 300 °C, 250 °C, 150 °C, and 150 °C
respectively. A comparison with Cu-based catalysts shows that
the methanol decomposition and steam reforming activity of
Au/ZnO is lower. However, the activity can be greatly enhanced
by adding oxygen to the reactant to induce partial oxidation and

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ey00076a

Open Access Article. Published on 22 May 2023. Downloaded on 11/2/2025 2:32:08 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

EES Catalysis

oxidative steam reforming. This is ascribed to the good oxygen
activation ability of the Au catalyst in the Au-support interface.
The oxidative steam reforming shows a good methanol conver-
sion of 95%, high H,/CO, yield ratio of 2.4, and low CO selectivity
of 1% at 200 °C. Luengnaruemitchai et al. tested Au/Ce; ,Zr,O,
and Au-Cu/Ce,_,Zr,O, in MSR.>*® Au and Cu were deposited on
the supports by deposition precipitation. The metal loading is
influenced by the point of zero charge of the support, which is
controlled by the Ce/Zr ratio and preparation method. XRD
patterns indicate the formation of AuCu alloy on the Au-Cu/
Ce;_,Zr,O,. The particle size of AuCu alloy is influenced by the
deposition pH value. For the Au/Ce; _,Zr,O,, the catalyst with Ce/
Zr of 3:1 shows the best activity with methanol conversion of
~95% at 350 °C. For the Au-Cu/Ce, ;5Zr(,50,, the catalyst pre-
pared at pH = 7 exhibits the best performance with 100%
methanol conversion at 350 °C.

3.1.3 Metal oxide based catalysts. Besides metal-based
catalysts, metal oxide catalysts such as ZnO, In,03, and ZnZrO,
can catalyze MSR. The thermal stability of metal oxide catalysts
is generally good compared to metal-based catalysts while their
activity is relatively low. Higher temperatures are necessary to
achieve reasonable methanol conversions, which is favourable
for CO formation from the thermodynamic point of view.

Penner et al. explored the potential of In,0; catalysts in
MSR.>*° In,0; thin films deposited on NaCl(001) surfaces by
thermal evaporation and commercial In,O; powders were
investigated. Pretreatment in H, or O, at 400 °C or 450 °C does
not show significant impacts on the bulk structure of In,0;.
Temperature-programmed reaction results show that MSR
starts at 177 °C and 277 °C on In,O; film and powders,
respectively. The highest CO selectivity is less than 5% in the
temperature range studied (<400 °C), indicating that In,Os is
very selective for MSR. Later, the performance of ZnO in MSR
was studied.”*' Commercial ZnO with a specific surface area of
14 m* g~ was employed. In the batch reactor, ZnO shows
activity starting from 267 °C and increases strongly above
327 °C. In the flow reactor, ZnO achieves methanol conversion
of 3.6% with high CO, selectivity of 99.6% at 300 °C. Chen et al.
applied ZnO-Cr,0;/Ce0,-Zr0,/Al,O; prepared by impregnation
in MSR.>*? The optimized catalyst achieves methanol conversion
of 100% and CO selectivity of ~8% at 460 °C. Reaction results of
methanol steam reforming, water-gas shift, and reverse water-
gas shift reaction reveal that water-gas shift and reverse water-
gas shift reaction can be neglected during MSR on this catalyst.
The by-product CO mainly comes from methanol decomposi-
tion. The catalyst shows good stability during MSR without
significant deactivation for 6 h on stream at 440 °C. However,
the activity declines significantly when subjected to methanol
decomposition reaction. H, and CO do not show significant
impacts on MSR, but H, inhibits methanol decomposition. CO,
suppresses MSR, and H,O suppresses both methanol steam
reforming and decomposition. Li et al. studied the performance
of ZnO/ZnZrO, in MSR reaction.>** Reaction results at 400 °C
show that methanol conversion increases with Zn content and
reaches the maximum of 99% at Zn content of 9-13%. The good
performance of catalysts with 9-13% Zn content is ascribed to
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the synergy effect between small ZnO clusters and ZnZrO, solid
solution support. Moreover, ZnO/ZnZrO,-9% shows good stabi-
lity during 230 h on stream with a slight decrease of methanol
conversion from 90.4% to 80.7% and an almost unchanged CO
selectivity of ca. 2%. The mechanism of MSR on ZnO/ZnZrO,-9%
was studied by temperature-programmed DRIFTS and TPSR.
From the FTIR study, methoxy species are observed at 100 °C
and transferred to formate species at 300-400 °C. The surface
OH species participate in the reaction as the negative bands
corresponding to OH species appear at high temperatures.
HCHO is detected by TPSR ahead of HCOOH, which comes
from methanol dehydrogenation. HCOOH is produced from the
reaction of HCHO with OH species and decomposes into CO,
and H, subsequently. In the later work, the promotion effect of
Ce on ZnZrO, was studied by Li et al.>** Characterization results
from XRD and Raman show that Zn and Ce incorporate in the
lattice of t-ZrO,, forming ternary solid solutions in the composi-
tion range studied. Zn,Ce, 5Zr,O, appears to be more active than
the Zn,Zr,,0, and Zn,Ce,,O,, achieving methanol conversion of
99.8% at 400 °C. The CO selectivity of Zn,Ceq 5Zr,0, (6.0%) is
lower than Zn;Ce; O, (11.6%) but higher than Zn,Zr,,O, (2.2%).
The participation of oxygen vacancy in MSR is confirmed by
in situ Raman. TPSR profiles indicate that the reaction follows
the formate pathway on Zn;Ce, 5ZrqOy,, similar to that on unmo-
dified ZnZrO,. The enhanced activity is due to the improved H,O
activation ability on oxygen vacancy sites stabilized by Ce**. Ce
doping can also stabilize the phase structure of ZnCeZrO,, during
the reaction and inhibit carbon deposition, leading to the
improved stability.

3.2 Homogeneous catalysis for MSR

Homogeneous catalysis refers to a homogeneous phase in
which the catalytic reaction system is indistinguishable from
the reaction medium and other components. Compared with
heterogeneous catalysts, homogeneous catalysts show the char-
acteristics of high activity, high selectivity, and catalyze specific
reactions quickly with definite mechanisms. The most used
homogeneous catalysts in dehydrogenation reactions are orga-
nometallic complexes, such as Ru-based catalysts.>”® Some
representative results are summarised in Table 7.

From the perspective of reducing energy consumption and
side reactions, lowering the reaction temperature is a key
objective for MSR. In 1987, Cole-Hamilton et al. reported that
MSR could be catalyzed by [Rh(bipy),|Cl (bipy = 2,2'-bipyri-
dyl).>*” This catalyst achieved a TOF of 7 h™" at 120 °C in the
presence of NaOH. Beller et al. reported a process facilitated by
Ru pincer complexes [RuHCI(CO)(HN(C,H,PiPr,),)], offering a
TOF of 4700 h™" and a turnover number (TON) of 35000 at
reaction temperature of 93 °C.>>® The reaction mechanism was
studied in the later work, as shown in Fig. 8. Ru-Amido
complex is sorted and considered as the key reaction inter-
mediate. This intermediate is highly reactive with methanol,
formic acid, and water, providing mono and dihydride Ru
complexes, which can be deprotonated at the nitrogen atom
of the pincer ligand in the presence of base. The deprotonated
dihydride complex releases hydrogen and formaldehyde during

EES Catal, 2023,1, 459-494 | 481


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ey00076a

Open Access Article. Published on 22 May 2023. Downloaded on 11/2/2025 2:32:08 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Table 7 Homogeneous catalysts for methanol dehydrogenation

Catalyst Temp. (°C) Yield (%) TON Ref.
H
~ T
N, | PP
[ Ru 93 59 350000 258
.P/ \co
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e
He & ~ 80 50 51000 267
N—/Fe—CO
\
E=PPr, or PCy,
i VL H . 150 96 >130000 269
2 PtP—Ru——P'Pr,
HexS to
H
P'Pr,
< L\CI
H=N—Ir—H 94 1400 270
H
100 90 271
~90 64 10510 263
PPh, PPh,
L‘HBH:, N
HN=—=Ru=——=CO  Ph,P=—Ru=—PPh. 94 26 > 4200 259
H | H' |
PPh, Ph,P
~100 82 29000 261
PiPr;
| SHBH;
H—N——Feé—co 91 9834 265
H
PiPr;
Br
Ho /o ]
w,, P ‘&,‘PIPr;
M, 92 >20000 266
i | Neo
Pr;
co

the protonation to generate monohydride complex. Beller et al.
also reported a bi-catalytic system for methanol steam reform-
ing in the absence of base.>*® This system contains Ru-MACHO-
BH and Ru(H),(dppe), that work synergistically. A TON of
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higher than 4200 was achieved at ~94 °C and only a trace
amount of CO (<8 ppm) was detected in the products. Griitz-
macher et al. developed a Ru-bases complex with a chelating
bis(olefin) diazadiene ligand.*®® The complex, [K(dme),]
[Ru(H)(trop,dad)], can intramolecularly store up two equiva-
lents of hydrogen reversibly. This catalyst can achieve 80%
conversion after 10 h at the temperature of 90 °C, producing
CO,/H, from methanol aqueous solution under neutral condi-
tions. Milstein et al. reported a Ru-PNN pincer complex in this
reaction.’®" This catalyst achieves a H, yield of up to 82% in
9 days at ~100 °C and is very stable. No deactivation can be
observed after ~1 month, achieving a TON of ~29000. Reek
et al. reported a ruthenium complex Ru(salbinapht)(CO)(Pi-Pr;)
could also catalyze this reaction.®> A TOF of 55 h™* is achieved
at 82 °C.

Yamaguchi et al. reported that an anionic Ir complex with
a functional bipyridonate ligand was active for MSR.>** A
continuous H, production is achieved for 150 h by adding
methanol, water, and NaOH continuously at refluxing condi-
tions, achieving a TON of 10510 with a H, yield of 64%. Beller
et al. reported a Ir-PNP pincer complex in this reaction.*®*
A TOF of 326 is achieved at 70 °C. During the reaction, the
formation of an iridium dihydride carbonyl complex results in
the deactivation of this catalyst in low basic media. Using
strongly basic conditions can inhibit the deactivation.

It is worth noting that non-noble metal-based complex
catalysts for MSR have been explored in recent years. Beller
et al. reposted an iron pincer complex with a TON close to
10000 obtained with a TOF of 644 h™" at 91 °C.>*® Deactivation
is observed for this catalyst and adding additional ligands in
the reaction mixture can improve the lifetime as the decom-
position of the catalyst is hindered. Later, a Mn pincer catalyst
was reported for this reaction.>®® This catalyst shows good
stability and a TON of more than 20 000 is reached. However,
the PNPiPr ligand is sensitive to light and the experiments need to
be carried out under the exclusion of light. Holthausen et al.
applied a pincer-supported Fe compound in the methanol dehy-
drogenation reaction with TON up to 51000.>°” A co-catalytic
amount of a Lewis acid, LiBF,, plays an important role in
facilitating the decarboxylation of the Fe formate species.

3.3 Heterogeneous catalysis for methanol synthesis from CO,
hydrogenation

Methanol can be produced from CO hydrogenation and CO,
hydrogenation. Methanol synthesis from syngas in the presence
of a small amount of CO, is a well-established industry process
while direct CO, hydrogenation has been a hot research topic in
recent years. A brief introduction of heterogeneous catalysts for
CO, hydrogenation to methanol will be given below.

Cu/ZnO based catalysts show good performance in both
methanol synthesis from CO and CO,.””>*”® Urakawa et al.
studied the performance of Cu/ZnO/Al,O; in CO, hydrogena-
tion under very high pressure.>”* The one-pass CO, conversion
can achieve 95% with a methanol selectivity of 98% at 36 MPa
and 260 °C. Other Cu-based catalysts such as Cu/ZrO, and Cu/
CeO, also show good performance for CO, hydrogenation to
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Fig. 8 The mechanism of RUHCICO)(HN(C,H4PiPr,),) catalyzed metha-
nol dehydrogenation.2%® Reproduced with permission from ref. 268.
Copyright (2016) American Chemical Society.

methanol. Rodriguez et al. compared the performance of CeO,/
Cu(111) and Cu(111) using model catalysts.>’”> The TOF of
CeO,/Cu(111) is 1.3 s~' at 302 °C, much higher than
Cu(111) (6.3 x 107% s~ ). The activation energy of CeO,/Cu(111)
(12 kecal mol™") is also lower than Cu(111) (25 kecal mol ).
Satokawa et al. compared the performance of Cu supported on
ZrO, with different crystal structures, including amorphous ZrO,
(a-Zr0O,), monoclinic ZrO, (m-ZrO,), and amorphous/tetragonal
ZrO, supported on KIT-6 (a-ZrO,/KIT-6 and t-ZrO,/KIT-6).””® Reac-
tion results show that the catalysts using supports including
amorphous ZrO, show higher methanol selectivity and formation
rate. The difference is related to the different existence states of
Cu species on the as-prepared catalysts. XRD and XAS show that
CuO exists on the Cu/m-ZrO, and Cu/t-ZrO,/KIT-6 while Cu,Zr,0,
exists on the a-ZrO, containing catalyst. After reduction, the Cu
size of a-ZrO, containing catalyst is smaller, leading to the higher
activity. At the same time, methanol vapor adsorption indicates
that the adsorption of methanol on a-ZrO, is weaker. The weak
adsorption of methanol can inhibit the decomposition of metha-
nol into CO and improve the methanol selectivity. Recently,
Li et al. reported a faujasite-encaged mononuclear Cu catalyst
(Cu@FAU) that showed good performance in CO, hydrogenation
to methanol.””” A methanol formation rate of 12.8 mmol
g h™' and methanol selectivity of 89.5% can be achieved at
240 °C. No deactivation is observed over 200 h on stream, showing
that this catalyst is very stable under reaction conditions and may
be a promising catalyst for large-scale industry applications.
H,-D, exchange experiment results show that the activation of
H, on this catalyst is assisted by CO,. Surface species study and
DFT calculations prove that CO, hydrogenation to methanol
follows the formate pathway. The mononuclear Cu and neigh-
bouring O sites act as classical Lewis pairs and activates the H,
with the assistance from adsorbed CO, species.

Pd-Based catalyst is another kind of catalyst used for CO,
hydrogenation to methanol. Different supports, such as ZnO,
Ga,03, and CNTs, have been used. For Pd/ZnO, the PdZn alloy
formed after reduction is ascribed to the active sites.””® Mu
et al. studied the influence of Al doping in ZnO support for Pd/
ZnO on this reaction.””® The activity increases with Al doping
up to 3.93 wt%. Al doping in ZnO can facilitate the adsorption
and activation of CO,, leading to the improved performance.
However, Al content greater than 3.93 wt% leads to a decrease
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in activity. This is caused by the formation of ZnAl,0, spinel
and amorphous Al,O; on the ZnO surface. Tsang et al. studied
the influence of the exposed surface of Ga,O; for Pd/
Ga,0;.28?81 B-Ga,0, with plate and rod morphologies are used
as supports. The plate type Pd/B-Ga,O; shows better perfor-
mance than the rod type catalyst. XRD and TEM show that the
major exposed facets are different for rod and plate B-Ga,O;.
The majority surface of rod Ga,0; is terminated with (111) and
(110) faces while it is (002) for plate Ga,0s. The (002) surface of
Ga,0; has polarity due to the unbalanced arrangement of
cation and anion and a stronger interaction with Pd, which
improve the metal dispersion and lead to the formation of
PdGa,, resulting in a better activity. Li et al. investigated the
position effect of Pd on CNTs.”®* Pd nanoparticles with high
selectivity located inside or outside CNTs were prepared and
tested in CO, hydrogenation to methanol. The TOF of Pd inside
of CNTs is 0.33 h™', much higher than the Pd outside of CNTs
(0.09 h™"). The activation energy of Pd inside of CNTs is also
lower. The difference is caused by the different ratios of Pd’+
species. The deviation from the plane structure of CNTs causes
the hybridization of the p orbital of C to become intermediate
between sp” and sp>. Therefore, the n-electron density is shifted
from the concave inner surface to the convex outer surface of
CNTs. The inner surface thus becomes electron deficient and
helps to stabilize the Pd®* species, forming more Pd’-Pd’*
structures. During CO, hydrogenation, H, is activated on Pd°
sites while CO, is activated on Pd’+. More Pd°-Pd®" structures
lead to the higher activity.

Besides metal-based catalysts, metal oxides and metal sul-
fides catalysts have also been used in CO, hydrogenation, such
as In,03, In,05/Zr0,, ZnO-Zr0,, GaZrO,, CdZrO,, and MoS,.
Metal oxide-based catalysts show high methanol selectivity
than Cu-based catalysts. However, the activity at low tempera-
tures is unsatisfactory and should be improved. Using DFT
calculations, Liu et al. predicted that In,O; could catalyze CO,
hydrogenation to methanol.>®*2%% Later, the activity of com-
mercial In,0; is confirmed by experiments.”®® Pérez-Ramirez
et al. reported a very high selectivity to methanol catalyzed by
In,0; prepared from the decomposition of In(OH);.>*® The
oxygen vacancies on the surface of In,O; are crucial in this
reaction. The easy reduction of In,O; under reducing atmo-
sphere at high temperature limit its practical application. The
activity of In,O; can be improved by supporting on monoclinic
7r0,.>®” The lattice mismatch between ZrO, and In,0; causes
pronounced tensile forces and more oxygen vacancies for
In,0;3. ZrO, also contributes to CO, activation. Both these
factors contribute to the improved In-based specific activity.
Metals, including Pd,*®® Pt,”*® Ni,>*° Rh,*' Re,***> and Au,**?
have been used as promoters for In,03, mainly to improve the
hydrogen activation ability of the catalyst at low reaction
temperatures. Li et al. studied the performance of ZnO-ZrO,
solid solution catalyst in CO, hydrogenation to methanol.>**
This catalyst shows a high methanol selectivity of 86-91% with
CO, conversion higher than 10% at 320-315 °C. The resistance
of ZnO-ZrO, to SO, and H,S is good. No deactivation is
observed in the presence of 50 ppm SO, or H,S, making this
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catalyst suitable for industrial application. DFT calculations
show that the synergetic effect between Zn and Zr sites leads to
the good performance. Later, the solid solution catalyst system
is extended to GaZrO, and CdZrO,.>°> Wang et al. reported that
MoS, nanosheet could catalyze CO, hydrogenation to methanol
at low temperatures.>®® A methanol selectivity of 94.3% with a
CO, conversion of 12.5% is achieved at 180 °C. Theoretical
study shows that the in-plane S vacancies of MoS, are the active
sites for methanol formation.

It should be noted that this part is only a brief introduction
for CO, hydrogenation to methanol. A comprehensive summary
on this topic can be found in some nice review articles.>*”>®

4. Ammonia and related chemicals

Ammonia and its derivatives, including ammonia borane and
hydrazine hydrate, also deserve attention as carbon-free energy
carriers.>*® Ammonia, a well-established industrial product, is
produced and transported globally at a scale of approximately
150 million tons per year via trains, pipelines, and other
means.>® In contrast to carbon-containing carriers, ammonia
does not emit CO or CO,, and ammonia is not a greenhouse
gas. In 1982, Green first proposed the use of ammonia as an
energy carrier, suggesting that it could be an economically
viable energy vector.>*’ Other ammonia-based compounds like
ammonia borane and hydrazine are also carbon-free. Ammonia
is a particularly versatile energy carrier because the hydrogen
generated from ammonia can be utilized in hydrogen fuel cells,
and meanwhile, ammonia itself and related compounds can be
directly employed as fuels.**

4.1 Ammonia

Ammonia (NH;3) offers great potential as a liquid-phase hydro-
gen storage and transport medium due to its ability to be stored
in liquid form under relatively mild conditions. Notably, its
mass hydrogen density surpasses that of liquid H,, and NHj3; is
much easier to liquefy than H,, given its higher temperature
(~25 °C) and lower pressure (~ 3 bar) requirements. NH; has
several advantages as a hydrogen source, as summarized below.

High hydrogen capacity: with a hydrogen storage capacity of up
to 17.7 wt% (108 g L™ ") and an energy density of 3000 W h kg™,
NH; outperforms other LHCs such as methanol in terms of
capacity and density.>*>

Environment-friendly: NH; decomposition results in the
production of H, and stoichiometric N, without generating
harmful CO or greenhouse gas CO,,**® thereby benefiting both
the environment and the purity of H, produced.?®*

Since the synthesis of NH; from N, and H, (H, storage
process) is very mature in industry, using NH; as LHC is mainly
decided by H, release process. There are two key challenges of
NH; decomposition and H, separation, which will be discussed
in the following sections.

4.1.1 Ammonia decomposition. Metal catalysts
played critical roles in NH; decomposition reactions since
Green’s first report in 1982.°°' At high temperatures, NH;

have
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adsorbs onto active catalytic sites and undergoes N-H bond clea-
vage. The pathway for NH; decomposition has been proposed as
follows, where * represents the active site for NH; decomposition.***

NH;(g) +* — NHj}
NH; +* — NH} + H*

NH; +* — NH* + H*

NH* + * — N* + H*
2N* - Ny(g)
2H* — H,(g)

The binding strength of the metal site to N is the most
dominant factor throughout the reaction. A strong M-H bond
favours N-H bond scission but goes against N* desorption,
while a weak M-H bond is not sufficient to cause N and H
separation. Thus, a suitable strength of M-H bond is crucial for
enhancing catalytic activity for NH; decomposition.>*> Among
all single metal catalysts, Ru exhibits the highest catalytic
activity due to their appropriate Ru-N binding energy.**® Cur-
rently, catalysts for NH; decomposition can be divided into two
categories, namely Ru-based catalysts and Ru-free catalysts
(Table 8).

In recent years, significant advancements have been made
in the synthesis and mechanism of ruthenium-based catalysts,
aiming to achieve higher activity at lower temperatures.**>*?”
Yamazaki et al. prepared Ru/CeO,-PrO, via a coprecipitation
route for on-site NHj;-decomposition H, fuelling station in
2022, which showed the highest level of decomposition activity
among all catalysts ever reported.>*® Typically, the optimized
catalyst Ru/CP33 shows NH; conversion of >99.5% at 500 °C
within 1800 h on stream. The benefits of H, production from
NH; decomposition exceed the actual cost, which lays a solid
foundation for its commercialization. Zhong et al. prepared a
series of alkali metal silicates A,SiO; (A = Li, Na, and K)
supported Ru nanoparticles for NH; decomposition, and the
optimized catalyst exhibited the highest conversion of 60.5%
with a TOF value of 2.03 s~'.*>°° The improved catalytic perfor-
mance is ascribed to strong electronic metal support inter-
action (SMSI) between Ru particles and oxygen vacancies. Yun
et al. confirmed that modulating the SMSI could efficiently
enhance the catalytic properties of Ru/BCY-x catalysts, which
provided an efficient way for catalyst modification.>'® Chae
et al. prepared a series of Ru doped La,Ce,_,O,, composites for
NH; catalytic decomposition and confirmed that N, desorption
was the rate-determining step in the reaction®'' To reduce
costs, non-noble metal-based catalysts for NH; decomposition
have been explored. Various strategies have been employed to
improve the catalytic activity, such as designing spatially con-
fined metal nitrides, using one-pot cation-anion double hydro-
lysis synthesis route, and employing a sol-gel method with a

© 2023 The Author(s). Published by the Royal Society of Chemistry
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second support material. Jia et al designed spatially
confined metal nitrides in order to weaken the associative
desorption of adsorbed N effectively.*’®> The synthesized
Mo,N/SBA-15/rGO exhibits the highest NH; decomposition rate
of 30.58 mmol g~ min~" among all Mo-based catalysts ever
reported. Chae et al. prepared a series of Ni/Al;Ce,O, compo-
sites with higher Ni dispersion and surface area via one-pot
cation-anion double hydrolysis synthesis.*'* The introduction
of Ce can modulate the synergy of oxygen vacancies, NiO
reducibility, Ni-support interaction, and basicity. Jiang et al
developed a CeO, and BN hybrid-supported Ni catalyst by a
sol-gel method, which showed high activity with H, yield of
approximately 516 mmol gy; ' min~" at 600 °C.*"* The result
demonstrates a simple but effective strategy of adding a second
support material to improve catalytic activity for NH; decom-
position. Besides, Bertola et al. performed kinetic assessment
of NH; decomposition reaction based on experiments and
computational fluid dynamics modeling.*'® A flat-plate micro-
reactor operating under kinetic-control conditions with negli-
gible mass transfer resistance is designed, which facilitates the
assemblage and disassemblage of components.

4.1.2 Gases separation. Effective H, separation is another
critical challenge in the gas-phase decomposition of NH;.
Generally, the reaction mixture includes products N,, H,, and
undecomposed NH;. Small concentrations of NH; gas can be
captured by passing through liquids or solid-packed beds.?***>*
Pressure swing adsorption (PSA) is one of the most well-developed
strategies for commercial NH3/N,/H, separation.®® PSA, first
reported in 1959 by Charles W. Skarstrom,*** is a process where
the feed gases are passed through a selectively absorbent material
bed at high pressure,**>*?® and the system pressure is reversed to
backflush the unwanted compounds. At present, PSA has been
able to apply in industrial production on a large scale and has
achieved a great economic effect. Alternatively, H, permeable
membranes have been recently applied in the separation of
NH3/N,/H,. There are three types of H, permeable membranes:
porous ceramic, polymeric, and metal (porous and solid).**” This
method is characterized by a low energy consumption rate, long-
term durability, and good quality control and has been used in
industry.

Table 8 Catalysts for NHz decomposition

View Article Online

Review

4.2 Ammonia borane

Ammonia borane (AB), a solid at room temperature, has
emerged as one of the most promising materials for chemical
hydrogen storage since its first synthesis in 1955 by Shore and
Parry.**® Due to its high hydrogen content of 19.6 wt%, non-toxic
nature, and sustainable stability under ambient conditions, AB
has garnered significant interest as a potential hydrogen carrier.
The structure and properties of AB can be found in a recent
review paper by Demirci.**® AB dissolves well in water and
methanol, allowing it to decompose and release H, in the
presence of catalysts in the liquid system. The chemical equa-
tions for AB hydrolysis and methanolysis are as follows.

Hydrolysis: NH;BH; + 2H,0 — NH,BO, + 3H,
Methanolysis: NH;BH; + 4CH;0H — NH,B(OCH3), + 3H,

However, at high temperatures, AB decomposes to produce
H, and volatile toxic substances such as NH; and diborane.?3°33!

4.2.1 Hydrolysis of ammonia borane. In contrast to energy-
intensive and environmentally harmful pyrolysis, AB hydrolysis
does not release gaseous by-products, making it safer and more
suitable for applications in the automotive industry and other
fields. In 2005, Xu et al. reported the first hydrolysis reaction of
AB using Pt, Rh, and Pd nanoparticles as catalysts, which
opened the prelude of AB hydrolysis.**> During hydrolysis, H
connected to B in AB combines with H in the H,O molecule to
release H, in the presence of catalysts. The mechanism of
AB hydrolysis is in the process of continuous development.
Zhou et al. applied isotopic experiments to determine the order
of B-H, B-N, and O-H bond cleavages, confirming that
NH;BHj + H,O* — NH;3;BH,(OH)* + H* is the rate-deter-
mining step.>** The results suggest that the key to hydrolysis
catalysis lies in O-H breaking in H,0. Some of the representa-
tive catalysts for AB hydrolysis are listed in Table 9.

Similar to the dehydrogenation reaction of toluene and NEC,
noble metal catalysts used in the hydrolysis of AB have better
performance than non-noble metal catalysts. In 2022, Liu et al.
immobilized Ru nanoparticles on natural chitosan polymers,
achieving a TOF value of 331.8 min ' and an E, value of
41.3 k] mol '.*** Xu et al first applied metal-organic frame-
works in hydrolysis with the help of Pt nanoparticles in
MIL-101’s nanopores, which showed an activation energy of

Temp. GHSV Conv. H, production

Catalyst (°C) (ML ge "h™") (%) (mmolg ' min ') Ref. Table9 Representative catalysts for ammonia borane hydrolysis
Ru/CP33 500 30000 99.5  33.3 308 Catalyst Temp. (°C) TOF (min~') E, (kf mol™') Ref.
Ru/K,SiO; 450 30000 60.5 20.3 309

Ru/CNTs 550 30000 100 33.5 316 Ru/CS 30 331.8 41.3 334
Ru/Cr,03 600 30000 100 30.7 317 N-hcep-Ni/C 25 17.2 35.3 337
Ru-K/CaO 400 9000 53.7 5.4 318 PVP stabilized Co 40 14 46 336
Ru/CaAlO, 500 6000 98.2 6.6 319 Co/CTF 25 42.3 42.7 338
Mo,N/SBA-15/ 600 60000 68.5 184.6 312 Fe-Ni-NizB 30 ~293 39.95 339
rGO P2-Cu-Co30,@CNF 30 35.6 29.86 340
20Ni/ 600 54000 81.8 49.3 313 hep-CuNi/C 25 22.64 29.92 351
AL Ceg 0505 Co-P 25 23.5 38.7 352
Ni; 5C0,5/CeO, 650 30000 96.96 32.5 320 Cu@Nig-MOF 25 69.1 31.6 341
20Co-10Ni/Y,03 550 9000 85.02 8.5 321 PdCo@NCHP 30 881.91 36.9 353
Ni;(Ces0,/Al,05 525 30000 75 25.1 322 Pt/Mo0O;_,-500 25 331.4 13.97 354
© 2023 The Author(s). Published by the Royal Society of Chemistry EES Catal., 2023,1, 459-494 | 485
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40.7 kJ mol~".*>** The present results bring light to new oppor-
tunities in the superiority of porous materials in hydrolysis.

Despite their superior performance, the high cost of noble
metal catalysts has driven researchers to explore more affordable
non-noble metal catalysts, such as Ni and Co catalysts. Ozkar
et al. prepared polymer-stabilized cobalt(0) nanoclusters from
the reduction of cobalt(u) chloride, which was found to be active
in the hydrolysis reaction of AB.**® Li et al. presented for the
first time that N-hcp-Ni/C could perform admirable catalytic
properties for AB dehydrogenation.**” N-hep-Ni/C delivered good
catalytic activity with a TOF value of 15.2 min~', owing to the
unusual hep engineering phase of Ni with N doping. In 2016,
Chen et al. synthesized Co/CTF and Ni/CTF through an impreg-
nation method with a total turnover frequency of 42.3 min~* at
room temperature.®*® The covalent triazine framework (CTF) was
rich in N, which gave it an electron-donating effect to increase
the electron density of the Co and Ni. Besides, the KIE measure-
ments showed that the breaking of an O-H bond in H,O was the
rate-determining step for AB hydrolysis.

Recently, bimetallic catalysts have gained attention for their
potential synergistic effects in the hydrolysis of AB. Vernekar
et al. reported that the addition of Fe in the Ni-Ni;B produced
strongly positive cooperativity, similar to nature-designed
hydrogenase metalloenzymes.**° The catalyst can effectively
reduce the reaction activation energy and maintain a catalytic
conversion rate of 100% in several catalytic cycles with a TOF of
~293 min~". Yu et al. prepared a ZIF-67 derived Coz04 nano-
particles in a carbon-based nano framework with P and Cu co-
doping strategy which exhibited an astonishing nearly 51-fold
improvement.>*® According to the experimental results and
DFT calculations, the strong electronic coupling between Co
cation and P anions brought electronic structure regulation and
a downshift of d-band, similar to the Cu doping effect. This
structural shift produced the apparent activation energy with
29.86 k] mol ! and a TOF of 35.6 min~". Li et al. designed an
out-of-plane CoRu nanoalloy axially coupling CosNC with super-
ior intrinsic activity and cycle stability at room temperature.**!
The result presented that the electron-enrichment-boosting
effect could effectively reduce the reaction energy barrier accord-
ing to DFT calculations.

Increasing studies have been focused on light-assisted
photocatalytic AB hydrolysis to H,. With the help of visible
light, dehydrogenation can proceed quickly without heat from
external systems. Furthermore, the photocatalytic system is
more environmentally friendly and promotes carbon neutrality.
The photocatalysts are based on the semiconductor materials
such as titanium oxide**? and carbon nitride.*** In 2022, Astruc
and coworkers prepared AuNi@ZIF-8 alloys under visible-light
illumination.*** The researchers designed a new strategy invol-
ving plasmon-induced visible light and maximum synergy
among the nanocomponents to boost AB dehydrogenation
performances. Filiz et al. reported a series of Co doped n-type
semiconductors and presented that Co@TiO,-WO; heterojunc-
tion structure had the best performance.**>

4.2.2 Methanolysis of ammonia borane. In recent years, a
series of catalysts have been developed for the efficient
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methanolysis of AB, which provides a new way for the industrial
application of chemical energy storage. AB methanolysis has a
wider application temperature range than AB hydrolysis due to
its low freezing point temperature of —114 °C. The mechanism
and the technical means to improve H, production efficiency
are still under study. Yao et al. confirmed the cleavage of O-H
bond in methanol was involved in the rate-determining step
by isotope experiments.**® Recently, Li et al. prepared a series
of Cu,Ni; ,WO, through hydrothermal synthesis as cheap
catalysts for AB methanolysis.>*” Among them, Cug gNig, WO,
exhibits the highest TOF of 59.0 moly;, mole, ' min~" and the
catalytic activity can be well maintained after eight cycles.
Furthermore, the scission of O-H bond is identified as the
rate-determining step. Similarly, heterostructured Cu;Mo,0o/
NiMoO, hollow spheres comprised of nanoplatelets were pre-
pared for the reaction, and the optimized catalyst exhibited a
TOF of 62.1 moly, mole, * min~".>** The upshift of d band
center of the catalyst provides better chemisorption ability of Ni
and Cu sites, favourable for the adsorption and activation of
CH;OH and AB.

4.3 Hydrous hydrazine

Hydrous hydrazine (N,H,-H,O) is considered to be used in the
liquid chemical hydrogen storage system, and N, is the only
complete decomposition by-product. Hydrazine hydrate has the
advantage of liquid phase at room temperature, high hydrogen
content (8.0 wt%), and satisfactory stability.>**2°° It is worth noting
that pure hydrazine is prone to explode after contact with metal
and hydrous hydrazine does not have this safety hazard. The
decomposition of hydrazine includes complete decomposition
and incomplete decomposition. The complete decomposition is
the ideal reaction, while the incomplete decomposition will pro-
duce toxic NH; and possibly poison catalysts.

N,H, — N, + 2H,
3N,H, — N, + 4NH,

To achieve hydrazine complete decomposition, reducing
the energy barrier of N-H cleavage is crucial for the reaction,
while N-N bond is easier to be broken than N-H bond.**® Thus,
the metal catalysts are necessary for the reaction due to the
stronger M—-H bonds than M-N bond.**® In recent years, some
progress has been made in the nanocatalysts for hydrazine
dehydrogenation (Table 10). In an early study, Xu et al. applied
Rh, Co, Ru, Ir, Cu, Ni, Fe, Pt, and Pd nanoparticles (NPs) in
hydrazine decomposition.’”” Among them, Rh NPs are con-
firmed to be the most active catalyst under aqueous conditions,

Table 10 Representative catalysts for hydrazine decomposition

Catalyst Temp. (°C)  Hpsel. (%) TOF (h™')  Ref.
Rh NPs 25 43.8 357
Ni/Fe/Pd NPs 40 100 25.3 358
Rhg 5(M00,)os NPs 50 100 750 359
Nig coPto 51 It 100 7.9 360
NigsIr;s@MIL-101 25 100 24 361

© 2023 The Author(s). Published by the Royal Society of Chemistry
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while Fe, Ni, Cu, Pt, and Pd NPs exhibit lower activity. Khan
et al. prepared tri-metallic nanocatalysts for hydrazine decom-
position in a basic solution at low temperatures.>*® Compared
to the mono-metallic and bi-metallic catalysts, the tri-metallic
catalysts perform good durability and 100% hydrogen selectiv-
ity. Lu et al. reported a series of Rh-MoO, NPs prepared via a
one-step chemical reduction approach without any surfactant/
support at room temperature.®>® Typically, Rhg 5(M0O,)o.s NPs
exhibit good catalytic activity with a TOF of 750 h™" and 100%
H, selectivity at 50 °C.

5. Concluding remarks

In this article, an overview of major existing LHC systems is
provided and some relevant catalytic studies are involved.
Currently, LHC technology is at a crucial stage, transitioning
from laboratory settings to industrial applications, where it can
address the challenges in H, storage and transportation. As
LHC technology advances toward commercialization, it has the
potential to transform the energy landscape and create a more
open market through the development of diverse hydrogen
sources. However, LHC systems still face several key issues that
need to be addressed. Hydrocarbons, although economically
viable, may not be the optimal choice due to dehydrogenation
challenges. Methanol can effectively utilize CO, as the synthesis
raw material; however, CO produced during dehydrogenation
can lead to catalyst deactivation. Although ammonia decom-
position has achieved profitability in gas station applications,
its overall economic viability for large-scale commercialization
is still uncertain. Moreover, the low-cost, large-scale production
of NH; remains a challenge. N-ethyl carbazole and ammonia
borane have attracted considerable attention in recent years,
but their costs remain high. Importantly, there is a pressing
need to develop catalysts with good activity, selectivity, and
stability, either by modifying existing catalysts or employing
novel preparation methods like atomic layer deposition.

For LOHC, methanol appears to be the optimized choice due
to the high H, mass and volumetric density as well as the low
dehydrogenation enthalpy (Table 1). That is, methanol is the
intrinsic better LOHC in comparison with other candidates.
In practice, both the synthesis of methanol from CO,-H, and
the H, release from methanol steam reforming can take place
at relatively low temperatures of <250 °C in the presence of
non-noble metal catalysts such as Cu-based catalysts. Overall,
methanol shows unparalleled advantages as LOHC and is ready
for industrial applications. Furthermore, using methanol as
LOHC can be combined with the management and utilization
of CO, for local carbon neutrality. Ammonia and its derivatives
are rising candidates as hydrogen carriers with very high H,
mass and volumetric density. However, many key issues should
be addressed before their practical applications. Keep in mind
ammonia synthesis from N, and H, remains one of the most
energy-extensive processes in the chemical industry.

Last but not least, improvements beyond the materials
themselves (LHC and catalysts) should be made, focusing on

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the development of more efficient and cost-effective systems for
hydrogen storage and release. By integrating advanced control
systems, heat management, and energy recovery strategies, the
overall performance of these systems can be significantly enhanced,
making them more practical for large-scale implementation.
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