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Abstract—Liquid organic hydrogen carriers (LOHC) are recently recognized as an attractive solution for H, storage
and transportation. Among several challenging tasks for practical application, the most stringent limitations stem from
the dehydrogenation reaction requiring high temperatures thermodynamically. Unlike previous reviews focusing on the
LOHC concept, LOHC molecules, and process integration, this review highlights the state-of-the-art catalysts reported
for the dehydrogenation of homocyclic and heterocyclic LOHC molecules. In the conversion of heterocyclic LOHC,
Pd-based catalysts overnumbered Pt-based ones owing to preferential adsorption of heteroatoms onto the Pd surface.
However, because of low stability of C-heteroatom bonds, catalyst development needs to concentrate on inhibiting the
generation of byproducts while maintaining superior performance under mild conditions. In the case of homocyclic
LOHC, Pt is overwhelmed in single metal and bimetallic catalysts owing to pronounced C-H bond cleavage. Neverthe-
less, the ability of Pt in C-C bond cleavage should be diminished for higher H, selectivity, better catalyst stability, and
steady LOHC recyclability, which is possible by tuning electronic and geometric effects of main active metals, as well as
adding metal promoters. Consequently, great efforts will be diversely devoted to achieving an active and stable dehy-

drogenation catalyst for future LOHC demonstration.
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INTRODUCTION

Use of fossil fuels has been increasing because of soaring energy
demand in recent decades, imparting negative effects on the global
environment by greenhouse gases emitted in use. Thus, humanity
worldwide is facing regulations to reduce greenhouse gas emis-
sion from 2020 according to the Paris Agreement adopted in 2015
United Nations Climate Change Conference. Many countries have
devoted themselves to replacing the previous energy sources with
renewable energy (e.g., solar, wind, geothermal, bioenergy, etc.) in
order to achieve their own goals [1,2]. Hydrogen energy among
them is being discussed as a promising candidate with the most
ideal potential to emit small pollutants [3]. It is, hence, essential to
solve various problematic issues in the sectors of hydrogen genera-
tion, storage and transportation, and utilization so as to realize the
hydrogen economy system in the future [4,5].

Hydrogen has a high gravimetric energy storage density of 33.6
kWh per kg, but a extremely low volumetric storage density of
3 Wh per liter at STP [6]. Also, it cannot be easily handled due to
gas phase and flammability. These make it difficult to transport and
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use hydrogen gas, so that researches are currently underway in vari-
ous technical fields for hydrogen storage [7-9]. The most widely
used storage method is compressed hydrogen and liquefied hydro-
gen. These two types have the advantages of utilizing the existing
pipeline infrastructure and not requiring additional materials; how-
ever, the cost and electricity to make and maintain each state are
too high to store it efficiently [10]. There are another storage meth-
ods such as physical adsorption in porous materials with high sur-
face areas and metal hydrides, where the former has poor storage
efficiency [9] and the other also has difficulties in transporting a
solid material and securing the stability of H, storage and release
due to thrmal decomposition [11,12]. Compared with the afore-
mentioned methods, the concept of liquid organic hydrogen carriers
(LOHC), which are high-boiling organic molecules and reversibly
hydrogenated and dehydrogenated, has many advantages in stabil-
ity, non-flammability, and management [13].

LOHC molecules are classified into two groups depending on
the presence of heteroatoms (ie., N, S, O, and B) in the molecular
structure. Homocyclic LOHC includes cyclohexane, methylcyclo-
hexane (MCH), decalin, bicyclohexyl, perhydrobenzyltoluene (H,,-
MBT), and perhydrodibenzyltoluene (H,,-DBT). Although the dehy-
drogenation mechanism is similar to that of heterocyclic LOHC,
homocyclic one does not contain elements positively affecting the
dehydrogenation reaction from a viewpoint of molecular structure.
Also, the bond between carbon and heteroatoms does not need to
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be cleaved by catalytic functions; thus, side reactions involving het-
eroatoms can be neglected. Heterocyclic LOHC molecules are devel-
oped to reduce the energy required for the dehydrogenation of
homocyclic LOHC (AH 3,.4,>60 k] mol;;, " [14,15]). A well-known
example is N-ethylcarbazole (NEC) capable of low-temperature H,
release at below 200 °C [16-18], thus attracting considerable atten-
tion owing to favorable kinetics and low dehydration temperatures
[16,19-23]. However, it has two main drawbacks to complicate im-
plementation for practical applications: a) the fully dehydrogenated,
pure NEC is a solid at room temperature (m.p. 68 °C) [24], b) the
thermal stability of NEC is limited by the dealkylation to carbazole
possibly happening at above 270 °C in the presence of catalysts. Thus,
various N-heterocyclic LOHC molecules are studied: for instance,
indoles and alkyl-substituted indoles, phenazine, and perhydro-4,7-
phenanthroline.

Despite the merits of LOHC, it has not been commercialized yet
because of high hurdles in the dehydrogenation reaction regarded
as the bottleneck of this storage method [10]. Specifically; the reac-
tion temperature (200-350 °C) is so high due to endothermic nature
while the reaction rate is relatively low; so that many side reactions
possibly occur and it is difficult to achieve full conversion [25].
Moreover, expensive, noble metal catalysts are commonly used.
Nevertheless, there are sufficient possibilities for commercialization
if one can overcome these challenges through intensive efforts in
academia and industry [13]. There are three general strategies to
complete adequate, fast, and cheap hydrogen release: 1) process
development, 2) new LOHC molecules, and 3) catalyst modifica-
tion. As the first representative, Wasserscheid et al. [26] suggested
a reactor of reactive distillation to cut off the H,-lean molecule

inhibiting the dehydrogenation reaction rate and thereby make the
H,-rich molecule in facile contact with the dehydrogenation cata-
lyst. A typical example in the second strategy was reported by Suh
and coworkers [27] that a new heterocyclic LOHC, 2-(n-methyl-
benzyl)pyridine (MBP), was designed by adding N atom into the
benzene ring of n-benzyltoluene based on density functional the-
ory (DFT) calculation. This molecule of H,-rich form showed much
faster hydrogen release over Pd/C than the benzyltoluene counter-
part over Pt/C and was stable in a few of recycle tests. In terms of
catalyst modification, Wang et al. [28] discussed an effect of facet
structure on the rate-determining step in the dehydrogenation of
dodecahydro-N-ethylcarbazole and recommended to control the
facet of Pd particles in the design of the Pd/rGO catalyst. Aside
from the above examples, various efforts are continuing to go beyond
the limitations of the dehydrogenation reaction.

Recent reviews mostly focused on the LOHC technology, and
partly on the catalytic dehydrogenation process and integration with
fuel cells [13,29-32]. This review deals with the state-of-the-art dehy-
drogenation catalysts for heterocyclic and homocyclic LOHC mol-
ecules, though previously summarized in part. For homocyclic
LOHC, Pt is the most common active metal and catalyst works
have been actively conducted with focus on the conversion, selec-
tivity, reaction rate, activation energy, and stability. In the dehydro-
genation of heterocyclic LOHC, Pd exhibits a better activity than
Pt [27,33,34], where catalyst stability is also important because of
strong adsorption of heteroatoms onto active metals [35]. Although
desired catalytic functions depend on the structure of the tested
LOHC molecule, they can be discussed in similar factors for high
activity and selectivity. Thus, the context is based on the type and

Table 1. Examples of single Pt catalysts reported for LOHC dehydrogenation

Active Preparation Reaction Reactor
Promotor  Support P Reactant temperature Results* Ref.
metal method o type
(0
TiO, Ion exchange Cyclohexane 270 Batch TOF=0.70s™" 37
TOF=259.73 min™
TO, f:gl‘zun;g‘ermal NEC 180 Batch H, yield=99.3% 75
S to N-ethylcarbazole=98.0%
X=69% at 270°C
- Imy i Decali 2 2 Batch 4
¢ pregnation ecalin 0t0 270 Batd S to naphthalene=68.4% at 270°C  °
. . . X=85%
- AC Impregnation Decalin 300 Continuous $ to naphthalene=95% 38
. . 278 mmol,, h™" at25h
Pt - C Impregnation Decalin 200 Batch X=26.5% at 25 h 39
. . Liquid-film  400.0 mmol;, h™
; AC Impregnation - Decalin 280 state X>95.0% within 1.5 h 40
- AC Impregnation Decalin 210 Batch 6 mmoly, for 150 min 41
. . Liquid-film  34mmoly, for 1h
- Al Imy D 2 42
CcC pregnation ecalin 80 state X=92% at 1 h
CNTs Impregnation Decalin 196.6 Batch 320.5 moly, b moly 43
pregh ' S to naphthalene=70.2%
- ACA Impregnation Decalin 210 Batch 450 mmoly, gp, ' 44
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Table 1. Continued

Y. Jo et al.

Active Preparation Reaction Reactor
Promotor  Support P Reactant temperature Results* Ref.
metal method o type
(0
X>95%
- B Imy i MCH i 4
C pregnation C 300 Continuous S 1o toluene=100% 5
- . 732.4 moly;, mol,, " for 2h
: CNFs Dreegoit;zgn Decalin 240 ;ﬁzld'ﬁhn X=46.3% 46
precip S to naphthalene=93.2%
729.9 mol,;, mol,, " for 2h
HCH
- CNFs recci:uctci)on Decalin 240 Batch X=60.2% 47
S to naphthalene=97.1%
- CNFs Impregnation Decalin 26010360  Continuous 554 mmoly, gy, min™" 48
- C Ton exchange Decalin 210 Batch 333.3 mmoly;, gy, ' for 60 min 49
. 2,500 mmoly;, g, for 120 min
- CNFs Ion exchange Decalin 240 Batch X=35% at 100 min 50
. . X=55%
- C Impregnation Decalin 240t0260  Batch S to naphthalene=95% 51
PhTES CB Impregnation Cydohexane 250 Continuous ~ X=47% 52
. Decalin, . TOF of decalin=1.96 min™
HNO; Impregnation cyclohexane 22 Continuous TOF of cyclohexane=25.0 min™" >
N CNFs Impregnation ~ Decalin 230 Batch 14.0 mmol,;, m~ Pt h™! 54
N CNT Impregnation Decalin 230 Batch 1,000 mmoly;, gy ' min~" at 30 min 55
N C Impregnation Cyclohexnae 210 Batch X=96.0% at 90 min 56
- ALO, Impregnation Cyclohexane 270 Continuous 713 umoly, s g, 58
Pt _ o1
i ALO, 'Ion exchange NEC 22010260  Continuous TOE— 17.5 moly, moly, s -
imp. H, yield=20.9%
CaO #ALO;, Impregnation Cyclohexnae 300 Continuous ~ X=87%at 1 h 59
Ca #~ALO, Impregnation Cyclohexane 300 Continuous  Initial activity=87% 60
S ALO; Impregnation DBT 310 Batch H, yield=80% at 40 min 61
S ALO, Impregnation DBT 310 Batch 43 gy, gy min™ at initial state 62
- ALO; Impregnation DBT 270 Batch H, yield=70% at 300 min 63
1,711 mol;, moly ' h!
TO, AlLO, Impregnation MCH 400 Continuous ~ X=93.2% 64
S to toluene=99.1%
- TiO, Impregnation MCH 350 Continuous  H, yield=65.6% at 420 min 65
X=95%
Ti Al Imy i MCH i
i0, NOX pregnation C 335 Continuous CH, concentration=75 ppm 66
- TiO, Impregnation MCH 175 Continuous ~ X=37% 67
- CeO, Impregnation MCH 150 Continuous  H, yield=21.6% 68
X=65.0%
SBA-15 Co-assembly MCH 300 Continuous S to toluene=~100% 69
Higher stability
TiO, SBA-15 Impregnation Cyclohexane 270 Continuous ~ Higher SMSI effect 70
- Lay,;Y,:NiO,  Co-precipitation MCH 350 Spray-pulsed  45.8 mmol;, g, min' at 90 min 71
- Y,0, Impregnation MCH 350 Spray-pulsed 958 mmoly;, g, min~ at 60 min 72

“X=conversion, S=selectivity
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kind of active metals. First, the works on single metal catalysts are
described in terms of catalyst functions in the order of Pt, Pd, and
other metals (Ir, Co, Cu, Mo, Nb, and Ni). Then, bimetallic cata-
lysts containing Pt or not are introduced. Finally, directions will be
discussed toward finding an active dehydrogenation catalyst.

SINGLE METAL CATALYSTS

1. Pt Catalysts

In the dehydrogenation of homocyclic LOHC, the cleavage of
C-H bonds must occur all around without breaking C-C bonds.
Pt is a well-known metal in rupturing the C-H bond with the
highest capability. The representative Pt catalysts are listed in Table
1. Kim et al. [34] found the conversion of decalin to tetralin to be
more energetically beneficial on Pt than on Pd by DFT calcula-
tion. However, Pt is also active in cleavage of the C-C bond as
used in traditional catalytic reforming. The activity of Pt catalysts
is largely determined by the particle size [36] and support acidity
[37], depending on the characteristics of supports including car-
bon and metal oxides. Also, these catalyst properties can be tuned
by a method of metal loading, support modification, and dopant
addition.

Carbon is a representative high-surface-area support that exists
in various derivatives including activated carbon (AC), carbon black
(CB), carbon aerogel (CA), carbon nanofiber (CNF), carbon nano-
tube (CNT), graphene oxide (GO). It is also the most studied in
Pt-based catalysts. For instance, Pt/AC was superior to Pt/Al,O; in
decalin dehydrogenation owing to both high Pt dispersion and
hydrogen spillover [38]. In several studies on carbon supported Pt
catalysts was termed “superheated liquid-film state” where catalyst
particles were not suspended in a reaction mixture all through the
dehydrogenation process. Using this concept, Pt/AC showed rapid
dehydrogenation of decalin and the activity critically depended on
the mass ratio of decalin to catalyst [39-42]. Subsequent studies
revealed that the catalyst state is beneficial in both H, diftusion
and desorption of aromatic products blocking active sites.

A variety of carbon supports are used for Pt catalysts. Li et al.
[43] prepared Pt catalysts supported on graphite, AC, CB, CNE
and CNT. When tested in decalin dehydrogenation under micro-
wave irradiation (MW), Pt/CNT was found to be the most active
owing to high Pt dispersion and low bulk density. On the other
hand, activated carbon aerogel (ACA), prepared by KOH treat-
ment and thermal activation at 800 °C for 2 h under N,, was re-
ported to be a better support than AC and CA for Pt-catalyzed
decalin dehydrogenation [44]. There was the case using pyrolytic
waste tire char for Pt catalyst in MCH dehydrogenation [45]. Also,
CNFs with microstructure types of tube (t-CNF), fishbone (f-CNF),
and platelet (p-CNF) were parepared by chemical vapor deposi-
tion (CVD) and used as a support of Pt catalyst for decalin dehy-
drogenation [46]. As a result of activity test at 240 °C, 5wt% Pt/p-
CNF exhibited a higher TOF of of 732.4 mol;, moly, . Addition-
ally, when Pt/CNF was activated by formaldehyde reduction, Pt
species was completely converted to Pt” without increasing the par-
ticle size and showed an outstanding activity of 729.9 mol;, mol,, '
[47]. The activity of these Pt catalysts was discussed in terms of Pt
particle size, metal-support interaction, and diffusion limitation: a

fibrous structure of CNF was advantageous to both external and
internal diffusion [48].

The synthesis method for Pt/C catalysts was modified to in-
crease Pt dispersion playing a key role in decalin dehydrogenation.
With regards to initial hydrogen release rate and total amount of
hydrogen evolution, ion exchange and polyol methods afforded
the active Pt catalysts [49]. In case of Pt loading, 4 wt% Pt was opti-
mal at obtaining a specific Pt particle size for the best hydrogena-
tion activity [50]. To promote the metal-support interaction, Pt/
CNF was prepared by ion exchange of the cationic Pt precursor
with the protons of oxygenated functional groups in the CNF sur-
face [51]. This catalyst contained well dispersed Pt particles of about
2 nm and represented four-fold higher H, production than Pt/AC.

Carbon derivatives are modified to locate silica and oxygen or
nitrogen functional groups at the surface. Nakagawa et al. [52]
reported a Pt/CB catalyst coated with microporous silica layers was
obtained using phenyltriethoxysilane followed by thermal treat-
ment at 973 K. SiO,-coated Pt/CB showed a higher conversion than
pristine Pt/CB in cyclohexane dehydrogenation, because the large
micropore of silica layer enhanced the diffusion of cyclohexane for
the reaction. On the other hand, multi-walled carbon nanotubes
(MWNT) to improve Pt dispersion were treated with nitric acid,
yielding oxygen-containing groups [53]. This surface modification
did not affect TOF of alkane dehydrogenation, but did have a geo-
metric effect on the dehydrogenation performance becuase trans-
portation limitations were more evident in the larger decalin than
the smaller cyclohexane. Likewise, partial oxidation for Sibunit
support catalyzed bicyclohexyl dehydrogenation more effectively
than the parent one for Pt catalyst [48]. For improved activity in
decalin dehydrogenation, defect types such as doped nitrogen and
edge-like sites were introduced into the three types of CNFs [54].
The Pt/p-CNF with defect sites developed showed the most ade-
quate metal-support interaction and thereby the high performance.
New edge-like defects, generated by thermal treatment removing
nitrogen compounds, worked beneficially on the supports of t-CNF
and f-CNF (Fig. 1(a)). In Pt catalyst supported on nitrogen-doped
carbon, the activity in cyclohexane dehydrogenation was in a vol-
cano-type relationship with the Pt particle size of between 1.6 and
3.1nm [55]. Furthermore, the effects of surface modification by
oxygen and nitrogen groups were investigated on the decalin de-
hydrogenation activity [56]. Although the oxygen functional groups
helped Pt dispersion, they were found to reduce the adsorption
energy of decalin by inhibiting electron transfer from Pt to car-
bon support. However, the nitrogen functional groups on Pt/CNF
led to higher Pt dispersion, positively charged Pt, and non-polar
catalyst surface. These resulted from the enhanced electron trans-
fer from Pt to CNF by the nitrogen group (Fig. 1(b)).

Also, metal oxides as support are known to have hydrogen spill-
over and thermal stability. Particularly, hydrogen spillover aiding
dehydrogenation is preferred over metal oxides because of low
energy barrier and thermodynamic properties [57]. The metal oxides
usually employed for Pt catalysts are ALO;, TiO,, CeO,, SIO,, La,0;,
V,0s, Y,0;. In LOHC dehydrogenation, state-of-the-art works with
these supported Pt catalysts focused on the effects of supports charac-
teristics and modification on catalytic activity and product selectivity.

The activity of Pt/ALO; cyclohexane dehydrogenation is well

Korean J. Chem. Eng.(Vol. 39, No. 1)
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Fig. 1. Key findings of single Pt catalysts in literature. (a) Schematic of edges and edge-like defects in Pt/CNFs (Reproduced with permission
from Ref. [54], Copyright 2018, Elsevier). (b) Electron transfer effect in Pt/CNT (Reproduced with permission from Ref. [55], Copy-
right 2020, Elsevier). (c) CO-DRIFTS results with respect to sulfur loading on Pt/AL,O; (Reproduced with permission from Ref. [61],
Copyright 2018, Royal Society of Chemistry). (d) Effect of the plasma treatment on the dehydrogenation performance under cyclic
operation (Reproduced with permission from Ref. [63], Copyright 2020, American Chemical Society).

correlated with Pt dispersion: for example, the catalyst with 0.5
wt% Pt showed the Pt dispersion of 76% as well as the highest
activity [58], which was also found in other supports. While ALO,
has been used widely; it is sometimes modified for activity enhance-
ment. In case of CaO-modified ALO;, highly dispersed Pt was
achieved by promotional effects of Ca-Al interaction and larger
CaO particles, resulting in lower acidity and more H, spillover
[59]. This enhancement reached a maximum at the Ca/Pt ratio of
5, leading to outstanding activity and stability [60]. Another exam-
ple was sulfur modified Pt/AlL,O; for fast DBT dehydrogenation
kinetics [61]. Sulfur atoms could be preferentially adsorbed to defect
sites (ie., edges or corner/apex) of Pt particles, inhibiting side reac-
tions and further improving the reaction rate and selectivity (Fig.
1(c)). Additionally, Pt particle size was optimized to decrease the
formation of side products (e.g., high boiler) in DBT dehydroge-
nation [62]. At the optimal amount of sulfur, the catalytic activity
was the highest with Pt size of 1.55 nm and side reactions were the
most suppressed.

Shi et al. [63] investigated the effects of surface hydroxyl groups
(SHG) and surface oxygen vacancies (SOV) created by H, and O,

January, 2022

plasma treatment for Pt/ALO; catalyst, respectively. Both treatments
enhanced Pt dispersion. Particularly, the SHG improved the reac-
tivity and stability by increases in the Pt proportion and H, spill-
over, whereas the SOV provoked side reactions by enriching the
low-coordinated Pt defect sites to have a negative effect on the
dehydrogenation productivity under cyclic operation (Fig. 1(d)).
Therefore, key points in ALO; modification are to boost the SHG
and appropriately reduce the SOV for DBT dehydrogenation.
Titanium oxide (TiO,) can transfer electron to Pt metal, which
is distinguished from other supports. To reduce weak acid sites
and increase the electron density of Pt, TiO, was added into ALO;
and the resulting Pt/TiO,-ALO; with 10 wt% TiO, exhibited the
highest Pt dispersion for MCH conversion [64]. Furthermore, Sekine
et al. [65,66] observed that the reaction order was almost zero with
respect to the partial pressure of toluene in MCH dehydrogena-
tion over Pt/TiO,, meaning that the dehydrogenation rate is hardly
affected by the inhibition of toluene adsorption, unlike AL,O;. This
was explained by electron donation of TiO, leading to electron-
rich Pt species that could weaken the adsorption strength of tolu-
ene. Such an effect of TiO, was maximized by activation of sup-
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ported Pt on TiO, of anatase phase under an electric field to generate
surface protonics, thus obtaining the improved MCH conversion
of 37% at 448 K [67]. The electric field also enabled to lower the
activation energy by nearly half that in no electric effect. This strat-
egy related to the surface protonics was also demonstrated in CeO,
support [68]. In case of Pt/CeQ, with the lower surface area and
smaller pore size that Pt/Al,O;, a combustion method, such as gly-
cine nitrate process, was developed to overcome mass transfer lim-
itations, which was effective in H, release from DBT [69].
Mesoporous silica was also used as support for Pt loading. A
one-pot co-assembly synthesis was applied for encapsulating highly
dispersed Pt particles into the mesochannels of SBA-15 [70]. The
growth of Pt nanoparticles was hindered due to the restriction effect
of the mesochannels, showing improved catalytic stability in MCH
dehydrogenation. As a similar concept, Pt nanoparticles sandwiched
between SiO, core and mesoporous SiO, shell were synthesized as
a more stable and active catalyst than conventional Pt/SiO, in
cyclohexane dehydrogenation [71]. This catalyst did not only exhibit
the outstanding thermal stability but also was regenerated at high
temperatures. On the other hand, TiO, nanoclusters were integrated
with a mesostructured SiO, support for Pt loading [72]. Owing to
controlling of titania crystal size, the strong metal-support inter-
action (SMSI) effect of TiO, could be appropriately changed and
thereby lead to enhancement of the dehydrogenation activity.
Various metal oxides (La,0;, ALO,;, CeO,, MnO,, TiO,, Fe,0O;,
and ZrO,) were used as support for Pt catalyst in MCH dehydro-
genation [73]. In terms of H, evolution rate, the support ranked in
the following sequence: CeO,<ZrO,<MnO,<Fe,0;<ALO;<TiO,<

La,0;. 3 wt% Pt/La,O; had the largest particle size of 9.81 nm, but
afforded the best performance due to facilitated H, spillover. In a
series of works, the activities of Pt/V,0s and Pt/Y,0; were com-
pared with that of Pt/ALO; in a spray-pulsed reactor [74]. 3 wt%
PYY,0, showed excellent activity (958 mmol;;, gy min™") in MCH
dehydrogenation. Once again, well dispersed Pt particles and H,
spillover proved to be pivotal in this catalyst system.

In the dehydrogenation of heterocyclic LOHC, Pt is less used
because the dehydrogenation activity is so high that side reactions
such as disproportionation, dealkylation, and C-heteroatom bond
cleavage can occur. When Pt/TiO, (optimal Pt loading: 1 wt%) was
applied for H,,-NEC dehydrogenation [75], the hydrogen release
amount and H;-NEC selectivity were estimated to be 5.75 wt%
and 98% at 180 °C, respectively. The activity and stability were
higher than 5wt% Pd/ALO; and Pt/ALO;. Ti** tended to be par-
tially reduced by Pt deposition and vacant sites were generated
around Pt [76]. Therefore, the superior catalytic performance of
Pt/TiO, was associated with the SMSI effect between Pt and TiO,,
and the vacancies of TiO, as well. On the other hand, the effects of
pore diffusion were studied by using an egg-shell catalyst, Pt/
ALO; layer on o-Al,O; core of different active layer thicknesses (24
to 88 um) deposited via ion exchange of a H,PtCl; solution [77].
Even at a very thin layer of 24 um, the kinetic regime was limited
to 235 °C and thus pore diffusion strongly affected the dehydroge-
nation reaction rate. The catalyst with the active layer of 33 um
exhibited a remarkable productivity of up to 10.9 g, g min™ at
262 °C, corresponding to H, release efficiency of 20.9% and turn-
over frequency (TOF) of 17.5 moly;, mol, ™" s™".

Table 2. Examples of single Pd catalysts reported for LOHC dehydrogenation

Active Preparation Reaction Reactor
Promotor  Support P Reactant  temperature Results” Ref.
metal method o type
(O
- Sio, Sol-gel Indoline 100 Batch X=~81% 78
TOF=221.16 min™'
- Sio Impregnati NEC 170
o pregnation Batch S to N-ethylcarbazole=94.8% at 1 h 80
H, yield=94.7% at 12h
- GO I h: NEC 1 Batch ’ 2
G on exchange 70 e S to Neethylcarbazole=846% at 121 °
H, yield=98.1% at 12 h
- C Commercial NEC 180 Batch X=90.5% at 1 h 83
S to N-ethylcarbazole=35.5% at 1h
TOF=~2,800h""
Pd HAP . . _ ;
- (hydroxyapatite) Impregnation Indoline 100 Batch H, yield>99% at 1 h 84
yeronyep X>99%at 1h
H, yield=71.1%
- CCA Impregnation MBP 250 Batch X=80.6% 87
S to H,-MBP=76.4%
‘ H, yield=70.4%
; ALO, S(r’izieniia‘éf:‘em MBP 250 Batch X=80.2% zg
preap S to Hy-MBP=75.4%
Phenyl- Liquid-film
- C Commercial ey 250 quid Higher X than Pt 71
cyclohexyl state

“X=conversion, S=selectivity
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2. Pd Catalysts

In the dehydrogenation of heterocycles without substrate degra-
dation, especially when an alkyl protecting group is present on the
heteroatom, the activity generally follows in the order: Pd>Pt>
Ru>Rh. Therefore, Pd catalysts are the most widely studied dehy-
drogenation catalysts for heterocyclic LOHC because of high activ-
ity at low temperatures (Table 2). Pd catalysts showed 100% selectivity
toward Hy-NEC at complete conversion [78,79]. Sotoodeh et al.
[80] found that Pd/SiO, fully dehydrogenated H,,-NEC within
1.6h at 170°C. This resulted from preferential adsorption of N
atom onto the Pd surface because the dehydrogenation efficiency
of perhydrocarbazole was much lower over Pt catalyst under the
same conditions (Fig. 2(a)). Moreover, the reaction rate and selec-
tivity of Hi-NEC depended on the size of Pd particles. The dehy-
drogenation efficiency reached the highest (4 wt%) at 170 °C when
the Pd size was about 9 nm [81]. This indicates that the adsorp-
tion energy of H,,-NEC is related to the surface structure of Pd
nanoparticles.

Wang et al. [82] reported the performance of a reduced graphene
oxide (rGO) supported Pd catalyst prepared by one-pot synthesis
using ethylene glycol. The specific activity of Pd/rGO in the dehy-
drogenation of H,,-NEC significantly increased up to 144 times,
even though the Pd amount was only half of commercial 5wt%

Y. Jo et al.

Pd/ALO; catalyst. With 2.5wt% Pd/rGO, the dehydrogenation effi-
ciency was measured to be 5.27, 549, and 5.78 wt% at 160, 170,
and 180°C for 12h, respectively. The benefits of rGO support
could be classified into three categories: 1) It has high surface area,
good adsorption property, strong mechanical strength, excellent
stability and conductivity. 2) The planar two-dimensional electronic
structure facilitates the modification of various molecules and atoms.
3) The surface of rGO contains many active groups and defects to
adsorb and anchor metal nanoparticles. Furthermore, the authors
highlighted the Pd(111) facet in the enhanced performance of Pd/
rGO catalyst as shown in Fig. 2(c) [28].

Therefore, the support properties certainly affect the dehydroge-
nation efficiency of Pd catalysts. Feng et al. [83] studied the dehy-
drogenation kinetics of four supported Pd catalysts such as Pd/C,
Pd/Al, O, Pd/TiO,, and Pd/SiO,. In case of Pd/C, the Pd size was
averaged at 3.0 nm, the specific surface area was 1,754 m’ g ', and
the reduction degree of Pd was 32.1%. As a result, Pd/C showed a
higher initial rate constant of 0.0086 min™" than the other tested
catalysts. This suggests that the structure, particle size, and reduc-
tion degree of Pd as well as textural properties of support have a
synergistic effect on catalytic performance. On the other hand,
Hara et al. [84] reported that a hydroxyapatite (Ca,o(PO,)s(OH),)
supported Pd catalyst (Pd-HAP) was highly efficient in the dehy-
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Fig. 2. Key findings of single Pd catalysts in literature. (a) Relative energy diagram for the dehydrogenation of decalin on Pd(111) and
Pt(111). (b) Schematic for the proposed model to support the activity and stability of Pd/CCA catalysts. (c) Activity and Gibbs free
energy results in the H,,-NEC dehydrogenation over different Pd facets such as (100), (110), (111) (Reproduced with permission from
Ref. [28], Copyright 2010, Elsevier).
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drogenation of various indoline derivatives [85]. Pd-HAP cata-
lyzed the dehydrogenation of all the tested indolines to the cor-
responding indoles at high yields (>97%). Even sterically hindered
indolines such as carbazoline, N-benzylindoline, and 2-phenylin-
doline were converted at the yield of 94%, 92%, and 92%, respec-
tively. From the Pd-HAP isolated from the reaction mixture, Pd
nanoparticles were sized at diameters of ca. 9 nm, revealing that
Pd™" species are reduced to Pd’ under the reaction conditions and
dehydrogenation occurs on the Pd particles on the HAP surface.
According to the reaction mechanism, the N atom of indoline would
be coordinated to the Pd” species, followed by oxidative addition
to the N atom to produce c-alkyl Pd intermediate species and subse-
quent Shydride elimination, affording the corresponding indole
and Pd’ along with H, evolution.

Besides catalytic activity, the stability of supported Pd catalysts
in recycle runs is challenging in LOHC dehydrogenation. Referring
to good stability of carbon-coated alumina (CCA) in hydropro-
cessing reactions [86], Oh et al. [87] prepared Pd/CCA catalysts by
pyrolysis of aqueous glycerol solutions with different concentra-
tions. When they were tested in the dehydrogenation of 2-[(n-
methylcyclohexyl)methyl]piperidine (H,,-MBP), the activity and
stability exhibited a volcano-shaped relationship with the carbon
content. Indeed, the degree of carbon coating affected the support
acidity, Pd loading and particle size, and adsorption capacity of the
reactant. At the optimal carbon content of 3.3 wt% (Pd/3.3CCA),
these properties were well balanced, thus affording the best perfor-
mance such as H;,-MBP conversion of 80.6% and Hy,-MBP selec-
tivity of 76.4% at 250 °C for 4 h. Moreover, the improved stability
of Pd/3.3CCA orginated from the carbon deposits being able to
lower the sintering ability of Pd (Fig. 2(b)). In a successive work
for the dehydrogenation of H,,-MBP, the one-pot solvent defi-
cient precipitation (SDP) was suggested to synthesize an active and
stable Pd catalyst [88]. The mesoporous Pd-AlO; catalyst (MPdA)
with 1 wt% Pd offered outstanding H, release capability compared
to conventional Pd counterparts in N-heterocyclic molecules includ-
ing H;,-NEC and H,,-MBP. Moreover, the robustness of MPdA
was confirmed by negligible activity loss up to five consecutive dehy-
drogenation runs of both H;,-MBP and perhydro-2-methylindole
(Hg-MID). Such outstanding performance of MPdA was consid-
ered to possibly result from the solvent deficient environment in
the synthesis restricting the mobility of Pd particles by contiguous
AL O, particles and producing well-dispersed Pd phase with a
higher density of Pd (111) plane. The sensitivity and effectiveness
of the SDP method were also examined by changing the calcina-
tion condition [89]. Therefore, new catalyst preparation methods
are worth being further exploited for innovative dehydrogenation
catalysts.

Metal-support interaction of supported Pd catalysts is deter-
mined by the intrinsic surface characteristics of each metal oxide
[90] and will greatly affect the performance (H, yield and reaction
rate) of Pd nanoparticles [83,91-93]. Kim et al. [94] recently stud-
ied the activity of Pd catalysts (5wt% Pd) supported on ALO;,
CeO,, TiO,, ZrO,, and SnO, in the dehydrogenation of H,,-MBP.
The H, yield and reaction rate were correlated with the surface
characteristics of metal oxide, such as acidity, adsorption affinity,
and charge transfer of H;,-MBP. Particularly, Pd/ALO; outper-

formed the other catalysts in the following order: Pd/ALO;>Pd/
Ce0,>Pd/Ti0,>Pd/Zr0,>Pd/Sn0,. Pd/ALO; showed the Pd mean
size of 5.8nm and the highest H, yield of 75.8%, whereas Pd/
CeO, did the lower H, yield (67.1%) and slower reaction rate even
though it had the highest reducibility, the best support ability for
Pd nanoparticles, and the smallest Pd mean size of 3.5 nm. How-
ever, the best recyclability was obtained with Pd/CeO,, suggesting
strong metal-support interaction of Pd with CeQ.,.

On the other hand, Pd catalysts are not popular for homocyclic
LOHC due to the high activity of Pt. Ninomiya et al. [95] com-
pared the activities of Pt and Pd catalyst supported on carbon. Pt
was more active than Pd in dicyclohexyl dehydrogenation. How-
ever, Pd showed a higher conversion than Pt in the dehydrogena-
tion of phenyl-cyclohexyl intermediate because the reactant with
an aromatic ring tended to promote Pd activity, which is linked to
prevalence of Pd in the dehydrogenation of heterocyclic com-
pounds. According to the simulation results performed with Pd
supported on ALO; or sapphire catalysts for MCH dehydrogena-
tion [96], a phase of Pd particles depended on the presence of
hydrogen. In the case of Pd/ALO;, o-PdH and #-PdH phases were
formed as a transition state. #PdH formed at 300 K disappeared
as the temperature rose, resulting in the decline in the conversion.
On sapphire support, hydrogen deficiency led to formation of PdC,
and bulk carbon was less formed under H, atmosphere. These
explained the stability of Pd catalysts based on the characteristic of
H, release.

3. Other Single Metal Catalysts

Except single Pt and Pd catalysts, Ir and several non-noble
metal catalysts are applied for the dehydrogenation of homocyclic
LOHC (Table 3). Among metal catalysts supported on zeolite USY,
the MCH conversion and H, selectivity were much higher with Ir/
USY and decreased in the following order: Ir/USY>>Pt/USY>Pd/
USY>Ni/USY [97]. Moderate metal-support interaction found in
Ir/USY induced the formation of larger Ir particles, contributing to
the high activity because of fewer hydrogenolysis sites.

Non-noble metal catalysts are studied for LOHC dehydrogena-
tion because they are quite cheap, although the intrinsic activity
would be lower compared to noble metal catalyst. Thus, studies
focused on strategies to improve their own activity rather than to
compare with Pt catalysts. The employed non-noble metals stud-
ied included cobalt (Co), copper (Cu), molybdenum (Mo), nio-
bium (Nb), and nickel (Ni).

Co/SiO, catalysts prepared using different cobalt precursors were
studied for cyclohexane dehydrogenation [98]. The catalytic activity
depended on the precursor used as follows: [Co(bipy),](NO;),>
[Co(NHS,)sCl]CL>[Co(NH,)s]Cl;>[Co(en),CL]CL.  This activity
difference was determined by the charge density of cobalt precur-
sors; particularly, [Co(bipy);](NO;), afforded the Co/SiO, with
highly dispersed Co™ species. In case of Cu catalysts, the smaller
the Cu particles in Cu/SBA-15, the lower active energy barrier and
the higher H, evolution rate in cyclohexane dehydrogenation [99].
However, the reaction rate decreased when Cu was smaller than
the minimum size. In fact, the H, evolution rate of 1wt% Cu/
SBA-15 was half that of 2wt% Cu/SBA-15 catalyst although Cu
particle size was smaller in the former catalyst than in the latter.

Mo and molybdenum carbide (Mo,C) catalysts are also stud-
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Table 3. Examples of other single matal catalysts reported for LOHC dehydrogenation

Reaction

Active Promotor  Support Preparation Reactant temperature Reactor Results” Ref.
metal method o type
(0
X=97%at1h
Ir - Y Im i MCH 2 i
uUsS pregnation C 50 Continuous S to toluene=89% at 1 h 97
) Strong electrostatic . TOF=624h""
Co - Sio, adsorption Cyclohexane 550 Continuous S to benzene=45.2% at 80 min 98
. . 5578 moly, g, 'h!
Cu - SBA-15 Impregnation Cyclohexane 350 Continuous S to benzene=100% 9
. , H, yield=13%
Mo - Sio, Sol-gel MCH 400 Continuous S 10 toluene=90% 100
- MWCNTs  Impregnation MCH 400 Continuous ~ 3.47 mmol,, h ™' m? 101
- ALO, Impregnation MCH 440 Continuous  X=9.2% 105
TiO, ALO, Impregnation Cyclohexane 300 Batch ~0.08 mmoly, gy ' s 107
Ni TOF=0.139s™"
P AlLO, Impregnation Cyclohexane 340 Continuous  X=80% 108
Benzene yield=79.9%
RaneyNi - - - MCH 250 Batch X=~65% 109
RaneyNi - - - Cyclohexane 322 Continuous  0.20 mmoly, cm™ Ni min™* 110

“X=conversion, S=selectivity

ied in MCH dehydrogenation. When Mo-SiO, catalysts were syn-
thesized by the sol-gel method, the highest hydrogen generation
was achieved at the molar ratio of Mo/Si=0.1 [100]. However,
more addition of Mo caused the formation of inactive MoO; and
unstable Mo species, thus increasing catalyst acidity related with
coke formation in Mo-SiO,. To prevent this deactivation, Li et al.
[101] synthesized Mo,C catalysts using multi-walled carbon nano-
tubes (MWCNT) subjected to nitric acid treatment producing
oxygen functional groups. This method promoted the dispersion
of Mo oxyanions and inhibited agglomeration of Mo,C particles
due to the SMSI effect between MWCNT and Mo precursor. The
resuling catalyst showed a higher activity than Mo and MoO, cat-
alysts in MCH dehydrogenation. In addition, the temperature of
carbothermal hydrogen reduction for Mo,C formation was lower
when using MWCNT compared to other carbon supports. Addi-
tionally, three-dimensional micron-sized block carbon-molybde-
num carbide (BCMC) composite was used for cyclohexane de-
hydrogenation [102]. BCMC maintained a stable Mo state and
excellent activity, while the catalytic performance increased with
the Mo amount. The latter result was explained by a decrease in
the activation energy of the reaction due to a large amount of high-
density Mo,C inside BCMC.

Another non-noble metal catalyst is niobium oxynitrides (NbON)
prepared from niobium oxide [103]. When compared with molyb-
denum oxynitrides and tungsten oxynitrides, NbON showed bet-
ter initial activity in cyclohexane dehydrogenation, yet it was less
stable when exposed to air due to fast superficial oxidation. There-
fore, NDON needs to be free of various stability problems for prac-
tical dehydrogenation catalysts.

In the dehydrogenation of homocyclic LOHC, Ni is the most
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studied non-noble metal and used in types of supported Ni cata-
lysts and Raney Ni. Ni/silica was less active than Pt/ALO; in cyclo-
hexane dehydrogenation; however, its activity could be optimized
at 8 wt% Ni loading [104]. Also, Yolcular et al. [105] found that the
activation temperature greatly affected the activity of supported Ni
catalysts in MCH dehydrogenation: conversion over 20 wt% Ni/
AlL,O; was the highest by activation at 723 K. Correlation between
Ni particle size of Ni/SiO, and surface reactivity (TOF of benzene)
was also studied in cyclohexane dehydrogenation [106]. Modeling
results demonstrated that the particle size and TOF were inversely
proportional to each other in Ni catalysts with Ni particles smaller
than 2.5 nm, whereas the particle size and TOF were independent
when Ni particles were larger than 2.5 nm. Particularly, there are
many low coordination sites on the surface of Ni particles smaller
than 2.5 nm, promoting hydrogen desorption and thereby increas-
ing the number of active sites available for the reaction.

To improve the activity of Ni/ALO;, TiO, was mixed with ALO,
while Ti composition, Ni loading, and reduction temperature var-
ied [107]. When the prepared Ni/ALO,-TiO, catalysts were applied
for cyclohexane dehydrogenation, the molar ratio of Al/Ti=25 was
found to be the best according to geometrical and electronic effects
induced by the apparent SMSI state. Also, 10 wt% Ni was the best
loading in terms of Ni’ particle size. Furthermore, the initial activ-
ity increased with the reduction temperature but coke deposition
was accelerated, suggesting 773 K as the most appropriate reduc-
tion temperature. On the other hand, phosphorous doping to Ni/
ALO; brought about an ensemble effect that is beneficial to cyclo-
hexane dehydrogenation [108]. This modification allowed the transi-
tion of Ni to Ni,P with Ni being electron deficient. This ensemble
effect contributed to reduced sintering of Ni particles and enhanced
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adsorption of cyclohexane, while weakening benzene adsorption.

Raney Ni was also used in MCH dehydrogenation, where the
catalytic activity reached the maximum of about 65% conversion
at 523 K [109]. When Raney Ni was applied for cyclohexane dehy-
drogenation under “wet-dry” multiphase reaction conditions [110],
a dehydrogenation reaction happened in the outer layer of catalyst
pellet and a strong purging effect occured due to rapid evapora-
tion of orgnic liquids on the catalyst surface.

BIMETALLIC CATALYSTS

1. Pt-containing Bimetallic Catalysts

The approach generally selected to boost the activity of single Pt
catalysts in the dehydrogenation of homocyclic LOHC is to pre-
pare bimetallic catalysts in combination of Pt with Rh, I, W, Re,

Sn, Co, Ni, Cu, Mo, Mn, etc. (Table 4). Major roles of these addi-
tives can be categorized in terms of three aspects, such as addition
of a new function, geometrical effect, and electronic effect. Since
Pt is excellent in C-C bond cleavage, it is imperative to diminish
side reactions involving the formation of light alkanes. From this
viewpoint, it is necessary to increase Pt dispersion against C-C
bond rupture, where the geometrical effect represents this promo-
tion. Also, the electronic effect signifies the change in electron den-
sity caused by electron transfer to Pt, affecting Pt-H interaction,
reactant adsorption, product desorption, and consequently hydro-
gen spillover.

In a screening study for cyclohexane dehydrogenation over Pt-
containing bimetallic catalysts supported on ALO;, addition of Rh,
I, and Re showed enhancement in the activity of bare Pt [111].
Notably, Pt-Rh catalyst was the best combination in the dehydro-

Table 4. Examples of Pt-containing bimetallic catalysts reported for LOHC dehydrogenation

Active Preparation Reaction Reactor
Promotor  Support P Reactant temperature Results* Ref.
metal method o type
(O
Sequential . .
Rh ALO;, ) . Cyclohexane 250t0350  Continuous  Higher X 111
Impregnation
Rh AC Co-impregnation ~Cyclohexane 328 Spray-pulsed 740 mmoly, gy ' min™' 112
. 30.7 mmoly, for 2.5h
Ir AC Co-impregnation  Decalin 210 Liquid-flm 535 096 for 2.5 38,
state . 39
k=56.8 mmol h
35.8 mmoly, for 25h
Liquid-film = )
w AC Dry-migration  Decalin 210 iquid X=37.3% for 2.5h 38
state -1 39
k=952 mmol h
Re ALO; - MCH 500 Continuous ~ X=~100% for 20h 113
i k=2. 1 min "'
Re AC .Sequentlal. Cydohexane 195 Batch > mmo. r,nlm 114
impregnation TOF=32 min
Re ALO, Co-impregnation MCH - Continuous ~ E,=51.9k] mol "’ 118
Sn AC Co-impregnation ~Cyclohexane 270t0300  Continuous  Smaller particle size, but higher E, 120
Pt .
Sn MgALO, .Sequentlal. Cyclohexane 550 Continuous ~ 10.7 mmol;, g, ' min™" 121
Impregnation
Sn MgALO, ‘Sequentlal' Cyclohexane 550 Continuous ~ Higher X, S to benzene, and stability 122
Impregnation
262.1 mmoly;, gy ' min’’
Mg-Al mi H2
Sn gAlmixed o oregnation MCH 300 Continuous ~ X=90.5% 125
oxides o
No carbon deposition for 10 h
. S . X=97.0%
Ni ALO;, Co-precipitation ~ MCH 350 Continuous S to toluene=~100% 136
Cu Sio, Co-deposition Cyclohexane 147t0377  Continuous  Lower E,—higher activity 129
Cu AC Impregnation+ 1y in 210 Batch 184 mmol,, gy min”' 131
transmetallation
Mo S0, Sol-gel+ MCH 400 Continuous  TOF>20,000h™" 37
Impregnation
Mn ALO;, Co-impregnation MCH 350 Continuous  Higher X, S to toluene, and stability =~ 132

“X=conversion, S=selectivity
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genation reaction. Kariya et al. [112] reported that the superior
activity was ascribed to both electronic promotion and high C-H
cleavage ability of Pt-Rh catalyst on active carbon cloth (ACC)
sheets. In 5 wt% Pt/C, the activity was improved by addition of Ir
and W in decalin dehydrogenation using the superheated liquid-
film state [38,39], which is an evidence of bimetallic synergy.

Pt-Re/ALO; was also proposed as an excellent catalyst in terms
of stability and aromatic selectivity because the size of Pt ensem-
bles was smaller than in Pt/ALO; [113]. The incorporation of Re
promoted C-H bond deavage, electronic eftect, and product desorp-
tion, resulting in the enhanced activity in MCH dehydrogenation
[111,114,115]. However, previous studies explored that the hydroge-
nolysis activity increased with the addition of Re [116-118]. Con-
sidering this conflict, Re induces the dilution of Pt ensemble and
advances C-C bond cleavage verified as a reforming catalyst. Alhu-
maidan et al. [119] reviewed that the kinetics of MCH dehydroge-
nation would differ by Re addition to Pt/ALO;. It was also reported
that Pt-Re catalyst requires an element capable of enhancing both
geometric and electron transfer effects for higher selectivity, and
that adding an appropriate amount of S can guarantee high activ-
ity and selectivity of Pt-Re catalyt.

Pt-Sn catalyst, which is a representative for naphtha reforming,
was reported for LOHC dehydrogenation. Pt-Sn/C catalysts were
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parepared by two synthesis methods, such as co-impregnation (CI)
and sequential impregnation (SI) [120]. Although the mean parti-
cle size was smaller in Pt-Sn (CI) and larger in Pt-Sn (SI) com-
pared to monometallic Pt, a poor reaction rate and high activation
energy were found in cyclohexane dehydrogenation. These unex-
pected results were caused by blocking of Pt sites by Sn. Consider-
ing the absence of Pt-Sn synergy, there was an attempt to use a
Sn-modified MgAIO as support for Pt catalyst [121,122]. Micro-
wave calcination enhanced the interaction between Sn and sup-
port, and reduced the support acidity; thus, the prepared catalyst
showed good dehydrogenation efficiency. However, several side
reactions such as disproportionation, demethylation, condensation,
ring-opening, and isomerization occurred in MCH dehydrogena-
tion (Fig. 3(a)) [123], which is associated with acidic sites [124].
Thus, Yan et al. [125] modified their previous synthesis method by
loading Pt and Sn precursors onto Mg-Al support. Excess Sn sup-
pressed the dehydrogenation activity, while a higher selectivity was
achieved by Sn promotion owing to the absence of acidic sites
(Fig. 3(b)). Besides, larger pores of this catalyst were beneficial to
toluene diffusion, lowering the formation of carbon deposit.
Unlike the negative blocking of Co to Pt catalyst [126], Pt-Ni
synergy in C-H bond dissociation and hydrogen desorption was
observed in MCH dehydrogenation [127]. Pt-Ni/ALO; exhibited a
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Fig. 3. Key findings of Pt-containing bimetallic catalysts in literature. (a) Reaction pathways to take place during MCH dehydrogenation
(Reproduced with permission from Ref. [122], Copyright 2013, Elsevier). (b) Schematic of Pt-Sn/Mg-Al mixed metal oxides for MCH
dehydrogenation (Reproduced with permission from Ref. [125], Copyright 2018, Elsevier). (c) Superior activity on partially reduced
Pt-Mo/SiO, in MCH dehydrogenation (Reproduced with permission from Ref. [124], Copyright 2016, Elsevier). (d) Energy diagram
for the demethylation of toluene with respect to Pt facets (Reproduced with permission from Ref. [133], Copyright 2018, Elsevier).
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higher conversion than Pt/ALO; and the improved selectivity with
no detection of by-products such as methane by fast toluene desorp-
tion. According to DFT study on the mechanism of MCH dehy-
drogenation for Ni-Pt (111), the activity enhancement originated
from the lowered adsorption energy and electron transfer to active
Pt species [128].

Cu can be also selected as the second metal. The addition of
0.15wt% Cu to 1wt% Pt/SiO, reduced the activation energy in
cyclohexane dehydrogenation and promoted the activity of Pt/SiO,
[129]. This result was caused by a change in electron flow in neu-
tral Pt by Cu addition. Furthermore, Pt@Cu/C core-shell catalyst
was developed for decalin dehydrogenation [130]. This catalyst
showed more hydrogen release of 276 mmol g ' than Pt/C (227
mmol gy ). The beneficial interaction of Pt-Cu was investgated
by DFT calculation for such a probe reaction as dehydrogenation
of cyclohexane to benzene [131]. As a result, Cu mainly occupied

unselective sites of Pt metal, thereby increasing the activity. Also,
the benzene selectivty was determined by the energy difference
between the barrier of benzene dehydrogenation and benzene
desorption. The Cu/Pt (111) was suggested to have the greatest
activity among the explored Pt-Cu phases, which will guide the
synthesis of more active Pt-Cu catalysts.

Boufaden et al. [124] investigated the catalytic performance of
Pt-Mo/SiO, in MCH dehydrogenation. Higher Mo loadings resulted
in poor activity and the formation of MoO,-Pt core-shell nanopar-
ticles, while the best activity was obtained at 8.0 wt% Mo loading
due to high dispersion of MoO, and Pt’ phases (Fig. 3(c)). This
indicates that adding an adequate amount of Mo is key to acquir-
ing an active Pt-Mo catalyst. On the other hand, Pt-Mn catalyst
was studied to increase H, selectivity in MCH dehydrogenation.
Sekine et al. [132] reported that Pt-Mn/ALO; had better activity
and selectivity than Pt/ALO; though Pt particle size was similar in

Table 5. Examples of non-Pt containing bimetallic catalysts reported for LOHC dehydrogenation

. Methods of Reaction
Active Reactor “
Promotor ~ Support catalyst Reactant temperature Results Ref.
metal ! 0 type
Ppreparation 49
Te C ‘Sequentlal' Decalin 250 Liquid-film Higher X 95
Impregnation state
SiCN NEC
o Precursor complex ’ 180, H, yield=95.0% at 20 h,
Pd Ru (silicon e Perhydro- Batch ok o 134
carbonitride) cross-linking Phenazine 190 H, yield=86.0% at 24 h
One-pot wet X=~100% at4h
Au GO chemical synthesis NEC 180 Batch S to N-ethylcarbazole=~100% at 4h 135
Rh Ge ALO; Redox reaction Cyclohexane 270 Continuous 6.0 mol, th’l h! 136
Microwave- 400.0 mmoly, g,,,,gt’1 min”’'
Rh Ag Y,0, assisted polyol Cyclohexane 300 Spray-pulsed  133.3 MmOl e Ger - N 137
synthesis X=35.8% for 150 min
Ru Ni AC Co-impregnation ~ Decalin 240 Liquid-film Slmllai to initial rate of PYC 138
state at210°C
D ition- X=3229
Zn ALO, eposition MCH 350 Continuous 220 139
precipitation S to toluene=96.6%
Zn ALO, Deposition- MCH 300t0360 Continuous Higher TOF 140
Pprecipitation
Sn SiOo, Chem,lc,al vapor Cyclohexane 400 Continuous  Lower X, but higher S to benzene 141
deposition (CVD)
Sequential After 21,
N W AC iy | Declin 400 Continuous ~ X=93.0% 142
pregn S to naphthalene=99.7%
. . X=94.9%
Cu Sio, Sol-gel Cyclohexane 350 Continuous S to benzene=99.5% 143
39.45 mmoly, g, ' min’
Cu AC Co-impregnation ~ MCH 350 Spray-pulsed  X=25.78% 144
Yield of H,=19.41%
— 0
Cu SBA-15 Co-impregnation ~ Cyclohexane 350 Continuous X=99.4% 145

S to benzene=98.7%

“X=conversion, S=selectivity
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each other. It was found that Pt and Mn were located adjacently
without formation of Pt-Mn alloy, while unsaturated sites of Pt
(110) and Pt (311) were selectively blocked by Mn (Fig. 3(d)) [133].
2. Non-Pt Containing Bimetallic Catalysts

As listed in Table 5, there are a few reports on bimetallic cata-
lysts composed of other active metals than Pt which is so excel-
lent for the dehydrogenation reaction. As an attractive substitute of
Pt, it is important to find non-Pt containing bimetallic catalysts.
For this reason, efforts have been made to optimize a combina-
tion of two or more different metals and synthesis strategy.

In the dehydrogenation of heterocyclic LOHC, the catalytic
activity depends to a large extent on an atomic space group of Pd
in the crystal lattice. Thus, a second metal is sometimes added
to Pd catalyst. Forberg et al. [134] reported that Pd-Ru catalyst
(Pd,Ru@SiCN) played a signification role in the dehydrogenation
of H,,-NEC. This bimetallic catalyst exhibited a higher specific
reaction rate than PA@SIiCN, resulting in 5.7 wt% of hydrogen release
at 180 °C within 20 h. Furthermore, the rGO-supported Pd-M core-
shell (M=Au, Ag, Ru, and Rh) bimetallic catalysts were superior to
single metal catalysts and their activity followed in the order of
Au,Pd, ; (5.79 wt%)>Ru,Pd, ; (5.48 wt%)>Rh,Pd, ; (4.92 wt%)>
AgPd, ; (4.76 wt%) (Fig. 4(a)) [135]. As a result of characterizing
surface electronic properties, different core-shell combinations will
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cause charge transfer between atoms, coverage differences, shift of
d-band center, and other changes, thus differing the rate of dehy-
drogenation reaction.

To improve the activity of Pd/C in decalin dehydrogenation, tel-
lurium (Te) was used for Pd-Te conjugation [95]. In decalin dehy-
drogenation over liquid-film catalysts, this bimetallic catalyst showed
increased performance. Also, Pd catalyst exhibited better activity
than Pt in the dehydrogenation of partial aromatic reactants such
as phenyl-cyclohexyl, meaning that the molecular property of this
reactant is in harmony with Pd catalyst.

Rh-containing bimetallic catalysts were also studied for cyclo-
hexane dehydrogenation, where germanium (Ge) deposition to
monometallic Rh catalysts was developed by surface redox reac-
tion [136]. In both Rh-Ge/SiO, and Rh-Ge/ALO;, the specific activ-
ity was in a volcano-type tendency with the Ge content. Pande et
al. [137] prepared Rh-Ag particles supported on Y,O; by micro-
wave-assisted polyol technique. This catalyst was active in cyclo-
hexane dehydrogenation, which results from the Rh-Ag ensemble
effect and electron flow change, and also stable during three recy-
cle tests.

Among Ru-containing bimetallic catalysts, Ru-Ni/C prepared
by conventional co-impregnation exhibited a higher activity in
decalin dehydrogenation, which was achieved by superheated lig-
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Fig. 4. Key findings of non-Pt containing bimetallic catalysts in literature. (a) Activity results of Pd-M (M=Au, Ag, Ru, Rh) catalysts and
schematic of Pd-Au/rGO in H,,-NEC dehydrogenation (Reproduced with permission from Ref. [135], Copyright 2019, American
Chemical Society). (b) Site preference of Zn replacing one Ni in a Nis; icosahedron cluster (Reproduced with permission from Ref.
[139], Copyright 2015, Royal Society of Chemistry). (c) MCH dehydrogenation over the surface of Ni-Zn catalyst (Reproduced with
permission from Ref. [140], Copyright 2017, American Chemical Society). (d) Schematic and performance of active Ni-Cu/SiO, in
cyclohexane dehydrogenation (Reproduced with permission from Ref. [143], Copyright 2016, Elsevier).
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uid-film catalysis [138]. This catalyst at 240 °C was comparable to
Pt catalyst at 210°C. In spite of using a slightly higher reaction
temperature, the Ru-Ni catalyst was considered to have significant
potential in terms of Pt replacement.

Ni-based bimetallic catalysts have been often studied because
the C-H bond cleavage ability of Ni is not as outstanding as Pt but
is better than other common metals. In the study of bimetallic Ni-
Ag, Ni-Zn, Ni-Sn, and Ni-In catalysts for selective MCH dehydro-
genation, Ni-Zn/ALO; achieved the higher selectivity (96.6%) and
similar conversion (32.2%) compared to Ni/ALO; (conversion of
36.2% and selectivity of 66.9%), although the activity was lower
than that of Pt/AL,O; along with the selectivity comparable [139].
Regarding the promoted effect of Zn, DFT calculation indicated
that Zn was preferentially adsorbed to low-coordinated Ni sites
favoring C-C bond cleavage (Fig. 4(b)). Although the dehydroge-
nation product H, is competitively adsorbed on the catalyst sur-
face [65], the kinetic and computational results confirmed that Ni-
based catalysts had half a positive order with H, pressure, whereas
almost zero order appeared with the Pt catalyst. This phenome-
non, referred to as hydrogen-assisted desorption, is caused by the
C-C bond rupture from defect sites (such as corner and edge sites)
of metallic Ni. Unless hydrogen-assisted desorption of intermedi-
ate originating from toluene works well, the adsorbed molecules
keep the overall reaction to be interfered. To prevent this prob-
lem, it is necessary to block Ni defect sites, which could be suffi-
ciently performed by Zn (Fig. 4(c)) [140].

Fine particles of Ni-Sn intermetallic compounds were synthe-
sized by CVD method on SiO, support [141]. The average parti-
cle diameter was about 3-4 nm and gradually grew with increasing
the Sn content. In cyclohexane dehydrogenation, catalytic perfor-
mance ranked in the order of Ni>Ni;Sn>Ni;Sn,>Ni;Sn,. Despite
slight decrease in the activity by the addition of Sn, benzene selec-
tivity was rather improved. It was also proposed that Ni-tungsten
carbide (WC) catalyst could replace Ni-Pt catalyst [142]. This was
based on the calculated hydrogen bonding energy (HBE) associ-

H,-rich LOHC

(hetero- and homo-cyclic)

ated with the ability to activate C-H bond: Ni-WC site has a simi-
lar HBE to Ni-Pt-Pt surface. In actual tests, Ni-WC/AC maintained
higher activity than Ni/AC and WC/AC for 22 h in decalin dehy-
drogenation.

A highly selective dehydrogenation of cyclohexane was achieved
with Ni-Cu/SiO, synthesized by sol-gel method [143]. Ni/SiO, cat-
alyst presented the highest conversion of cyclohexane and the low-
est selectivity at 350 °C (Fig. 4(d)), because Ni generally contains
better cleavage ability of C-H and C-C bonds than Cu due to the
partially filled d-band of Ni [144]. Therefore, based on the Sabat-
ier principle, an appropriate interaction is essential to improve cat-
alytic activity, which was accomplished by Cu addition to Ni catalyst.
Actually, the best Ni-Cu/SiO, exhibited 94.9% conversion and
99.5% selectivity under the same conditions with Ni/SiO,. This Cu
promotion effect was confirmed in ACC and SBA-15 supports,
although the optimized Ni:Cu mole ratio was slightly different
[144,145].

CONCLUSIONS AND PERSPECTIVES

LOHC is a hydrogen storage technology with high potential.
However, it still needs a breakthrough in the dehydrogenation of
heterocyclic and homocyclic molecules. Because of endothermic-
ity, the reaction temperature should be higher: particularly, more
severe conditions are required for homocyclic LOHC due to higher
reaction enthalpy. The fundamental way to reduce the dehydroge-
nation enthalpy is the incorporation of heteroatoms into the molecu-
lar structure, resulting in fast reaction rate at low temperatures of
below 250 °C. However, there are limitations in the synthesis of
various heterocyclic molecules, aside from chemical reversibility,
stability, and cost. Therefore, catalyst development is crucial for
both heterocyclic and homocyclic LOHC. Fig. 5 displays a sche-
matic representing major keys of reactants and catalysts contribut-
ing to the efficiency of H, release from various LOHC molecules.

Pt is widely used in the dehydrogenation of homocyclic LOHC,

H,-lean LOHC
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Fig. 5. Schematic representing major keys of reactants and catalysts in dehydrogenation catalysis for LOHC molecules.
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whereas Pt tends to be less favored in heterocyclic dehydrogena-
tion due to side reactions (e.g., disproportionation, dealkylation,
and C-heteroatom bond cleavage) caused by superior performance
of Pt. In catalytic and computational works involving Pd catalyst,
Pd (111) plane is very important in obtaining excellent activity in
the dehydrogenation of heterocyclic LOHC. Therefore, one needs
to explore a synthesis strategy to generate a large number of Pd
(111) surfaces in catalyst body.

For homocyclic LOHC, upgrading catalyst properties is the
only means to overcome the hurdle of dehydrogenation if ordi-
nary catalytic reactors are employed. Among single metal catalysts,
Pt shows excellent C-H bond cleavage. A variety of approaches
such as tuning metal particle size and phase optimization, modify-
ing support material, and finding a new synthesis method have
been reported. The optimum of metal particle size would differ
depending on the metal’s ability in cleavage of C-H and C-C bonds,
but most of the works show a volcano-type relationship with the
metal size. The dehydrogenation efficiency of metal atoms varies
differently from the minimum particle size with high intrinsic
activity different for each metal. In addition to this ensemble effect,
the acid and base properties, and metal-support interaction can be
changed by support modification, leading to significant variation
in the dehydrogenation performance. The synthesis method is
also an interesting approach to control the particle size, phase, and
metal-support interaction that are the main characteristics of sin-
gle metal catalysts.

To meet all the requirements for dehydrogenation, bimetallic
catalyst is worth studying. The role of metal additives can be largely
divided into three categories: electronic effect, geometric effect,
and blocking effect on a main active metal. As found in single
metal catalysts, Pt is the most studied main active metal in bime-
tallic catalysts to dehydrogenate homocyclic LOHC. Among the
metals showing synergy with Pt, the electronic effect appearing in
Rh, Ir, Re, Nj, and Cu, leads to enhanced C-H cleavage or prod-
uct desorption. The geometric effect was induced by Re, Sn, and
others, where the efficiency of Pt atoms was improved by dilution
of the Pt crystal structure. Since Pt generally shows good perfor-
mance in C-C bond cleavage, the decrease of Pt ensemble would
suppress the aforementioned side reactions. Meanwhile, Cu and
Mn tend to be adsorbed to unsaturated sites of Pt, which is associ-
ated with increases in reaction efficiency and H, selectivity. The
side reactions are induced by strong adsorption of aromatic prod-
ucts to Pt, C-C bond rupture, and defect sites (ie., unsaturated
coordinates) of Pt. In Pt-containing bimetallic catalysts, metal addi-
tives improving these factors also reduced the generation of coke
on the catalyst surface, greatly contributing to catalyst stability. In
the case of non-Pt containing bimetallic catalysts, there are few
studies to investigate their geometrical effect on catalytic perfor-
mance. However, the electronic effect was investigated in Rh-Ag
and Ni-Cu catalysts, the blocking effect was confirmed in Ni-Zn
catalyst.

The ultimate target in the dehydrogenation reaction is identical
for both homocyclic and heterocyclic LOHC, that is, maximum
activity and perfect selectivity. The dehydrogenation mechanism
consists of reactant adsorption, surface reaction, and product de-
sorption. Reactant adsorption to active metals should occur strongly,
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but product desorption would be weak for fast desorption. During
the surface reaction, C-H bond cleavage proceeds well with almost
no side reactions caused by cleavage of other bonds, including C-
C bond. Therefore, active metals of suitable adsorption strength
are vital in LOHC dehydrogenation when considering electronic
and geometric effects of single metals and bimetals, which is called
the Sabatier principle. In this respect, DFT calculation will be help-
ful in understanding experimentally observed catatalytic actions
and catalyst design. Moreover, it is indispensable to identify the
effects of the factors mentioned above on each reaction step. Aside
from catalytic activity, H, purity (ie., reaction selectivity) and cata-
lyst stability should be considered for catalyst selection. Since an
active and stable dehydrogenation catalyst is a key to the realiza-
tion of LOHC technology; various attempts will be endeavored for
precise tuning of active metals, appropriate incorporation of pro-
moters and metal additives, and elegant support modification.
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