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A B S T R A C T   

Pt supported on ordered mesoporous silica (KIT-6) catalyst was examined for the dehydrogenation of homocyclic 
liquid organic hydrogen carriers (LOHCs, 1: MCH, 2: hydrogenated biphenyl-based eutectic mixture (H-BPDM)) 
conditions. The longer pore-residence time of the MCH molecules in the 3D bicontinuous pore structure of the Pt/ 
KIT-6 catalyst strongly affected the catalytic activity because a higher MCH concentration was achieved in the 
vicinity of the Pt active sites. Pt/KIT-6 catalyst exhibited a higher surface area, pore volume, and Pt dispersion 
with narrower particle size distribution (average Pt particle size: ~1.3 nm). Therefore, higher LOHC conversion 
with faster hydrogen production occurred, with a higher hydrogen selectivity over Pt/KIT-6 compared with Pt/ 
SiO2 and Pt/Al2O3. Long-term experiment results indicated that the Pt/KIT-6 catalytic activity was stable over 
the reaction time than that of the other catalysts. No significant structural collapse occurred in KIT-6 during the 
dehydrogenation. Carbon coking was observed for all three samples.   

1. Introduction 

Hydrogen economy refers to a possible future energy infrastructure 
using hydrogen as the predominant energy carrier, leaving a zero carbon 
footprint [1,2]. This idea has been proposed and attracted significant 
attention worldwide; thus, rapid development of hydrogen-related 
technologies, such as water electrolysis, fuel cell and hydrogen com
bustion engines, have progressed rapidly [3,4]. Although various envi
ronmentally friendly hydrogen production methods to replace the 
current fossil fuel-based processes have been established [5], hydrogen 
transportation to the end-user location (e.g., hydrogen station, 
fuel-cell-powered building) is still challenging because of the low 
volumetric density of hydrogen (1 atm, 0 ◦C, 2.97 Wh L−1). Along with 
compressed and liquified hydrogen storage techniques, liquid organic 
hydrogen carriers (LOHCs) are promising hydrogen storage materials 

that can transport large quantities of hydrogen because of the high 
hydrogen storage density (5–7 wt%) and chemical/physical stability at 
ambient temperature and pressure and high commercial availability 
[6–9]. LOHCs are also expected to be compatible with conventional fuel 
infrastructure because of the inherent properties of fossil fuels. There
fore, the cycle of hydrogen storage via hydrogenation, production by 
dehydrogenation, and utilization using LOHCs have recently attracted 
much interest in hydrogen research communities. 

Among many other molecules, homoaromatic LOHCs, including 
MCH (6.2 wt% hydrogen storage) [10–12], perhydro-dibenzyltoluene 
(H18-DBT, 6.2 wt%) [9,13,14], bicyclohexyl (7.3 wt%) [15,16], and 
heteroaromatic perhydro-N-ethylcarbazole (H12-NEC, 5.8 wt%) [17, 
18], have been studied and tested on a large scale. A biphenyl-based 
eutectic mixture (BPDM, 35 wt% biphenyl and 65 wt% diphenyl
methane, 6.9 wt% hydrogen storage) has also been developed as a viable 
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option to maximize the gravimetric hydrogen storage capacity [19,20]. 
For both the hydrogenation and dehydrogenation processes of these 
compounds, a well-designed catalyst is required to store and release 
hydrogen at a stable high rate with minimal by-product formation. In 
particular, dehydrogenation reaction occurs at higher temperatures (>
250 ◦C) compared with the hydrogenation processes and often results in 
severe coking on the catalyst surface. Thus, achieving high catalytic 
activity, selectivity, and durability at these dehydrogenation tempera
tures is an ongoing challenge [21–23]. 

Pt is the most active metal known for LOHC dehydrogenation, and 
this is attributed to its high activity for C-H bond cleavage [7,24]. In 
particular, Pt supported on alumina (Al2O3) with high metal-support 
interactions has been reported in the literature, as demonstrating 
promising catalytic activity and stability for LOHC dehydrogenation [7, 
25,26]. The strong metal-support interaction of the Pt/γ-Al2O3 catalyst 
facilitates hydrogen spillover, helping the reaction equilibrium to move 
favorably toward the production of toluene and hydrogen [27]. How
ever, in many cases, the acidic surface of Al2O3 accelerates catalytic 
deactivation via various undesirable side reactions, such as coke for
mation [28,29], isomerization [29], and catalytic cracking [30,31]. 
Studies have reported that the acidic surface sites are related closely to 
the cracking and isomerization of the reactant and therefore, coking on 
the catalyst surface [32], for LOHC dehydrogenation reactions. For 
example, Usman et al. [29] reported that ring-closed products, such as 
ethylcyclopentane and dimethylcyclopentanes, are intermediate species 
produced via isomerization over the acidic sites of the Pt/γ-Al2O3 
catalyst for MCH dehydrogenation. The cyclopentadienes derived from 
these by-products eventually transform to coke on the catalyst surface, 
as well as the Pt active sites via polymerization, resulting in low catalytic 
activity and selectivity toward toluene [28,29,31]. 

The extent of side reactions can be controlled by altering the 
chemical and/or physical characteristics of the active sites. For MCH 
dehydrogenation, the strategy of adding a second metal (e.g., Re) was 
extensively studied from the 1970 s to the early 2000 s because of the 
reported superior activity of Pt-Re/Al2O3 catalyst compared with Pt/ 
Al2O3 [26,33]. Pt-Re catalyst exhibited a faster MCH dehydrogenation 
rate and higher toluene selectivity, which was attributed to the 
enhanced desorption of the products and hydrogen from the catalyst 
surface (change in the rate-determining step [26]). More recently, 
Nakano et al. [34] reported other bimetallic catalysts, e.g., Pt-Mn, where 
the incorporation of Mn reduced the unsaturated coordination of Pt, 
resulting in higher toluene selectivity and tolerance for coke formation. 
Okada et al. successfully operated a pilot-scale MCH dehydrogenation 
unit (hydrogen generation rate > 1000 Nm3/h/m3 cat) for 6000 h at an 
MCH conversion > 95% and toluene selectivity > 99.9% (593 K, liquid 
hourly space velocity (LHSV) 2.0 h−1) [10]. In this instance, alkali metal 
was added to Pt (Pt-K/Al2O3) to reduce the acidity of the catalyst. The 
extent of electron density of the surrounding active sites was found to be 
a determining factor for catalytic activity [35] in the LOHC dehydro
genation reaction. Furthermore, a wide range of experimental and 
theoretical studies on LOHC dehydrogenation have been extensively 
conducted recently [35–48]. 

In addition to Al2O3, SiO2-based materials, such as ordered meso
porous silica (OMS) with a hierarchical structure, have many advantages 
as a support: 1) relatively larger pore size than zeolites, 2) high surface 
area, and 3) regular pore structure. OMS was first developed as an 
alternative to zeolite by researchers at the Mobil Corporation for catalyst 
supports [49–53]. Many different types of OMSs have been synthesized 
because of their relatively convenient synthetic procedures and repro
ducibility [54]. SBA-15 and KIT-6, which are major OMSs, are widely 
utilized as catalyst supports and hard templating materials for a variety 
of heterogeneous catalytic applications (e.g., oxidation [55–60], ester
ification [61], hydrogenation [62], and dehydrogenation [63–65]). 

To the best of our knowledge, Pt supported on OMS catalysts has not 
been extensively investigated for its reactivity in LOHC dehydrogena
tion, except for a few studies on decalin dehydrogenation conducted by 

Martynenko et al. [65]. The authors investigated the catalytic reactivity 
of Pt/SBA-15 and Pt/MCM-48 in decalin dehydrogenation and claimed 
that the enhanced decalin conversions achieved over Pt/OMS catalysts 
were strongly related to the high Pt dispersion of the catalyst (as high as 
70%). Furthermore, the growth of Pt nanoparticles inside the mesopores 
was limited, possibly because of the confinement effect of the OMS 
structure, thus improving the stability of the catalyst under the reaction 
conditions. Regular silica (SiO2)-supported catalysts have been studied 
in recent research [22,65]. However, these studies focused more on the 
characteristics of the active site rather than on the pore 
structure-activity relationship. 

Herein, Pt catalysts supported on KIT-6 were synthesized and tested 
for the dehydrogenation of homocyclic LOHCs (1: MCH, 2: hydroge
nated biphenyl-based eutectic mixture (H-BPDM)). Their catalytic ac
tivities were compared with those of the Pt/SiO2 and commercial Pt/ 
Al2O3 catalysts. It should be noted that KIT-6 with an ordered 3-D cubic 
pore structure has never been investigated as a catalyst support for 
LOHC dehydrogenation. Multiple characterization techniques, including 
physi/chemisorption, X-ray spectroscopy, and transmission electron 
microscopy, were utilized to identify the pore structure, surface area, 
particle size, metal dispersion, surface acidity, and metal oxidation state 
of the catalysts. The effect of the ordered pore structure of KIT-6 on the 
catalytic activity and selectivity is demonstrated in detail. A post- 
catalysis analysis was conducted to understand catalyst deactivation 
under the reaction conditions. 

2. Experimental 

2.1. Material preparation 

Amorphous silica (SiO2, Alfa-Aesar) and Pt/Al2O3 (1.0 wt%) catalyst 
(denoted by Pt/Al2O3, Sigma-Aldrich) were purchased and used without 
further purification as reference materials; they were used as a support 
and a commercial catalyst for LOHC dehydrogenation, respectively. 
Pluronic P123 (MW ~5800, Sigma-Aldrich), hydrochloric acid (37% 
solution in water, ACROS), 1-butanol (99.4%, Sigma-Aldrich), and tet
raethoxysilane (TEOS, 99.0%, Alfa-Aesar) were purchased and used to 
synthesize KIT-6, without any further purification. MCH (Samchun 
Chemical, 99.0%) was purchased and used as a reactant for LOHC 
dehydrogenation. Additionally, biphenyl ((C6H5)2, Sigma-Aldrich), and 
diphenylmethane ((C6H5)2CH2, Tokyo Chemical Industry) were mixed, 
then hydrogenated to prepare H-BPDM (35 wt% bicyclohexyl and 65 wt 
% dicyclohexylmethane) as reported in earlier papers [19,20]. Finally, 
tetraammineplatinum (II) nitrate ([Pt(NH3)4](NO3)2, Alfa-Aesar) was 
used as the Pt precursor for all the prepared catalysts. 

2.2. Catalyst synthesis 

2.2.1. Synthesis of OMS 
KIT-6 was prepared by referring to previously reported soft tem

plating and hydrothermal methods [37–42]. The EO20PO70EO20 triblock 
copolymer (Pluronic P123, Sigma-Aldrich, 16.0 g), which served as a 
structure-directing agent for making highly regular ordered mesoporous 
structures, was first fully dissolved in 150 mL of deionized water (DIW). 
The solution was then mixed with dilute hydrochloric acid (25 mL of 
37% HCl solution) with gentle stirring (200 rpm) at 35 ◦C until a ho
mogeneous solution was obtained, after which 16.0 g of 1-butanol was 
added, and the mixture was stirred for 1 h at 35 ◦C. Finally, 34.4 g of 
TEOS, a silica source, was added and stirred vigorously for 24 h at 35 ◦C. 
The resulting solution was poured into a Teflon-lined stainless-steel 
autoclave and aged for 25 h at 110 ◦C under static conditions. The final 
solution was filtered by vacuum filtering, and the collected white pre
cipitate was dried in a convection oven at 110 ◦C. The obtained silica 
powder was treated with hydrochloric acid/water/ethanol solution 
under mild stirring (2 h) to extract a portion of the used copolymer and 
rinsed several times with deionized water until a pH of 7 was reached. 
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The resulting silica powder was dried at 110 ◦C and calcined at 550 ◦C 
for 6 h under static air conditions at a ramp rate of 1 ◦C/min to obtain 
KIT-6. 

2.2.2. Synthesis of 1 wt% Pt loaded LOHC dehydrogenation catalysts 
Pt of 1 wt% was successfully added on KIT-6 and SiO2 by wet 

impregnation using a rotary evaporator. In detail, a calculated amount 
of the Pt precursor (1 wt% of Pt loading by total catalyst weight percent) 
was dissolved fully in DIW and poured into the silica-based supports. 
The metal salt solution-support powder slurry was agitated repeatedly in 
a rotary evaporator at 25 ◦C for 2 h under mild vacuum conditions (311 
Torr) to remove oxygenated species from the catalysts and to ensure the 
precursor solution penetrated well into the mesopores. The solvent was 
then evaporated by increasing the bath temperature (30–35 ◦C) under 
mild vacuum conditions (160 Torr) for approximately 0.5 h and then 
dried at 80 ◦C overnight. The resulting dried catalyst powder was 
calcined at 450 ◦C for 3 h at a ramp rate of 1 ◦C/min. The catalysts 
prepared for LOHC dehydrogenation are denoted by Pt/KIT-6 and Pt/ 
SiO2. 

2.3. Catalyst characterizations 

2.3.1. Inductively coupled plasma optical emission spectroscopy (ICP-OES) 
The Pt loadings of all the catalysts were measured by ICP-OES using 

an OPTIMA 5300DV, PerkinElmer. All the catalyst samples were pre
treated with HCl, HF, and HNO3 prior to analysis using the acid diges
tion method. The weight percentage of Pt was quantified from a 
calibration curve obtained using a standard Pt ICP solution. 

2.3.2. N2 physisorption 
The surface area, total pore volume, and average pore size were 

obtained via N2 physisorption (ASAP 2000, Micromeritics, USA) based 
on the Brunauer Emmett Teller (BET) and Barrett Joyner Halenda (BJH) 
methods. All the samples were first degassed at 350 ◦C under vacuum (<
30 mm Hg) overnight to remove any impurities on the catalyst surface. 
N2 adsorption and desorption over the samples were analyzed at 
−196 ◦C. 

2.3.3. Scanning/transmission electron microscopy (STEM) 
The microstructure and surface morphologies of the fresh and used 

catalysts were observed by TEM (TitanTM80–300, FEI transmission 
electron microscope instrument operated at 200 kV). High-angle 
annular dark-field imaging (HAADF) in the STEM mode was per
formed to determine the size distributions of the Pt nanoparticles (NPs) 
and to investigate the change in Pt particle size during the dehydroge
nation reactions. Post-imaging analysis was performed using an image 
processing program distributed by the National Institutes of Health 
(USA), ImageJ. 

2.3.4. Chemisorption of NH3, O2, CO, and H2 
Ammonia temperature-programmed desorption (NH3-TPD) was 

performed to identify the acidic properties of the catalysts using an 
automated catalyst characterization system (AutoChem II 2920, 
Micromeritics, USA) equipped with a thermal conductivity detector 
(TCD). First, the catalyst sample was pretreated at 600 ◦C for 1 h under a 
He atmosphere to remove water molecules and organic impurities. NH3 
adsorption was performed under an NH3/He (15%) flow (50 mL/min) at 
100 ◦C for 30 min, after which the physisorbed NH3 was flushed under 
pure He. NH3 desorption analysis was conducted (100–950 ◦C) at a 
heating rate of 10 ◦C/min and flow (50 mL/min) of pure He. The des
orbed NH3 from the effluent gas was evaluated quantitatively using 
TCD. 

Temperature-programmed oxidation (TPO) was performed to 
analyze the quantity of coke deposited on the catalyst surface during the 
dehydrogenation (AutoChem II 2920, Micromeritics, USA). The samples 
were pretreated with pure He at 120 ◦C for 1 h. For the TPO analysis, O2/ 

He (5%, 100 mL/min) was supplied, while the temperature was 
increased from 100 ◦C to 800 ◦C at 10 ◦C/min. The reactor temperature 
was then maintained at 800 ◦C for 15 min to ensure complete oxidation 
of the coke-deposited spent catalysts. 

CO chemisorption (CO-Chemi) was performed to clarify the disper
sion of the active metal (Pt) of each catalyst (AutoChem II 2920, 
Micromeritics, USA). Before CO-Chemi, the catalyst sample was reduced 
under pure H2 at 400 ◦C for 30 min. It was then purged with pure Ar at 
400 ◦C for 30 min. Finally, CO-Chemi analyses were performed at 50 ◦C 
with periodic injection of CO/He (10%, 1 mL) for 4 min. For a simple 
estimation, the adsorption stoichiometric ratio of CO/Pt (mol/mol) was 
fixed set to 1. 

Finally, the reducibility of each catalyst was confirmed via 
temperature-programmed reduction (TPR) experiments. Each catalyst 
was pretreated under a pure Ar atmosphere at 200 ◦C for 1 h and then 
reduced from 100 ◦C to 700 ◦C (10 ◦C/min) under a flow of H2/Ar (10%, 
25 mL/min). 

2.3.5. In situ diffuse reflectance infrared Fourier transform spectroscopy 
(DRIFTS): adsorption/desorption of methylcyclohexane (MCH) 

The in situ DRIFTS analysis was performed to understand the 
adsorption and desorption characteristics of MCH molecules over the Pt- 
based catalyst surface. The experiment was performed using a Fourier 
transform infrared (FT-IR) spectrometer (Nicolet iS10, Thermo Fischer 
Scientific, USA) equipped with an MCT/A detector and a high- 
temperature reaction chamber (Praying Mantis™) sealed with a 
domed stainless-steel cover. The powder catalysts were first finely 
ground and loaded into the reaction chamber. The samples were purged 
with N2 and pre-reduced at 400 ◦C for 30 min under continuous pure H2 
flow. The temperature of the reaction chamber was then reduced to 
25 ◦C under an N2 atmosphere. Saturated MCH vapor was generated 
using a bubbler system and filled (using a carrier gas (N2)) into the re
action chamber at room temperature for 1 h. Once the adsorption was 
complete, the sample was flushed with pure N2 to remove the physically 
adsorbed MCH molecules. The reaction chamber was heated to 100 ◦C 
under pure N2. At this temperature, DRIFTS spectra were obtained 
repeatedly at 3 min intervals while flushing the samples with N2. The 
entire process was repeated at 200 ◦C. Once the MCH desorption was 
complete, the MCH vapor was again introduced into the DRIFTS cell at 
300 ◦C for 1 h. For this experiment, the MCH vapor constantly flowed 
into the reaction chamber, while the DRIFTS spectra were collected 
repeatedly at 5 min intervals for 30 min. During the entire experiment, a 
background spectrum was collected and subtracted from the sample for 
each step. 

2.3.6. X-ray absorption near edge spectroscopy (XANES) 
XANES analysis was conducted on ex situ reduced Pt-based samples 

to estimate the oxidation state of Pt. Ex situ XANES spectra were 
collected at the 10 C beamline (wide X-ray absorption fine structure 
(XAFS)) at the Pohang Accelerator Laboratory (PAL) located in Pohang, 
South Korea. The beamline can provide photon energy in the range of 
4–60 keV using a Si (111) and Si (311) double crystal monochromator. 
All the samples were finely ground prior to the experiment to improve 
sample homogeneity. The collected spectra at the Pt L3-edge (11,564 eV) 
were analyzed using Athena software, where the quantification of the Pt 
oxidation state was performed by the linear combination of the spectra 
of Pt metal foil and that of the PtO2 standard. 

2.4. Catalytic activity tests 

The LOHC dehydrogenation activity of each Pt catalyst was evalu
ated using an identical testing protocol [25]. The sample (1.0 g, 
Pt/KIT-6, Pt/Al2O3, and Pt/SiO2) was loaded in a lab-scale fixed bed 
tubular reactor with an outer diameter (O.D., stainless-steel) of 1/2’, in 
which the catalysts were supported by quartz wool. Prior to the exper
iment, each catalyst was reduced under a flow of pure H2 at 400 ◦C for 
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30 min. The reactor was then cooled to the reaction temperature 
(H-BPDM at 340 ◦C and MCH at 300 ◦C), and the reactants were sent to 
the reactor mixed with co-fed H2 at a fixed molar ratio of H2/LOHC 
(from 1.90 to 2.05: H-BPDM & 0.019: MCH). The reactor entrance 
(LOHC inlet, liquid phase) was preheated to ensure that the reaction 
occurred in the gas phase. The LHSV varied from 1.2 to 3.6 mL/gcat/h 
and the reaction pressure was fixed at atmospheric pressure for all ex
periments. Catalytic durability tests were performed for approximately 
20 h at 340 ◦C (H-BPDM) and 300 ◦C (MCH) after testing for changes in 
the space velocity (mL/g cat./h). The dehydrogenation liquid products 
were collected with a vapor-liquid separator, and the separated gas 
products were passed through a molecular sieve 13X column to remove 
any leftover organic species. The column outlet was connected to an H2 
mass flow meter (H2-MFM, F-201CL, Bronkhorst) to accurately measure 
the H2 flow rate. The degree of dehydrogenation (DoDH) was defined 
based on Eq. (1). The theoretical H2 production was determined 
assuming that the reactant converted completely to its dehydrogenated 
form. 

Qualitative and quantitative analyses of the liquid hydrocarbon 
products and their compositions were performed using gas 
chromatography-mass spectroscopy (GC-MS, GC: 6890 N GC System, 
Agilent, USA, TOF-MS: Pegasus IV, LECO, USA with column DB-5MS 
(30 × 0.25 × 0.25), Agilent, USA); the oven temperature was 
increased from 40 ◦C to 280 ◦C at 10 ◦C /min. 

Degree of Dehydrogenation(%, DoDH)

=
Measured H2 production (mL

min)

Theoretical H2 production (mL
min)

× 100 (1)  

3. Results and discussion 

3.1. Characteristics of prepared Pt-based LOHC dehydrogenation 
catalysts 

The specific surface area, total pore volume, and average pore 
diameter of the Pt-based catalysts are listed in Table 1. It is widely 
known that the ordered mesoporous structure has a relatively higher 
surface area and total pore volume, and a narrower pore size distribution 
compared with other metal oxides. The BET surface area and total pore 
volume decreased in the order of Pt/KIT-6 > Pt/SiO2 > Pt/Al2O3. Pt 
catalysts supported on KIT-6 exhibited a significantly higher specific 
surface area (847 m2/g) and pore volume (1.18 cm3/g) than other cat
alysts. N2-isotherm-type IV curves with typical hysteresis loops for the 
ordered mesoporous structure were obtained for the Pt/KIT-6 catalysts 
(Fig. 1a), indicating the presence of uniform mesopores. The pore size 
distributions of Pt/KIT-6 revealed that nearly all the mesopores have a 
uniform diameter of 5–6 nm (Fig. 1b). The Pt weight loading in the as- 
synthesized catalysts fell into a narrow range of 1.0 wt% ± 0.11, as 
expected. 

The microstructures of the as-prepared catalysts were observed by 
electron imaging (Fig. 2). The Pt particle size distributions were ac
quired from multiple HAADF-STEM images of the as-prepared Pt 

catalysts and plotted as histograms. Pt/KIT-6 has a well-developed or
dered mesoporous structure with uniform mesopores of 5–6 nm 
(Fig. 2a1 and 2a2). The morphology of the Pt NPs was polyhedral for all 
samples. In comparison with Pt/SiO2 and Pt/Al2O3, the Pt NPs sup
ported on KIT-6 are smaller and more highly monodispersed. As shown 
in the particle size distribution, the curve is excessively narrower for Pt/ 
KIT-6, possibly suggesting that the formation of Pt particles was 
confined due to the well-ordered mesopore structure. The size of the Pt 
particles, formed on each support, was in the order of Pt/SiO2 > Pt/ 
Al2O3 > Pt/KIT-6. The reactant accessibility to these Pt particles was 
different as per the CO chemisorption results (Table 1 and Fig. S1). A Pt 
dispersion of 44% was measured over Pt/KIT-6. This value was higher 
than those of the Pt/SiO2 and Pt/Al2O3 catalysts, which do not have a 
regular mesopore structure. 

Table 1 
Textural and mechanical properties of the as-prepared Pt/Al2O3, Pt/SiO2, and Pt/KIT-6 catalysts.  

Catalyst SB
a (m2/g) Vt

a (cm3/g) Dp
a (nm) Pt loadingb (wt%) Dispersionc (%) Dp, STEM

d (nm) 

Pt/KIT-6  846.8  1.179  5.741  0.891  44.03  1.310 
Pt/SiO2  265.7  1.008  13.101  0.912  33.69  2.222 
Pt/Al2O3  105.7  0.265  7.308  1.0e  37.58  2.164  

a N2 physisorption was performed on the fresh catalysts; the abbreviations SB, Vt, and Dp represent the specific BET surface area (m2/g), total pore volume (cm3/g), 
and average pore diameter (nm), respectively. 

b Pt loading was obtained from ICP-OES. 
c Pt dispersion was determined by pulse CO chemisorption. 
d Averaged Pt particle sizes were acquired from STEM images. 
e Manufacturer Report (Aldrich), 232,114, Lot # MKCF9123. 

Fig. 1. (a) N2 adsorption-desorption curves and (b) pore size distributions of 
Pt/Al2O3, Pt/SiO2 and Pt/KIT-6 catalysts. 
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3.2. Surface acidity and Pt reducibility 

The NH3-TPD results for the qualitative analysis of the acidic sites are 
presented in Fig. 3a. The strength of the acidic sites can be estimated 
from the NH3-desorption temperature, while the number of acidic sites 
is generally estimated based on the area of the NH3-desorption peaks. In 
general, the desorption peaks in the range of 100–130 ◦C are attributed 
to the desorption of physically adsorbed NH3. The desorption peaks in 
the range of 150–300, 300–450, and 450–600 ◦C correspond to weak, 
medium, and strong acidic sites, respectively [66]. Clearly, a consider
ably large quantity of NH3 was desorbed from Pt/Al2O3, which agrees 

well with that quoted in the literature [67]. This revealed the high 
surface acidity of the Pt/Al2O3 catalyst. For Pt catalysts supported on 
KIT-6 and SiO2, a negligible quantity of NH3 was detected in the range of 
200–300 ◦C. These results also indicate that these catalysts’ surfaces are 
relatively less acidic compared with Pt/Al2O3. The desorption peaks of 
strongly acidic sites were not observed. 

TPR analysis was performed to examine the H2 consumption char
acteristics of Pt-based catalysts (Fig. 3b). A broad reduction peak was 
observed in the lower temperature region (< 200 ◦C) for the Pt/KIT-6 
and Pt/SiO2 catalysts, whereas a sharper H2 consumption peak was 
observed at 440 ◦C for the Pt/Al2O3 catalyst. H2 consumption peaks at 

Fig. 2. TEM (a1-c1) and STEM (a2-c3) images including Pt particle size distributions of (a) Pt/KIT-6, (b) Pt/SiO2, and (c) Pt/Al2O3 (scale bar: yellow = 100 nm, 
green = 50 nm, blue = 10 nm). 
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lower temperatures (100–300 ◦C) are generally related to the reduction 
of surface Pt oxide species (PtOx), while the peaks at higher tempera
tures (350–550 ◦C) are related to the reduction of Pt bulk oxide strongly 
interacting with the catalyst support [68]. The high reduction temper
ature of the Pt supported on Al2O3 suggests that these Pt particles exhibit 
stronger metal-support interactions than those supported on SiO2 and 
KIT-6. This was an expected result considering that SiO2-based supports 
are fairly inert. 

Furthermore, the Pt oxidation states of the ex situ reduced samples 
were measured using the XANES technique. The reduction procedures 
were identical to the conditions employed prior to activity testing (pure 
H2 at 400 ◦C). However, the samples were exposed to air before XANES 
data collection. Therefore, Pt nanoparticles were moderately oxidized 
(Fig. 3c); the estimated oxidation states were Pt+1.95, Pt+1.12, and Pt+1.04 

for Pt/SiO2, Pt/KIT-6, and Pt/Al2O3, respectively. These results indicate 
that the Pt particles supported on KIT-6 and Al2O3 are more stable than 
those supported on SiO2 under air conditions and/or are likely to be 
more reducible under reducing conditions. 

3.3. LOHC dehydrogenation reactivity of Pt/X (X = KIT-6, SiO2, Al2O3) 

3.3.1. Dehydrogenation of MCH to toluene 
The MCH dehydrogenation activities of the catalysts were obtained 

at a reaction temperature of 300 ◦C and pressure of 1 bar (Fig. 4). The 
Pt/KIT-6 catalyst exhibited better catalytic activity at all the tested 
LHSV conditions compared with the other two catalysts (Fig. 4b). The 
average degree of dehydrogenation (DoDH), that is, the ratio of the 
actual hydrogen production rate to the theoretical value, was in the 
order of Pt/KIT-6 > Pt/Al2O3 > Pt/SiO2. It should be noted that the 
increase in the DoDH value at 3.6 mL/gcat/h was double that of the Pt/ 
KIT-6 catalyst as compared with Pt/SiO2, revealing that the silica-based 
ordered mesoporous structure has a positive correlation with the cata
lytic activity for MCH dehydrogenation. Moreover, a linear decrease in 
activity was observed for all samples with increasing LHSV. However, 
the decrease in DoDH for Pt/KIT-6 was significantly low (from 100% to 
90%, from 1.2 to 3.6 mL/gcat/h), whereas for both Pt/Al2O3 and Pt/SiO2 
catalysts, a greater drop in activity was observed with increasing LHSV 
values. This is possibly attributed to the complex 3D bicontinuous pore 
structure of the Pt/KIT-6 catalyst, which might increase the pore- 
residence time of the support matrix. That is, a higher surface reactant 
concentration can be reached near the Pt active sites, resulting in higher 
catalytic activity. Although the MCH feed rate increases, the Pt/KIT-6 
catalyst retains more MCH molecules within its structure, thereby 
increasing the opportunities for dehydrogenation to proceed. This is 
demonstrated in more detail with the experimental evidence in Section 
3.3.2. 

Fig. 3. Results of (a) NH3-TPD, (b) TPR, and (c) Ex situ XANES analysis performed over Pt/Al2O3, Pt/SiO2, and Pt/KIT-6 catalysts.  
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The catalytic stability of the Pt-based catalysts was further examined 
for approximately 20 h (Fig. 4a). A DoDH value of 92% was achieved for 
the Pt/KIT-6 catalyst at the beginning of the reaction and remained 
stable over time. However, Pt/Al2O3 and Pt/SiO2 samples exhibited 
noticeable catalyst deactivation. The liquid products obtained during 
MCH dehydrogenation (after 15 h of reaction) were analyzed, and their 

compositions are displayed in Fig. 4c. Only the reactant (methyl
cyclohexane) and the product (toluene) were detected. The DoDH value 
(Fig. 4a) and the remaining MCH composition matched well, indicating 
that all the MCH molecules converted into toluene, releasing 3 mol of H2 
with minimal side reactions, except for coke formation (Section 3.4.). 

3.3.2. Pore-residence time in KIT-6: In situ DRIFTS results 

3.3.2.1. MCH adsorption at room temperature (RT). The excellent cata
lytic activity of Pt/KIT-6 is likely attributed to its high surface area and 
Pt dispersion, resulting in more accessible active Pt sites for MCH 
dehydrogenation. However, the differences in obtained Pt dispersion 
between Pt/KIT-6 and Pt/Al2O3 are not significant (~ 6%). Another 
possible explanation is the increase in MCH concentration near Pt active 
sites induced by the bicontinuous cubic mesoporous structure of KIT-6. 
It can be speculated that the increase in the pore-residence time of the 
reactants and products markedly increases the contact time with the Pt 
active sites, thus promoting LOHC dehydrogenation activity and mini
mizing the formation of partially dehydrogenated products. The ability 
of mesopores to capture reactants for a longer period has been demon
strated in previous studies. For example, Rottreau et al. investigated the 
in-pore diffusion of fatty acids within the pores of KIT-6, SBA-15, and 
bulk solutions [69]. The authors reported that longer chain acids were 
observed from the catalytic esterification of carboxylic acids because of 
the tortuous nature of the OMS supports. The highest esterification ac
tivity was acquired over KIT-6 and attributed to its 3D bicontinuous 
cubic helical structure, leading to a decrease in the diffusion coefficient 
and an increase in the diffusion delay time. Similarly, Prieto et al. [70] 
stated that an increase in pore length results in an increase in the 
pore-residence time. In their study, larger quantities of 
C5 + hydrocarbons were selectively achieved using short-pore 
RuCo/SBA-15 catalysts under Fischer-Tropsch synthesis conditions; 
this was attributed to the short-pore-residence time. 

In situ DRIFTS was thus performed to understand the relative dif
ference in the pore-residence time of the catalysts by comparing the 
surface MCH adsorption and desorption characteristics (Figs. 5 and 6). 
MCH adsorption was performed at RT for 1 h and was thereafter flushed 
with pure N2 to remove the physically adsorbed MCH molecules. The 
desorption spectra at RT, 100, and 200 ◦C, with respect to the flushing 
time with N2, are presented in Fig. 5. Two main adsorption peaks were 
detected at approximately 2800–3000 cm−1 for all the samples. They 
are aliphatic C-H stretching vibrations[57]; the peaks at 2920 and 
2850 cm−1 are related to the asymmetric and symmetric CH2 modes, 
respectively [71]. The high peak intensity of the CH2 stretching vibra
tion is reasonable because a large proportion of the MCH chemical 
structure consists of five -CH2 groups. The contribution of the methyl 
group (-CH3) to the MCH adsorption peak intensity can be analyzed via 
deconvolution of the desorption spectra (Fig. 5d). The two additional 
overlapping or hidden peaks at 2970 and 2880 cm−1 represent the 
asymmetric and symmetric CH3 modes, respectively [71]. 

All three samples (Pt/KIT-6, Pt/SiO2, and Pt/Al2O3) exhibited rela
tively analogous desorption properties, demonstrating that a significant 
quantity of MCH desorbs from the surface at 100 ◦C after 9 min of N2 
flushing over the catalyst. Complete MCH desorption was confirmed 
when the temperature increased to 200 ◦C. This indicates that the esti
mated adsorption strengths of MCH over all the samples were similar. 
The only evident difference was observed in the broader peak shape for 
the Pt/KIT-6 catalyst. The difference in the intensity ratio of the asym
metric CH2 vibration relative to the symmetric CH2 vibration for Pt/KIT- 
6, when compared with the other catalysts, is attributed to the signifi
cant contribution of the -CH3 stretching vibrations (Fig. 5d). This is in 
good agreement with the high-intensity adsorption peak at approxi
mately 1452 cm−1 in the Pt/KIT-6 desorption spectra, which is reported 
as arising from the deformation vibrations of the -CH3 group [72]. 

The hypothesis is that this apparent difference in the -CH3 intensity is 

Fig. 4. Catalytic activity results for Pt/Al2O3, Pt/SiO2, and Pt/KIT-6 catalysts 
under MCH dehydrogenation conditions: (a) Stability testing, (b) Reaction at 
varying LHSV values, and (c) Liquid product composition (TLU: toluene, MCH: 
methycyclohexane). 
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predominantly caused by the change in the adsorption structure at 
various adsorption sites. The MCH molecules can first approach the Pt 
catalyst surface in either a perpendicular orientation and/or a flat 
orientation [73]. With the first hydrogen abstraction, the C7H13 species 
adsorbed on the Pt surface, and the structure changed depending on the 
position of the adsorbed carbon in the aromatic ring. Takise et al. [74] 
reported the optimized MCH adsorption structure and adsorption energy 
for MCH physisorption and chemisorption on the α, β, γ, and δ-carbon 
positions and methyl groups using DFT calculations. The authors state 
that γ and δ-carbon positions were more stable than the other positions, 
but the formation of all the adsorption structures was possible because 
the calculated adsorption energies were similar. Commensurate with 
their calculation results, it is highly possible that MCH adsorption in the 
methyl position (leading to CH2) is significantly restricted for Pt/KIT-6 
with the increasing pore-residence time attributed to the bicontinuous 
cubic mesoporous structure. 

However, this noticeable difference in the -CH stretching intensities 
among the samples (Pt/KIT-6, Pt/SiO2, and Pt/Al2O3) was eliminated 
when MCH was directly introduced at 300 ◦C (Fig. 6). The adsorption 
behavior at this high temperature (MCH dehydrogenation temperature) 
possibly leads to chemisorption at a similar position, while most of the 
unstable adsorption structures are not present on the catalyst surface. 
However, these structural differences in MCH chemisorption at RT are 
not directly related to the high catalytic activity of the Pt/KIT-6 catalyst, 
but strongly reflect the distinctiveness of the KIT-6 mesoporous matrix, 
resulting in a change in the adsorption behavior. 

3.3.2.2. MCH adsorption at 300 ℃. For this experiment, continuous 
MCH vapor was supplied for 1 h at 300 ◦C over the samples; the surface 
was then flushed with N2 for an additional 30 min. Multiple spectra 
were collected during the adsorption and desorption of the MCH 

molecules. The intensity of the peak indicating the quantity of adsorbed 
MCH (measured every 5 min) exhibited a marked increase for Pt/KIT-6 
(Fig. 6). The maximum intensity of the overall -CHx stretching vibrations 
at the 60 min adsorption time, increased approximately 1.5–1.7 times in 
comparison with the other two catalysts: Pt/SiO2 and Pt/Al2O3. The 
continuous increase in the surface concentration of MCH was attributed 
to the extended residence time inside the mesopores of the ordered 
structure of Pt/KIT-6. In contrast, the first adsorption spectra of the Pt/ 
SiO2 and Pt/Al2O3 samples reached the maximum intensity immediately 
and remained constant. Note that multiple spectra were collected and 
stacked onto each other in the figure. These results indicate that the 
surface concentration of MCH inside the Pt/SiO2 and Pt/Al2O3 pore 
structures immediately reached equilibrium. The toluene adsorption 
peaks (C-H bond stretching) generated by MCH dehydrogenation were 
observed at around 3000–3150 cm−1 in all cases [74]; the intensity of 
the doublet peaks was the highest for the Pt/KIT-6 catalyst. The order of 
increase in the intensity of these doublet peaks coincides with that of the 
increase in the catalytic activity for MCH dehydrogenation. This result 
indicates that part of the injected MCH vapor was successfully converted 
into toluene via dehydrogenation, and the in situ DRIFTS experimental 
conditions were similar to the actual reaction conditions. 

The desorption of MCH after the termination of the MCH vapor 
supply was observed for 30 min (Fig. 6, red line). The adsorbed MCH 
molecules were rapidly desorbed at 300 ◦C, as expected. Only a small 
quantity of MCH remained on the catalyst surface at an early stage, but 
desorbed within 10 min for Pt/KIT-6 and Pt/SiO2 (Fig. 6a and c). 
However, a longer desorption time was required for the complete 
desorption of MCH for Pt/Al2O3 (Fig. 6b). This suggests that MCH 
molecules were more tightly chemisorbed on the surface of Pt/Al2O3, 
primarily because of the high surface acidity of the support under the 
reaction conditions. 

Fig. 5. In situ DRIFTS spectra of (a) Pt/KIT-6, (b) Pt/SiO2, and (c) Pt/Al2O3 catalysts collected under MCH desorption conditions at varying temperatures. (d) 
Differences in the desorption spectra of the samples after N2 flush at RT. 
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3.3.3. H12-BPDM dehydrogenation 
Dehydrogenation of H12-BPDM was performed to clearly identify 

the structure-selectivity correlation in the Pt/KIT-6 catalyst. Overall, the 
catalytic activity and stability data shown in Fig. 7 agree well with the 
results from the MCH dehydrogenation: (1) Pt/KIT-6 exhibited the best 
dehydrogenation activities at all space velocity conditions (340 ◦C, 
1 bar), and (2) the average DoDH values were in the order of Pt/KIT- 
6 > Pt/Al2O3 > Pt/SiO2, and (3) high stability of Pt/KIT-6. The extent of 

the decrease in activity with increasing LHSV values is the lowest for the 
Pt/KIT-6 catalyst, which is identical to the previous observation when 
tested for MCH dehydrogenation. These results indicate that the 3D 
mesoporous structure of KIT-6 has a strong promotion effect on the 
activity of the Pt/KIT-6 catalyst and indicates an increase in the pore- 
residence time within its support structure. 

It should be noted that longer pore-residence may also lead to an 
inhibition effect attributed to the increase in product concentration near 
the Pt active sites. However, the readsorption of the dehydrogenated 
form of product molecules is not significant under the reaction condi
tions rather desorbs from the Pt/KIT-6 surface evidentially shown in the 
comparisons, which Pt/KIT-6 revealed significantly higher catalytic 
stability compared with the other two catalysts (Fig. 7a). 

Detailed liquid product distributions were obtained (after 15 h of 
reaction) for the dehydrogenation of H12-BPDM (Table 2 and Fig. 7c). 
The hydrogenated form of BPDM (H-BPDM), which is a mixture of 
bicyclohexyl (BC) and dicyclohexylmethane (DCM), leads to a biphenyl 
(BP) and diphenylmethane (DM) mixture, which produces intermediates 
such as cyclohexylbenzene (CB) and cyclohexylmethylbenzene (CMB) 
via the dehydrogenation process [20,25]. For the Pt/KIT-6 catalyst, the 
sum of the compositions of the desired products (BP, DM) in the liquid 
phase was approximately 94%, which is significantly higher than that of 
Pt/SiO2 and Pt/Al2O3. Fewer than 2% of the partially dehydrogenated 
products (CB and CMB) were present in the liquid phase, whereas the 
sum of the compositions of these by-products increased to 35% and 20% 
over the Pt/SiO2 and Pt/Al2O3 catalysts, respectively. Overall, 
commensurate with the in situ DRIFTS and MCH dehydrogenation re
sults, it can be concluded that the high BPDM selectivity might be 
attributed to the increase in the pore-residence time of the 3D meso
porous structure of KIT-6, leading to complete dehydrogenation of the 
H12-BPDM with minimal by-product formation. 

In addition to the three catalyst supports selected for this study, SBA- 
15, which is one of the widely known ordered mesoporous silica with 
high specific surface area and regular 2D pore structure, was employed 
for Pt-based LOHC dehydrogenation catalyst to investigate whether the 
increase in catalytic activity and stability is predominantly attributed to 
the 3D pore structure of KIT-6. SBA-15 was synthesized by the self- 
assembly of copolymer micelles & hydrothermal method [75]. Pt of 
1 wt% was impregnated on SBA-15 via wet impregnation approach and 
its catalytic activity was compared to the Pt/KIT-6 catalyst. It should be 
noted that all the chemical and physical properties are significantly 
similar between the Pt-KIT-6 and Pt/SBA-15 except that the Pt/KIT-6 
catalyst has a 3D bicontinuous cubic helical structure (Fig. S2 and 
Table S1). For H12-BPDM dehydrogenation (Fig. S3), the results clearly 
indicate that the reactivity of Pt/KIT-6 is superior to Pt/SBA-15 at all 
LHSVs conditions tested at 340 ℃. These results strongly suggest that 
the 3D structure of Pt/KIT-6 facilitates the reactivity of dehydrogenation 
compared to a Pt supported on 2D structured OMS (Pt/SBA-15) through 
longer pore-residence time of the support matrix. 

MCH dehydrogenation with Pt/SBA-15 was further conducted at 
identical reaction conditions (300 ℃, 1 bar, 5.4 mL/gcat/h) and the 
activity was evaluated along with the other four catalysts including a 
high surface area Pt/Al2O3 containing smaller Pt particles of 1–2 nm 
(Pt/KIT-6, Pt/SiO2, Pt/Al2O3 and Pt/Al2O3-HS). In this case as well, 
similar trends were observed where Pt/KIT-6 showed better dehydro
genation activity and stability than all other four catalysts (Fig. S4, 
Fig. S5 and Fig. S6). The discussion of longer pore-residence time orig
inating from the KIT-6 3D mesoporous structure correlated with the high 
conversion will be studied in our future work with a more detailed ki
netic analysis; for example, longer pore-residence time increases the 
number of collisions between the reactants thereby resulting in a higher 
pre-exponential factor. 

Fig. 6. In situ DRIFTS spectra of (a) Pt/KIT-6, (b) Pt/Al2O3, and (c) Pt/SiO2 
catalysts collected under MCH adsorption and desorption conditions at 300 ℃. 
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3.4. Post-catalysis analysis of tested catalysts 

The STEM images of the post-catalysis samples were collected to 
identify the structural deformation of the catalysts and aggregation of Pt 
NPs (Fig. S7). Based on the Pt particle size distribution (Fig. S7), it was 
confirmed that the average particle size increased after the reaction for 
all samples. In particular, the particle size of Pt in the Pt/SiO2 catalyst 
increased significantly. This is likely attributed to its low metal-support 

interaction, where most of the Pt particles are mobile under the reaction 
conditions. Although the average particle sizes of the fresh and used 
catalysts were acquired from a different local area in the STEM analyses, 
it is noteworthy that Pt NPs distributed on the KIT-6 catalyst surface 
were evenly dispersed without significant aggregation and deformation 
of the well-developed mesoporous structure. Unlike Pt/SiO2 and Pt/ 
Al2O3, the post-catalysis Pt/KIT-6 maintained narrow particle size dis
tributions of 1–2 nm even after exposure to the H2-rich and high- 

Fig. 7. Catalytic activity results for Pt/Al2O3, Pt/SiO2, and Pt/KIT-6 catalysts under H12-BPDM dehydrogenation conditions: (a) Stability testing, (b) Reaction at 
varying LHSV values, and (c) Liquid product composition. 
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temperature reaction conditions. 
The specific surface area, total pore volume, and average pore 

diameter of the catalysts were analyzed post-catalysis, using N2 isotherm 
curves (adsorption-desorption) and pore size distributions to determine 
the structural deformation during the dehydrogenation (Table S2 and 
Fig. S8). The surface area and total pore volume decreased after dehy
drogenation. Similar to the STEM results, the average pore diameter 
between the as-prepared and post-catalysis samples of Pt/KIT-6 
remained constant, indicating that the catalyst retained its specific 3-D 
regular mesoporous structure. This structural stability possibly affects 
the high stability of Pt/KIT-6, as indicated in the previous catalytic ac
tivity results. 

Although surface coke formation was not observed in STEM images, 
the TPO thermograms of the post-catalysis samples (Fig. 8) revealed that 
a variety of coke species formed over Pt/KIT-6, Pt/SiO2, and Pt/Al2O3. 
The samples were exposed to air prior to the data collection thus the 
contribution from Pt oxidation to the TCD signal was not significant. 
Overall, the peak at 200–500 ℃ represents an amorphous phase of the 
carbon deposit (soft coke). Amorphous coke containing a highly defec
tive lattice structure is easily oxidized in those temperature range [76]. 
The presence of the filamentous coke (hard coke) phase [77], oxidized at 
500–600 ℃, was also confirmed. Moreover, graphitic coke was observed 
for Pt/KIT-6. Graphitic coke is highly crystalline and oxidizes at tem
peratures above 600 ◦C [78]. The noticeably broad peaks observed for 
Pt/KIT-6 and Pt/Al2O3 (the two most active catalysts) indicate the 
co-existence of different carbon allotropes, including amorphous, fila
mentous, and graphitic, on the catalysts. It should be noted that the coke 
formation is often significant for LOHC dehydrogenation because the 
products generally contain aromatic rings; thus, this does not only apply 
to the Pt/KIT-6 but to the catalysts with high dehydrogenation activity. 
In this study, although higher catalytic activity was observed for 
Pt/KIT-6, the catalyst was still significantly stable compared to the other 

three catalysts. 

4. Conclusion 

The effect of using ordered mesoporous silica with a 3-D pore 
structure (KIT-6), as a Pt catalyst support, was investigated for the 
dehydrogenation of homocyclic LOHC (1: MCH, 2: hydrogenated 
biphenyl-based eutectic mixture (H-BPDM)). For both dehydrogenation 
reactions, Pt/KIT-6 exhibited significantly higher catalytic activity 
compared with that of Pt supported on disordered amorphous SiO2 and 
Al2O3. The results of the H-BPDM dehydrogenation indicated the 
extremely low selectivity of the partially dehydrogenated products (by- 
products); cyclohexylbenzene (CB) and cyclohexylmethylbenzene 
(CMB) were obtained over the Pt/KIT-6 catalyst, whereas the selectivity 
increased significantly for Pt/SiO2 and Pt/Al2O3. 

The promising catalytic activity, product selectivity, and stability of 
Pt/KIT-6 can be attributed to its high surface area and pore volume. 
Furthermore, the Pt particles were more homogeneously dispersed on 
the KIT-6 support, resulting in a narrower particle size distribution and 
higher Pt dispersion. The calculated Pt average particle size was 1.3 nm. 
It was speculated that a longer pore-residence time was achieved 
because of the 3D bicontinuous pore structure of the Pt/KIT-6 catalyst, 
resulting in a higher concentration of the LOHC reactant near the Pt 
active sites. The longer pore-residence time originating from the KIT-6 
structure correlated with the high conversion of LOHC and the prod
uct. This hypothesis was supported experimentally using the in situ 
DRIFTS technique, which revealed that a higher surface concentration of 
MCH was reached in a longer period over the Pt/KIT-6 catalyst surface in 
comparison with Pt/SiO2 and Pt/Al2O3. Finally, post-catalysis analysis 
indicated that the ordered mesoporous structure of Pt/KIT-6 was 
maintained even after the reaction at high temperature. With respect to 
catalyst coking, all three samples exhibited deposition of different car
bon species on the catalyst surface, and a higher concentration of 
graphitic coke was obtained for the Pt/KIT-6 catalyst. 
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Isomerized 9 H-Fluorene 3.79 0.02 0.22  

Fig. 8. TPO profiles of post-catalysis Pt/Al2O3, Pt/SiO2, and Pt/KIT-6 catalysts.  
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