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production from methylcyclohexane dehydrogenation

The intermediately sized Pt clusters exhibit higher

atomic efficiency than the small Pt clusters and larger

Pt nanoparticles in hydrogen production from catalytic
dehydrogenation of methylcyclohexane to toluene over
Pt/AIZO3 whose catalytic stability is also Pt-size dependent.
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Liquid organic hydrogen carriers (LOHCs) have been considered as a promising technique for hydrogen
storage and transportation. In this study, we investigated the impacts of Pt size on the catalytic
performance of Pt/ALOs catalysts for the abstraction of H, via dehydrogenation of methylcyclohexane
(MCH), one of the most desired LOHC candidates. As the Pt loading increases from 0.05% to 5%, Pt species
transition from nanoclusters to well-defined nanoparticles with the Pt size increasing from ~0.7 nm to 1.7
nm. During MCH dehydrogenation, the turnover frequency (TOF) displays a volcano dependence on the Pt
size, as the 0.1% Pt/Al,Os sample with medium Pt size exhibits the highest atomic efficiency. Furthermore,
the catalyst stability of Pt/Al,Os samples is also dependent on the Pt size with the small Pt size in the
0.05% Pt/AlL,Os sample leading to fast catalyst deactivation due to the accumulation of coke on the Pt
active sites. In summary, this study underscores the importance of Pt size to the activity and stability of Pt/
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1. Introduction

In the global energy transition from fossil fuels to renewable
energy, wind and solar energies have been steadily increasing
their shares."” Due to their intermittent characteristics and
remote  production location, efficient storage and
transportation of renewable energy has become the
prerequisite to fully unlock their potential towards the zero
carbon target.! A variety of energy storage approaches, such
as batteries, hydrogen, hydro-reservoirs, thermal reservoirs,
flywheels, etc., have been proposed to tackle this challenge.’
Among these solutions, hydrogen has long been considered
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AlLOs in MCH dehydrogenation, providing new insights into the catalyst design for LOHC applications.

as an efficient, clean energy carrier for renewable energy with
water the only product from direct combustion or conversion
to electricity through fuel cells.' Despite an excellent
gravimetric energy density of 120 MJ kg™", three times that of
gasoline, hydrogen has a rather low volumetric energy density
at ambient conditions due to its low volume density, slowing
the development of hydrogen transportation and storage.*”

Current commercial techniques are based on high-
pressure compression and cryogenic liquefaction, both of
which are highly energy-intensive and pose significant safety
concerns. These drawbacks prompt the development of
physical storage of hydrogen in mediums like porous carbon
and metal organic frameworks (MOFs), and chemical storage
in metal hydride, liquid organic hydrogen carriers (LOHCs),
methanol, NHj, etc.®”® Among them, LOHCs have emerged as
a promising approach due to their relatively low cost and
excellent  compatibility = with  current  fossil  fuel
infrastructure.”> LOHCs, consisting of a pair of hydrogen-
rich organic compound and its corresponding
dehydrogenated hydrogen-lean counterpart, such as
cyclohexane/benzene, methylcyclohexane (MCH)/toluene and
perhydro-dibenzyltoluene/dibenzyltoluene, remain liquid in
the normal operation temperature range, allowing for the
utilization of existing fossil fuel infrastructures and hence
significantly reducing implementation cost.

Hydrogen is stored in LOHCs during an exothermic
hydrogenation process and released in an endothermic
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dehydrogenation process, both of which are catalytic
processes. The hydrogen storage capacity of LOHCs is

generally above 6 wt% and up to 7.2 wt% in the
cyclohexane-benzene pair, making them economically
feasible for hydrogen storage and transportation.>*"°

Among various LOHC candidates, the methylcyclohexane
(MCH)/toluene pair with 6.2 wt% hydrogen storage capacity
shows a great potential due to its desirable physical
properties, including abundant production capability, low
melting point and low toxicity.”"*

Compared to the exothermic hydrogenation of MCH, its
dehydrogenation is endothermic, requiring high energy
input, and is prone to fast catalyst deactivation. A variety of
catalysts have been explored to address these issues, which
can be categorized into supported noble metal and
transition metal catalysts. Noble metals, such as Pt, Pd and
Ir, supported on various supports have been employed for
MCH dehydrogenation due to their high MCH conversion
and excellent selectivity to toluene.””™* To reduce the
amount of noble metal, a second metal can be added to
form bimetallic catalysts, such as Pt-Mo, Pt-Fe and Pt-Cu,
enabling enhanced resistance to coking and higher
selectivity to desired toluene.”*'™'® Transition metals,
notably Ni, have also been explored, which generally show
inferior activity and lower toluene selectivity compared to
noble metal catalysts."”” " Among them, Pt supported on
y-alumina (Pt/y-Al,O0;) often demonstrates the highest
activity and stability. y-Alumina is a versatile non-reducible
support commonly employed at both industrial and
laboratory scale for its high surface area and robust thermal
stability. Depending on the loading, treatment conditions
and specific properties of the alumina support, a variety of
Pt species can exist on the y-alumina, including single
atoms, nanoclusters, and nanoparticles, as depicted in
Scheme 1.2

In recent years, intensive studies on single-atom catalysts
have demonstrated their excellent catalytic properties for
many chemical reactions,> >’ including hydrocarbon
dehydrogenation. For example, during the propane
dehydrogenation reaction, the turnover frequency (TOF) of Pt
species atomically dispersed on the Al,O; support is 3-fold
and 7-fold higher than that of subnanometer-sized clusters
and nanoparticles, respectively.”® On the other hand, the
latest studies suggest that compared to Pt single atoms, 2D
Pt nanoclusters supported on graphene or Pt nanoparticles
supported on Al,O; exhibit better activity and stability in
LOHC dehydrogenation.*>*® These discrepancies prompt us
to study the elusive effects of Pt size on the -catalytic

Single atom 2D nanoclusters 3D nanoparticles

o~

T

Al,O, support

Scheme 1 Pt supported on Al,Os as single atoms, 2D nanoclusters
and 3D nanoparticles.
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performance of industry-relevant Pt/Al,O; catalysts in the
MCH dehydrogenation. Herein, we characterized the nature
of Pt active sites on the Al,O; support using high-resolution
electron microscopy and in situ DRIFTS. Both the activity and
the stability of Pt/Al,O; catalysts are found to be dependent
on the Pt size, opening new avenues to optimize the catalyst
design for MCH dehydrogenation.

2. Experiments
2.1 Catalyst preparation

Pt/Al,0; catalysts prepared via an incipient
impregnation method with tetraamine platinum nitrate
(Sigma Aldrich no. 267740, >99.5 wt%) as the Pt precursor.
Al,O; with a surface area of ~120 m* g~* was purchased from
Sigma Aldrich. In a typical synthesis, a certain amount of
tetraamine platinum nitrate was dissolved in 0.2 mL
deionized water aided by sonication for 30 mins. The
solution was then added dropwise into 1 g Al,O; support
under continuous stirring with a spatula to disperse the Pt
precursors. The resulting wet sample was dried at 100 °C
overnight and calcined in air at 500 °C for 4 hours. A series
of Pt/Al,0; samples with various Pt loadings were synthesized
using this method and are named by their respective Pt
loading. For example, 1 wt% Pt supported on Al,Oz is
designated as 1Pt.

were

2.2 Catalyst characterization

The Pt concentration in these samples was determined via
inductively coupled plasma atomic emission spectroscopy
(ICP-AES) performed at Galbraith Inc. (Knoxville, TN).
Nitrogen physisorption at 77 K was conducted using a
Micromeritics Gemini 275 instrument with the surface area
determined via the Brunauer-Emmett-Teller (BET) method.
Powder X-ray diffraction (XRD)
performed on a Shimadzu powder X-ray diffractometer with
CuKo radiation (k = 1.5406 A). The morphology and particle
size of Pt species on the Al,O; support were examined with
transmission electron microscopy. A FEI Titan aberration-
corrected transmission electron microscope was used in
high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) mode at 300 kV. Pt/
Al,O; samples were prepared as suspensions in isopropanol,
sonicated for 10 mins and drop casted on lacy carbon grids.
To reduce sample contamination from isopropanol, the
samples were baked overnight at 150 °C. The average
diameter of the Pt species, namely the Pt size, was
measured by counting over 50 particles.

The structure and types of Pt species were examined
using diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) with CO as the probe molecule,
conducted on a Bruker Tensor 27 FTIR spectrometer
equipped with an in situ reaction chamber (Harrick
Scientific Products Inc.). Prior to the adsorption of CO, the
Pt/Al,O; catalysts were pretreated under a flow of 4% H,/Ar
for one hour at 400 °C and then cooled to 25 °C, at which

measurements were

This journal is © The Royal Society of Chemistry 2024
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temperature the background spectrum was acquired.
Adsorption of CO was carried out by flowing 2% CO/He to
the sample at a flow rate of 30 mL min" until saturation,
followed by a purge for 30 mins to remove the physisorbed
and weakly adsorbed CO. IR spectra were periodically
acquired during the CO adsorption and purge process, from
which the pre-acquired background was subtracted to
obtain the IR spectra of adsorbed species on the surface.

The types of coke formed in the MCH dehydrogenation
reaction were determined by temperature programmed
oxidation (TPO) and Raman spectroscopy. The TPO was
conducted after the reaction with the residual MCH and
products were purged by an Ar flow (50 mL min™") for 2
hours. The spent catalyst was heated from room temperature
to 700 °C at a ramp rate of 10 °C min ' under a flow of 5%
0,/He at a flow rate of 50 mL min*. The oxidation products
were continuously monitored using a mass spectrometer
(GSD-300, OmniStar). Raman spectra were collected on a
multiwavelength Raman system (Princeton Instruments
Acton Trivista 555) at room temperature. A 244 nm laser
excitation and a UV-enhanced liquid N,-cooled CCD detector
(Princeton Instrument) were used. For each measurement,
the exposure time was 30 seconds and the number of
accumulations was 2 on a moving stage.

2.3 Catalytic tests

MCH dehydrogenation was carried out on an AMI 200
apparatus. In a typical experiment, 30 mg catalyst was loaded
into a quartz tube with the catalyst stabilized by quartz wool
on both the upper and lower sides of the sample. Prior to the
reaction, the catalyst was pretreated under a flow of 30 mL
min~" 4% H,/Ar at 400 °C for one hour at a ramping rate of
10 °C min™". Upon cooling to 200 °C, MCH was injected at a
flow rate of 0.006 mL min™" to a flow of 6.5 mL min " Ar (14
kPa MCH) and the resulting mixed gas was introduced to the
catalysts to initiate the reaction. The catalyst temperature was
kept at 200 °C for 3 hours to reach steady-state conversion
and was then increased stepwise to 400 °C at intervals of 40
°C, staying at each step for one hour. The MCH reactant and
products were monitored by a gas chromatograph (GC7920,
Agilent) equipped with both FID and TCD detectors, using an
HP-5 column (Agilent) and a ShinCarbon packed column
(Restek), respectively. For the long-time stability test, the
catalyst was pretreated using the same method but cooled to
320 °C, at which temperature the MCH dehydrogenation
reaction was carried out continuously for 20 hours. As shown
in the calculation in the ESL{ both mass and heat transfer
limitations are minimal in our reaction tests.

Table 1 Pt concentration and textural properties of Pt/Al,Os catalysts

Sample 0.05Pt  0.1Pt 0.5Pt 1Pt 5Pt

Pt concentration (wt%) 0.04 010 045 094 4.50
Bet surface area (m” g™") 124 122 124 130 122
Pt dispersion (%) by STEM ~ ~100 ~100 ~100 97 67

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 XRD patterns of as-calcined Pt/Al,O3 samples.

3. Results and discussion
3.1 Morphology and texture properties of Pt/Al,O; catalysts

The Pt concentration and surface area of Pt/Al,O; catalysts
are shown in Table 1. The concentrations of Pt in these
samples determined via ICP-AES are 0.04 wt%, 0.10 wt%,
0.45 wt%, 0.94 wt% and 4.50 wt% for the 0.05Pt, 0.1Pt, 0.5Pt,
1Pt and 5Pt samples, respectively, matching well with the
nominal loading amounts of Pt and thus indicating
negligible loss during the sample preparation and calcination
processes. The surface areas of these catalysts are similar at
120-130 m?* g, reflecting high dispersion of Pt species
without severe pore blocking in the porous Al,O; support.

Fig. 1 shows the XRD patterns of as-calcined Pt/Al,O3
samples. Only the feature peaks of y-alumina are observed
while those associated with bulk PtO, (33.9° 26) or bulk Pt
(39.8° 20) are not detected,**** indicating the absence of Pt
or PtO, nanoparticles or their sizes are less than the
detection limit (around 2-3 nm), which further corroborates
the high dispersion of Pt on the Al,O; support.

For Pt/Al,O; samples after calcination at elevated
temperature in air, Pt can exist as single atoms, nanoclusters,
and nanoparticles.**?> However, upon H, activation at
elevated temperatures, the Pt species are expected to change.
The HAADF-STEM images in Fig. 2 show the size and
dispersion of Pt on the Al,O; support after H, activation at
400 °C for 1 hour. For all samples, only Pt clusters or particles
can be observed. For the 0.05Pt and 0.1Pt samples shown in
Fig. 2a and b, Pt atoms on the Al,0; support display no clear
lattice structure and loosely spread on the support, which can
be categorized as nanoclusters.’’*> By measuring the
diameter of these Pt nanoclusters, the Pt size is determined to
be ~0.6 nm for the 0.05Pt sample and ~0.7 nm for the 0.1Pt
sample (Fig. 2e), with the latter sample displaying a higher
density of nanoclusters on the support due to its higher Pt
loading. As the Pt loading increases to 1%, Pt nanoparticles
with well-defined lattice are readily observed, as displayed in
the red circle in Fig. 2¢, and the average Pt size increases to
1.2 nm. A further increase of Pt loading to 5% leads to more

Catal. Sci. Technol.,, 2024,14,1791-1801 | 1793
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Fig. 2 HAADF-STEM images of 0.05Pt (a), 0.1Pt (b), 1Pt (c) and 5Pt (d) samples after H, activation at 400 °C for one hour and the Pt size
distribution determined using these images (e) with the error bar representing the standard deviation of the size measurement. Note that the red

circles in (c) and (d) exhibit the well-defined Pt crystal lattice.

well-defined nanoparticles with the average Pt size increasing
to 1.7 nm. The size of most Pt species, even in the 5Pt sample,
stays below 3 nm, in accordance with the absence of Pt or
PtO, feature peaks in their XRD patterns, confirming the high
dispersion of Pt species on the Al,O; support. Based on the
STEM images, we estimated the Pt dispersion in different
samples and the results are summarized in Table 1. For the
1Pt and 5Pt samples, by assuming a spherical model for the
well-defined Pt nanoparticles, the Pt dispersion was
calculated to be 97% and 67%, respectively.®® Given the
smaller Pt size in the 0.05Pt and 0.1Pt samples, the Pt
dispersions in these samples are anticipated to be ~100%,
implying that almost all of the Pt atoms are available for

—0.1% Pt
——0.05% Pt

5% Pt

1% Pt b
—0.5% Pt
——0.1% Pt
——0.05% Pt

1810
Nanoparticle
(NP)

1810
Nanoparticle

IR adsorbance
IR adsorbance

2200 2100 2000 1900 1800 1700

2200 2100 2000 1900 1800 1700

Wavenumber (cm™) Wavenumber (cm™)

Fig. 3 CO-DRIFTS spectra of Pt/Al,Os; samples (a) and enlarged
spectra for the two low loading samples (b).

1794 | Catal Sci. Technol.,, 2024, 14, 1791-1801

reaction. Although the Pt size in the 0.5Pt sample was not
measured, its Pt dispersion is expected to be higher than that
of the 1Pt sample, close to 100%.

To further identify Pt species and examine the interaction
between Pt and the Al,O; support, CO-DRIFTS was carried
out for the Pt/Al,O; samples, as shown in Fig. 3. CO has been
extensively employed as a probe molecule to reveal the
dispersion and structure of supported Pt species. Upon H,
activation, two broad CO IR bands are observed, one centered
at 2053 cm™' and the other one centered at 1810 cm™"
(Fig. 3a and b). Within the first IR band, a shoulder peak is
observed at ~2110 em™ for all Pt/Al,0, samples, which can
be assigned to CO adsorbed on Pt single atoms supported on
Al,03.2*?* Given the rather weak feature of this IR band, the
percentage of Pt single atoms is expected to be very small,
which is in accordance with their absence under STEM as
shown in Fig. 2(a-d). In the literature, the first IR band
centered at 2053 cm ™' has been frequently assigned to linear
adsorbed CO on reduced Pt species, with the second IR band
centered at 1810 cm ' to bridge-adsorbed CO0.>*?%7
Although the correlation between the wavenumber of
adsorbed CO species and the Pt species, e.g. nanoclusters
and nanoparticles, remains under debate, the IR band at
1810 cm™ has often been reported to originate from the CO
bridge-adsorbed on large Pt nanoparticles.>**>?® For the
0.05Pt and 0.1Pt samples, the IR band at 1810 cm™ is rather
weak (Fig. 3b), which increases substantially and becomes
rather evident for the 1Pt and 5Pt samples. This trend is
consistent with the observation under STEM that with
increasing Pt loading, Pt transitions from nanoclusters with a
small Pt size to Pt nanoparticles with a large Pt size.

This journal is © The Royal Society of Chemistry 2024
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Compared to ex situ STEM that may miss key features
observable only under real reaction conditions, the CO-DRIFTS
experiment with the in situ reduction pretreatment
complements the microscopy study by confirming the
observation of nanoclusters and nanoparticles as well as
demonstrating the presence of Pt single atom sites not
observed by STEM. In summary, the Pt size and morphology
are studied for Pt/Al,O; samples with Pt loading ranging
between 0.05 wt% and 5 wt%. At low Pt loadings of 0.05 wt%
and 0.1 wt%, the Pt species present as Pt nanoclusters loosely
spread on the Al,O; support with Pt size around 0.6-0.7 nm,
leading to full exposure of Pt atoms to reactants. In
comparison, at high loading, well-defined Pt nanoparticles
emerge on the Al,O; surface with Pt size reaching 1.2-1.7 nm,
leading to a portion of Pt atoms enclosed in the particles.

3.2 MCH dehydrogenation reactions

Light-off MCH dehydrogenation tests were carried out over
these Pt/Al,0; samples with different Pt sizes in the
temperature range of 200-400 °C, which are shown in Fig. 4a
together with the equilibrium conversion. The reaction plot
can be categorized into two temperature regimes: 200-320
°C, where the MCH conversion ramps up with the increase of
temperature, and 320-400 °C, where the MCH conversion
either plateaus or declines with increasing temperature. In
the first temperature regime, MCH conversion increases with
the increase of Pt concentration until reaching 1% Pt
loading, as the 1Pt sample shows the same MCH conversion
as the 5Pt sample. It is worth noting that in this temperature
range, the MCH conversion of Pt/Al,O; samples, even for the
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high Pt loading samples, is significantly lower than the
equilibrium conversion. In the second temperature regime
(320-400 °C), MCH conversion is 100% for 0.5Pt, 1Pt and 5Pt
samples, equal to the equilibrium conversion. For the 0.1Pt
sample, the MCH conversion reaches ~83% at 320 °C but
decreases slightly to 75% at 400 °C, indicating a minor
deactivation at high temperature. In contrast, the MCH
conversion of the 0.05Pt sample increases to 50% at 320 °C
but then rapidly decreases to 20% at 400 °C, reflecting a
severe loss of available active sites due to catalyst sintering or
coking. Such an evident deactivation is also observed for the
Pt/Al,0; sample with 0.025% Pt loading (Fig. S1f). Note that
the absence of conversion decrease for the 0.5Pt, 1Pt and 5Pt
samples does not imply no loss of active sites. Compared to
0.1Pt and 0.05Pt samples with low Pt loading, the relatively
large amount of Pt in these high loading samples can
maintain the complete conversion of MCH despite any
potential loss of available active Pt sites.

Fig. 4b shows the selectivity to toluene in the MCH
dehydrogenation, which is essential for the MCH-toluene
pair to serve as durable LOHCs in hydrogen transportation
and storage. This is because practical LOHCs need to
sustain hundreds of hydrogenation-dehydrogenation cycles
without being converted into side products, which otherwise
can affect the dehydrogenation/hydrogenation performances
and require high energy input to be separated out. The
toluene selectivity is higher than 99% for 0.1Pt, 0.5Pt and
1Pt samples across the whole temperature range. In
comparison, the 0.05Pt sample shows relatively low toluene
selectivity at both ends of this temperature range, yielding
side products such as methylcyclohexene, benzene and

102
(b)
100
5 98
2
2
:
- 96
2 —m— 5Pt
o —@— 1Pt
g —A— 0.5Pt
S 947 -v-0.1Pt
—9— 0.05Pt
92
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Fig. 4 MCH conversion (a) and toluene selectivity (b) over Pt/Al,Oz catalysts with different Pt loadings at different reaction temperatures.
Reaction conditions: 30 mg catalyst, 6.5 mL min™* Ar and 0.006 mL min™ MCH injected using a syringe pump. The equilibrium conversion is
calculated based on the equilibrium parameters obtained from previous literature®® with the equilibrium constant of 3.6 x 10° kPa® at 650 K for

the dehydrogenation of MCH to toluene and hydrogen.

This journal is © The Royal Society of Chemistry 2024
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xylene,'™*° whereas the 5Pt sample exhibits slightly low
selectivity at high temperature.

To quantify the atomic efficiency of Pt active sites, the
turnover frequency (TOF) of Pt/Al,O; catalysts was calculated at
200 °C and 240 °C based on the Pt dispersion determined by
the STEM images (Table 1). Note that the MCH conversion at
200 °C is controlled to less than 20% for all samples to ensure
that the reaction occurs under the kinetic differential regime,
allowing the evaluation of the intrinsic activity of Pt active
species. At 200 °C, TOF increases from 1766 mol H, (mol Pt
h)™ for the 0.05Pt sample to 3211 mol H, (mol Pt h)™ for the
0.1Pt sample, and then decreases substantially to 922 and 326
mol H, (mol Pt h)™, respectively, for the 1Pt and 5Pt samples.
The same trend is observed at 240 °C, although the MCH
conversion at this temperature is higher than 20% for most
samples, likely out of the kinetic differential regime.
Nevertheless, the volcano trends of TOF at both 200 and 240 °C
clearly demonstrate the dependence of atomic efficiency on the
Pt loading as the 0.1Pt sample with the medium Pt size shows
the highest atomic efficiency. Since the TOF is referenced
against the exposed Pt sites determined by STEM, the
availability of Pt sites cannot account for the huge TOF
difference among them as 0.1Pt samples exhibit around 3 and
9 times higher TOF than the 1Pt and 5Pt samples, respectively.

Recent studies on graphene supported Pt and Pd in LOHC
dehydrogenation suggest that the increase of Pt size leads to
stronger binding of dehydrogenated products on the active
sites, which blocks the access of reactants, resulting in fast
deactivation.”®*® To check whether this blocking effect
applies in this study, we carried out MCH dehydrogenation at
200 °C with both MCH reactant and toluene product in the
feed at a 6:1 ratio over 0.1Pt and 1Pt samples (Fig. S21). The
co-feed of toluene leads to ~35% activity loss in the first 2
hours for both samples, after which the MCH conversion
becomes relatively stable, reflecting similar impacts of
toluene on the Pt/Al,O; catalysts. Hence, the poisoning effect
of toluene is likely not the reason for the much higher TOF
of the 0.1Pt sample compared to the 1Pt sample.

Given the different morphologies and Pt sizes within our
samples, the heterogeneity of Pt sites cannot be ignored,
which is a common cause for the activity difference observed
on nanoparticles with different sizes and morphologies as
the activity of Pt sites depends on their specific local
environments, such as the edge, step and terrace.””*"** For
the dehydrogenation of perhydro-dibenzyltoluene (H18-DBT),
another commonly studied LOHC, the heterogeneity of Pt
sites was reported to exhibit substantial impacts on the
catalyst activity with the dehydrogenation TOF decreasing
with the increase of Pt nanoparticle size.?’ This size effect is
attributed to the larger amount of highly active Pt sites on
the small nanoparticles compared to the large nanoparticles.
It is reasonable to assume that the heterogeneity effect is
also significant for the Pt/Al,O; samples studied in this
work. Therefore, we postulate that the medium Pt size
favoring the presence of a highly active Pt site contributes to
the higher TOF observed in the 0.1Pt sample. The exact
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nature of this presumed Pt active site warrants further
investigation including computational studies to understand
the size effect.

At the other end of the Pt size spectrum, it is surprising
that the atomic efficiency of the 0.1Pt sample almost doubles
that of the 0.05Pt sample at 200 °C. The comparison between
the 0.1Pt and 0.05Pt samples points to the fact that the MCH
dehydrogenation likely requires multiple Pt sites
simultaneously to catalyze the C-H bond cleavage, the
commonly recognized rate-determining step, as reported
recently.”**® Compared to the 0.1Pt sample, the smaller Pt
size in the 0.05Pt sample implies fewer Pt atoms in the
nanoclusters, making it less efficient to break the six C-H
bonds in MCH and thus leading to lower TOF. When the Pt
loading further decreases to 0.025 wt% and 0.01 wt%, the
TOF decreases disproportionately, with the 0.01 wt% sample
showing negligible activity even at 320 °C (Fig. S1i),
underscoring the importance of multiple Pt sites in the MCH
dehydrogenation. The light-off MCH dehydrogenation results
clearly indicate that by tailoring the Pt size, a balance can be
achieved between the activity of Pt sites and the number of
active sites to optimize the performance of Pt/Al,O; catalysts.

3.3 Stability of Pt/Al,O; in MCH dehydrogenation

While light-off tests enable the evaluation of catalysts across
a wide temperature range, LOHCs normally operate at a fixed
temperature in practical applications. The catalyst stability at
such a temperature is another crucial factor in addition to
activity. Herein, we selected three Pt/Al,O; catalysts, 0.05Pt,
0.1Pt and 1Pt samples, as they display a volcano trend in
TOF, shown in Fig. 5, and studied their stability during a 20
h test at 320 °C (Fig. 6). The reason for choosing 320 °C as
the test temperature is that all three catalysts reach the
highest activity without exhibiting severe deactivation at this
temperature in the light-off tests. To make a fair comparison,
the total amount of Pt in these samples is maintained at the
same level by using different amounts of catalyst. This is
achieved by using 60 mg 0.05Pt sample, 30 mg 0.1Pt sample,
and 3 mg 1Pt sample mixed with 27 mg quartz sand for the
MCH dehydrogenation tests. The 0.1Pt and 1Pt samples show
the same conversion profile as a function of reaction time,
with the MCH conversion reaching ~65% at time-on-stream
(TOS) of 2 h and then gradually decreasing to ~40% at the
end of 20 h reaction. In comparison, the 0.05Pt sample shows
a slightly lower MCH conversion at the initial stage, which
drops more rapidly compared to that of the other two
catalysts, reaching only ~10% at the end of 20 h reaction.
Through linear fitting of the MCH conversion as a function
of TOS, the deactivation rate follows the order 0.1Pt > 1Pt >
0.05Pt, losing 1.1%, 1.6% and 2.5% MCH conversion per
hour, respectively, in Fig. S3,f implying a much faster
deactivation rate for the 0.05Pt sample. This notable
difference clearly indicates that the 0.05Pt sample with
smaller Pt size is much more vulnerable to deactivation
compared to the other two samples, albeit with the same
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Fig. 5 TOF of Pt over Pt/Al,O3 catalysts at 200 °C (a) and 240 °C (b) in MCH dehydrogenation.

amount of Pt. With the increase of Pt size, the deactivation
rate becomes irrelevant with the Pt loading, as evidenced by
the same reaction rate profile between 0.1Pt and 1Pt samples.
With respect to the toluene selectivity, 0.1Pt and 1Pt samples
maintain the selectivity to toluene close to 100% throughout
the 20 h reaction, whereas that of the 0.05Pt sample slowly
decreases from 100% at the beginning of the test to 98% at
TOS of 10 h, and then rapidly declines to 85% at TOS of 20 h.
As discussed above, the heterogeneity of Pt nanoclusters and
nanoparticles leads to Pt active sites with different activity
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and selectivity. It has been reported that during the catalyst
deactivation, the Pt active sites that favor the reaction path to
produce toluene deactivate faster than other types of active
sites, leading to the decline in toluene selectivity,* which is
consistent with our observations.

One of the common causes of Pt catalyst deactivation is
the sintering of Pt to form large Pt species under the reaction
conditions.**** To examine the Pt size in the spent samples
after 20 h test, HAADF-STEM was carried out as exhibited in
Fig. 7. Compared to fresh samples shown in Fig. 2,
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Fig. 6 MCH conversion (a) and toluene selectivity (b) over Pt/Al,O3 catalysts during 20 h MCH dehydrogenation tests at 320 °C. Amounts of
catalysts used for the reaction: 30 mg 0.1Pt sample, 60 mg 0.05Pt sample, and 3 mg 1Pt sample mixed with 27 mg quartz sand. Reaction
conditions: 6.5 mL min™* Ar and 0.006 mL min™* MCH injected using a syringe pump.
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Pt size distribution (d).

significant aggregation was not observed for all samples, with
Pt species maintaining similar morphology and size before
and after reactions. Note that for the 0.05Pt sample, the Pt
size increased slightly from ~0.6 to ~0.7 nm without notable
aggregation. Therefore, the sintering of Pt species is
apparently not the major cause for the fast deactivation
observed for the 0.05Pt sample.

In addition to Pt sintering, coke deposition is another
common of catalyst deactivation in the
dehydrogenation reaction. To identify coke species and study
their impacts on catalyst stability, TPO was carried out over
spent Pt/Al,O; samples right after the 20 h MCH reaction at
320 °C, as shown in Fig. 8. The major product from TPO is
CO, with no CO detected. The 1Pt sample displays a large
coke oxidation peak at 580 °C with a shoulder peak at around
350 °C. The TPO profile of the 0.1Pt sample is similar but the
major oxidation peak shifts down to 550 °C with the shoulder
peak more pronounced than that of the 1Pt sample. The
0.05Pt sample, in contrast, presents a rather different TPO
profile with the high temperature oxidation peak and the
medium temperature peak blended into a broad oxidation
peak. The high temperature peak increases from 410 °C of
the 0.05Pt sample to 550 °C of the 0.1Pt sample, and finally
to 580 °C of the 1Pt sample. This notable increase in the

cause
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Fig. 8 TPO profiles of spent 0.05Pt, 0.1Pt and 1Pt samples after 20 h
reaction at 320 °C.
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oxidation temperature indicates that compared to the 0.05Pt
sample, 1Pt and 0.1Pt samples favor coke that is more
resistant to oxidation. The total amount of coke was also
analyzed by integrating their respective oxidation peaks,
following the order 0.1Pt > 1Pt > 0.05Pt.

It is commonly accepted that larger amounts of coke and
hard-to-burn coke lead to more severe catalyst
deactivation,*>*® which is opposite to our observations in
this study. The contrast between the least amount of coke
that can be easily burned off and the highest deactivation
rate for the 0.05Pt sample likely points to the notion that the
type of coke has a larger impact than the amount of coke on
the  Pt/Al,O3 catalyst  deactivation. In  propane
dehydrogenation (PDH) over Pt/SBA-15 catalysts, Kumar et al.
reported that the addition of Sn to form a Pt-Sn bimetallic
catalyst leads to three times higher amount of coke, yet
considerably improves the PDH activity and stability.*” They
attributed this counter-intuitive behavior to the enhanced
migration of coke precursors from the Pt sites to the support
aided by the Sn sites, which leads to a higher amount of coke
while keeping the Pt active sites clean and thus improving
the catalyst activity and stability. It has been reported that
during the PDH reaction, coke species deposited on the Pt
metal sites and the Al,O; support differ considerably in terms
of their resistance to oxidation. During the TPO process, the
coke deposited on Pt metal sites is oxidized at around 200-
300 °C, while that on the Al,O; support is oxidized above 400
°C.*7% According to these studies, the coke on the Pt sites
causes more severe deactivation as it blocks the Pt active
sites. Although MCH dehydrogenation is different from
propane dehydrogenation, the impacts of coke on the same
Pt/Al,O; catalyst are expected to be similar. Indeed, their coke
analysis is consistent with our observations**™° that for the
1Pt and 0.1Pt samples, the minor shoulder peak is centered
at around 325 °C with the major oxidation peak over 550 °C,
indicating that the shoulder peak can be assigned to the coke
deposited on Pt sites and the latter on the Al,O; support. As
for the 0.05Pt sample, the two types of coke are blended to a
broad peak centered at 410 °C. This qualitatively indicates
that the 0.1Pt and 1Pt samples contain a larger amount of
coke on the support, while the 0.05Pt sample contains a
comparable amount of coke deposited on the Pt metal sites
and the support. As the coke on the Pt sites is more
detrimental, the 0.05Pt sample suffers a higher catalyst
deactivation rate, albeit with a smaller amount of coke,
compared to the other two samples.

Raman spectroscopy was conducted to further study the
nature of coke species after 20 h MCH dehydrogenation at
320 °C, as shown in Fig. 9. Two notable peaks are observed
for these samples at 1609 and 1385 cm™, which can be
assigned to the G-band and D-band of carbonaceous
species, respectively.**>' The G-band peak is reported to
originate from perfect graphite-like coke while the D-band
peak is linked to disordered graphite-like coke. Therefore,
the peak area ratio G/D is always used as a measure of the
graphitization degree of carbon materials, with a higher

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Raman spectra of spent Pt/Al,Oz samples aiming to determine
the coke species deposited on these samples during the 20 h stability
tests. The laser excitation wavelength is 244 nm.

value indicating a high degree of graphitization and
therefore higher resistance to oxidation. For the three Pt/
Al,O; materials studied here, the G/D ratio follows the order
0.05Pt (1.1) < 0.1Pt (1.2) < 1Pt (1.6), indicating that the
increase of Pt size leads to a higher degree of
graphitization. This trend further corroborates the
observation from the TPO profiles that the 0.1Pt and 1Pt
samples contain a higher amount of coke that is resistant
to oxidation, which is likely deposited on the Al,O; support.
In contrast, the 0.05Pt sample contains a larger amount of
coke deposited on the Pt sites, leading to a more severe
deactivation compared to the 0.1Pt and 1Pt samples.

4. Conclusion

In this work, we studied the impacts of Pt size on the
catalytic performance of industrially relevant Pt/Al,O;
catalysts for the dehydrogenation of MCH to toluene, a
promising LOHC pair for hydrogen transportation and
storage. A series of Pt/Al,O; samples were prepared via an
incipient wetness impregnation method and characterized
collectively using STEM, XRD and CO-DRIFTS. In the light-off
MCH dehydrogenation tests, the TOF of Pt/Al,O; catalysts
exhibits a volcano trend over the Pt size, with the medium Pt
size in the 0.1Pt sample showing the highest atom efficiency.
This indicates that a balance between the activity of Pt sites
and the number of neighboring sites needs to be achieved
for an optimized catalytic performance. In addition, small Pt
size, as in the 0.05Pt sample, promotes the formation of coke
deposited on the Pt active sites, which is more detrimental to
the catalyst stability than the coke deposited on the support
as in the 0.1Pt and 1Pt samples. We believe that these
insights from the current study can help guide the design of
efficient Pt/Al,O; catalysts in MCH dehydrogenation as well
as other industrially important reactions.
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