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ABSTRACT

The structure—catalytic property relationships of Al>O3 supported Pt—Sn nanoparticles
(Pt=Sn/Al>03) in the dehydrogenation of methylcyclohexane (MCH) were investigated by varying
the Sn/Pt ratios of the catalysts. The initial activity and the deactivation rate of the Pt—Sn/Al,O3
catalysts in the MCH dehydrogenation decreased in line with an increase in the Sn/Pt ratio from 0
to 3. The Pt—Sn/Al>O3 catalyst with a Sn/Pt ratio of 2 showed good activity, durability, and toluene
selectivity in the MCH dehydrogenation among the catalysts. The dispersion of Pt in the
Pt—Sn/Al,O3 catalysts was observed to decrease with an increase in the Sn/Pt ratio. Structural
changes in the catalysts from Pt—Sn clusters to intermetallic Pt3Sn and PtSn nanoparticles were
also observed using scanning transmission electron microscopy (STEM) and X-ray diffraction
(XRD). According to structural analysis using X-ray absorption fine structure (XAFS)
spectroscopy and infrared (IR) spectroscopy using carbon monoxide as a probe, the electron
density of Pt increased and the fraction of Pt—Pt adjacent sites decreased with an increase in the
Sn/Pt ratio. Comparing the catalytic properties and the structures of the Pt—Sn/Al,O3 catalysts,
their initial activities were correlated with the dispersion of Pt. In addition, the durability and
selectivity of the catalysts were enhanced due to an increase in the electron density of Pt and a
decrease in the number of Pt—Pt adjacent sites. Overall, the properties of the catalysts in the MCH
dehydrogenation are determined by the local structure of Pt atoms rather than the crystal structure

of the Pt—Sn alloy nanoparticles on Al;O3.

1. INTRODUCTION



Supported Pt nanoparticles have been widely used in the dehydrogenation of alkanes to
preferentially activate C—H bonds rather than C—C bonds. However, supported Pt catalysts are
rapidly deactivated by coke which is formed as a byproduct of dehydrogenation reaction.
Therefore, secondary metals such as Sn and Ga are often added to the Pt catalysts to improve their
activity, selectivity, and durability. In terms of supported Pt—Sn catalysts, their active phase
depends on the preparation conditions®® and support materials.”"'* The Sn/Pt ratio also plays an
important role in controlling the structure of Pt—Sn nanoparticles and the interaction between Pt
and Sn. Optimizing the Sn/Pt ratio leads to an improvement in the performance of the catalyst in
the dehydrogenation of alkanes. Although a wide range of Sn/Pt ratios of Pt—Sn/Al,O3 catalysts,
from 1/4 to 5, has been selected for the dehydrogenation of alkanes, the optimal Sn/Pt ratio remains
controversial.”!%!>2* This is due to the Sn species being not only involved in the formation of an
alloy with Pt, but also being dispersed on the metal oxide support. In terms of the supported Pt—Sn
catalysts for the dehydrogenation of alkanes that have so far been reported, Lee et al. reported that
the dehydrogenation activity of Pt—Sn/Al>O3 with an Sn/Pt ratio of 5/2 was the highest due to the
formation of a PtSn alloy.'® However, Ding et al. found that Pt—Sn/SiO> with an Sn/Pt ratio of 1
showed the highest activity in the dehydrogenation of propane, and that a Pt3Sn alloy was more
active than its PtSn counterpart.®* Furukawa et al. reported that 9 nm Pt3Sn particles supported
on SiO2 were highly active in the dehydrogenation of cyclohexane and n-butane compared to
catalysts featuring Pt and PtSn particles of the same size.?® Wu et al. found that the turnover
frequency (TOF) and ethylene selectivity of Pt—Sn particles for the dehydrogenation of ethane
increased with increasing the Sn/Pt ratio of the catalyst from 0 to 1/3.2” However, previous reports
have also shown that dispersed Pt—Sn clusters are highly active species in the dehydrogenation of

alkanes.”!!?? These reports suggest that the catalytic properties of the Pt—Sn catalysts toward the



dehydrogenation of alkanes are partially dependent on their crystal structures, but not directly

connected to them.

To elucidate the factors that control the dehydrogenation properties of supported Pt—Sn
particle catalysts, it is necessary to investigate the local structure of the Pt atoms, which is modified
by the Sn. It is well known that adding Sn to supported Pt catalysts to modify their electronic and
geometric structures has a positive effect on the properties of the catalysts toward the
dehydrogenation of alkanes.”*!%?® The enhancements of activity, selectivity, and durability of
Pt—Sn catalysts are the result of the strong electronic interaction that occurs between Sn and Pt.>!4
In addition, the geometric arrangements of atoms, such as in isolated Pt sites, Pt3 hollow sites, and
Pt4 ensemble sites of Pt alloy nanoparticles also affect the selectivity and durability of the catalyst
in the dehydrogenation of alkanes.?®*° However, the relationship between the particle size, crystal,
electronic, and geometric structure of supported Pt—Sn catalysts and their activity, selectivity, and
durability has not been fully discussed in the literature. An understanding of these relationships
would provide fundamental insights into supported Pt—Sn alloy catalysts for use in the

dehydrogenation of alkanes and enable more rational design of catalysts.

As an important chemical reaction in the petrochemistry and polymer synthesis, the
dehydrogenation of alkanes to alkenes has been studied in great detail over a long period of time.!-?
Recently, methylcyclohexane (MCH), commonly referred to as an organic hydride, has received
much attention as a hydrogen carrier,’ as it has the desirable properties of a relatively high boiling
point (101 °C) and low melting point (—126 °C), which allow it to be stably transported and stored
as a liquid.* In addition to this, the relatively high H» storage capacity, low toxicity, and reusability

of MCH make it a very versatile compound. The MCH dehydrogenation is typically achieved



under ambient pressure, at a temperature in the range of 300—400 °C, to produce toluene (TOL)

and three equivalents of hydrogen, according to the reaction (MCH — TOL + 3H>).

Herein, the structure and catalytic properties of Pt—Sn/Al>O3 catalysts were systematically
investigated for the dehydrogenation of MCH by changing the Sn/Pt ratios within the range of 0—
3. The sizes, crystal structures, and chemical compositions of Pt—Sn alloy particles on Al,O3
supports were found to be dependent on the Sn/Pt ratio. The geometric and electronic structures of
Pt—Sn/Al>O3; were characterized using X-ray absorption fine structure (XAFS) and Fourier-
transform infrared (FT-IR) spectroscopies. A comparison of the structures and catalytic properties

revealed that the local structures of the Pt—Sn/Al>O3 catalysts control the MCH dehydrogenation.

2. EXPERIMENTAL

2.1. Catalyst preparation

Scheme S1 shows schematic representation of preparation method of the Pt—Sn/Al,O3 catalysts.
The Al,O3 support was obtained via the thermal decomposition of boehmite (Sasol, PURAL

alumina) at 600 °C for 1 h. Pt (Pt loading: 2 wt%) and Sn (Sn loading: 0.24-3.7 wt%) were
deposited onto the prepared Al.O3 support via a co-impregnation method using H>PtCle- 6H20
and SnCl,- 2H,0 precursors (Kishida Chemical Co., Ltd.). Al,O3 supports were simultaneously
impregnated with aqueous solutions of HoPtCls: 6H2O and SnCl,* 2H»0O, and then the suspensions

were stirred for 1 h. As soon as their aqueous solutions were mixed, the suspensions changed from

yellow to yellowish-brown. This color maybe derived from a [PtCl2(SnCl3)2]*" complex.?*3!

Excess water from the suspensions was removed using a rotary evaporator at 60 °C, and then the



catalysts were dried at 80 °C for 8 h and calcined at 500 °C for 3 h. Prior to the characterization
and the catalytic testing, the catalysts were reduced under a flowing of H> at 600 °C for 30 min.
Different Sn/Pt ratios were used to obtain various Pt—Sn(x/y)/Al.O3 catalysts, where x/y is the
molar ratio of Sn to Pt, where the Pt and Sn loading and Sn/Pt ratio values for each catalyst can be
found to be listed in Table 1. Pt/Al,O3 (Pt loading: 2 wt%) and Sn/Al,O3 (Sn loading: 1.2 wt%)

was prepared using the same impregnation method as a control catalyst.

2.2. CO pulse chemisorption

Carbon monoxide (CO) pulse chemisorption measurements were performed using a BEL-CAT-B
instrument (MicrotracBEL). Approximately 50 mg of sample was placed in a sample tube and then
pretreated under 100% H> at 600 °C for 30 min. After the sample was allowed to cool to 50 °C
under a He atmosphere, CO pulse chemisorption measurements were carried out using a mixture
of 5% CO/He while monitoring the effluent using a thermal conductivity detector. The dispersion
of Pt was calculated based on the total volume of gases adsorbed, under the assumption that CO

was adsorbed on the Pt surface in a 1:1 (Pt:CO) stoichiometry.

2.3. X-ray diffraction (XRD)

XRD measurements were carried out using a Rigaku ATX-G diffractometer equipped with a Cu

Ko radiation source.



2.4. Scanning/transmission electron microscopy (S/TEM)

The catalysts were exposed to a 10% H2/N2 atmosphere at 600 °C for 30 min. Samples were
prepared for TEM and STEM by spreading a drop of a methanol suspension of the pretreated
catalysts. TEM, STEM, and energy-dispersive X-ray spectroscopy (EDS) were performed on a
JEOL JEM-2100F field emission electron microscope operated at 200 kV. The catalyst structure
was observed in detail by spherical aberration-corrected (Cs-)STEM and electron energy loss
spectroscopy (EELS) using a JEOL JEM-ARM200F double aberration-corrected high-resolution

scanning transmission electron microscope operated at 200 kV.

2.5. XAFS

Pt L3- and Sn K-edge XAFS measurements were carried out at room temperature on the BL5B1
and BL11S2 beamlines of Aichi Synchrotron Radiation Center in Aichi, Japan, respectively. The
samples were pretreated under an atmosphere of 10% H2/N2 for 30 min at 600 °C, after which
they were sealed under N> at room temperature so that XAFS spectra could be recorded without
any exposure of the samples to the air. Data analysis of the samples was performed using the

Athena and Artemis software including in the Demeter package.

2.6. X-ray photo electron spectroscopy (XPS) measurement

The XPS measurement was conducted using an ESCALAB250 X-ray photoelectron spectrometer

(Thermo Fisher Scientific). The catalysts were exposed to a 10% H2/N> atmosphere at 600 °C for



30 min. The binding energy of the surface Sn species were modified by contaminated carbon as

internal standard. The C 1s binding energy of carbon was defined to 284.8 eV.

2.7. Fourier-transform infrared (FT-IR) spectroscopy

FT-IR measurements were performed using a quartz in situ IR cell and a JASCO FT/IR-6100
spectrometer (JASCO Co.) equipped with a liquid nitrogen-cooled HgCdTe (MCT) detector. FT-
IR spectra were obtained via the averaging of 128 scans (ca. 120 sec) at a resolution of 4 cm™.
Approximately 50 mg of samples were formed into the self-supporting disk and then placed in an
IR cell with a CaF; window. The samples were pretreated under a 10% H2/Ar atmosphere at a rate
of 100 mL min~! at 600 °C for 30 min and were then cooled to 50 °C under Ar, and IR spectra
were taken as a background. CO (0.4% CO/Ar at a rate of 100 mL min~') was then introduced into
the quartz in situ IR cell for 10 min. The CO physisorbed on the samples was then removed under

a flow of 100% Ar, and the IR spectra of the samples with adsorbed CO were obtained.

2.8. Catalytic testing of the MCH dehydrogenation

The dehydrogenation of MCH was carried out under atmospheric pressure in a conventional fixed-
bed flow reactor. Catalyst samples were pressed into pellets, crushed, and sieved into 300—600 um
grains. The catalyst grains (10 mg) were placed inside a U-shaped quartz tube with an inside
diameter of 4 mm; The height of the catalyst bed was about 3 mm. Prior to conducting the activity
tests, the samples were exposed to a flowing mixture of 10% H2/Ar for 30 min at 600 °C. The

MCH dehydrogenation was then performed at 300 °C under a 1.6% MCH/Ar atmosphere at a total



flow rate of 100 mL min~!, corresponding to a gas hourly space velocity (GHSV) of 600,000 mL
g h™!. MCH was introduced into the tube under the bubbling of Ar gas through a saturator
maintained at 0 °C. The reaction products were analyzed every 20 min by an online Shimazu Nexis
GC-2030 gas chromatograph equipped with two dielectric-barrier discharge ionization detectors
(BID), with one BID attached to an Rt-Msieve 5A capillary column (0.32 mm x 15 m) to detect
H> and methane (CH4) and the other BID attached to an Rt®-Q-BOND capillary column (0.32
mm X 30 m) to detect MCH and TOL. The MCH conversion, TOL selectivity, and initial TOF (at

Smin) of the catalysts were calculated through the following equations (1)—(3).

TOL concentration (%)

MCH i %) = x 100 1
conversion (%) MCH concentration (%) + TOL concentration (%) M

TOL selectivity (%) TOL concentration (%) 100 2
_ X
selectivity (% TOL concentration (%) + CH, concentration (%) )

MCH flow rate (mol s™1) x Initial MCH conversion (at 5 min) (%)

Initial TOF (s7!) =
nitia (s™) Mole of Pd atoms in the catalyst (mol) x Pd dispersion (%)

(3)

The deactivation rate of the catalysts was calculated via a pseudo-first-order approximation of the

time course of the MCH conversion.

3. RESULTS and DISCUSSION

3.1. Dispersions of Pt and particle sizes

Table 1 shows the dispersions of Pt in the Pt/Al,O3 and Pt—Sn/Al>O3 catalysts estimated from the

CO pulse chemisorption measurements. It can be seen that the dispersion of Pt in Pt/Al>O3 is



63.0% which is the highest among those of the Pt—Sn/Al,O3 samples. As the Sn/Pt ratio increased

from 1/5 to 3, the dispersion of Pt in the Pt—Sn/Al>O3 catalysts decreased from 44.2% to 11.9%.

Table 1. Sn/Pt composition, dispersion of Pt, and particle size of each catalyst. The catalyst

samples pretreated under a flow of H» at 600 °C for 30 min.

catalyst Pt content Sncontent Sn/Ptratio Pt dispersion®  particle size”
(Wt%) (Wt%) (%) (nm)
Pt/ALLO3 2.0 - 0 63.0 1.0
Pt—Sn(1/5)/A1,03 2.0 0.24 1/5 44.2 1.0
Pt—Sn(1/3)/A1,03 2.0 0.41 1/3 41.3 2.2
Pt—Sn(1)/Al,O3 2.0 1.2 1 38.5 53
Pt—Sn(2)/A1,03 2.0 24 2 223 4.7
Pt—Sn(3)/A1,03 2.0 3.7 3 11.9 6.4

apt dispersion calculated from CO pulse chemisorption, "number-average particle size estimated

from TEM images.>?

Figure S1 shows the TEM images and particle size distributions for Pt/Al>O3 and the
different Pt—Sn/Al>O; samples. It can be seen that the Pt/Al>O; catalyst features only Pt
nanoparticles that are smaller than 2 nm in size (defined as clusters in this study) and has a
monomodal size distribution with a maximum particle size of 1 nm. These results correspond to
the high Pt dispersion (63.0%) of Pt/Al>2Os3. The size distribution of Pt—Sn(1/5)/Al,03 is similar

to that of Pt/Al,O3. The TEM image of Pt—Sn(1/3)/Al,O3 shows that the sample contains some
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nanoparticles that are >5 nm in size. At an Sn/Pt ratio of 1 or more, numerous particles with >5
nm in size were observed on the Al>O3. The Pt—Sn/Al,O3; samples show a bimodal size
distribution, with maxima at 1 and 8 nm. Thus, the decrease in the dispersion of Pt can be explained
as being a result of the formation of larger particles upon an increase in the Sn/Pt ratio. Although
small clusters of around 1 nm and particles with >5 nm in size are comparable in terms of the
number of particles they contain, the number of atoms in the particles is actually more than a
hundred times greater than that in the clusters. Thus, Pt—=Sn/Al>O3 samples with an Sn/Pt ratio of
>1 predominantly have larger particles of >5 nm in size. STEM—EDS mapping was then used to
determine the locations of the Pt and Sn atoms on Al,O3 in the different samples (Figure S2). The
EDS mapping of Pt/Al>O3 shows that it contains no Pt aggregates. However, in the case of the
Pt—Sn/Al1,03 samples, the signals of Pt and Sn can be observed to be overlapped in the elemental
mapping of the particles that are >5 nm in size showing that these nanoparticles formed upon the
addition of Sn are alloy particles that contain both Pt and Sn atoms. From these results, larger
Pt—Sn particles are probable to be formed when they interact more strongly with Sn species than
the Al2O3 support in the catalyst preparation via the impregnation method. In addition, the data
shows that some Pt and Sn atoms were highly dispersed on Al>2O3, corresponding to the small

clusters of <2 nm in size present in the Pt—Sn/Al>O3 samples.

3.2. Crystalline structure

XRD was used to identify the crystal structure of the nanoparticles in the Pt—Sn/Al,O3 samples.
Figure 1 shows the XRD patterns of the Pt—Sn/Al,O3 samples compared with those of the Al2O3

support and Pt/Al>O3. The XRD pattern of Pt/Al.O3 was found to be very similar to that of Al2Os3.
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This was also the case for the Pt—Sn/Al,O3 samples with an Sn/Pt ratio of <1/3, with their patterns
being very similar to that of Al>Os3 indicating that Pt and Sn are highly dispersed on the Al2O3
support in these samples. These results indicated that Pt and Sn are highly dispersed on the Al2O3
support in these samples. For the Pt—Sn(1)/Al,03, a shoulder can be observed on a peak in its
XRD pattern at around 38.9°, which can be attributed to the formation of intermetallic Pt3Sn
alloy.>7-?%?7 For the Pt—Sn(2)/Al,03, there is an increase in the intensity of the peak related to
intermetallic Pt3Sn compared to that in the pattern of the Pt—Sn(1)/Al>O3. In addition, in the XRD
pattern of the Pt—Sn(2)/Al>O3, there are several small peaks at 25.0, 30.0, 41.8, and 44.1° that can
be attributed to the formation of intermetallic PtSn alloy.’ 7 Therefore, it was determined that
Pt3Sn alloy particles are mainly formed in the Pt—Sn(1)/Al2O3 and Pt—Sn(2)/Al,O3 samples. In
the case of the Pt—Sn(3)/Al>03 sample, the increase in the intensity of the peaks attributed to PtSn
was observed in line with an increase in the Sn/Pt ratio. However, the intensity of the diffraction
peaks of Pt3Sn significantly decreased. In other words, in Pt—Sn(3)/Al,O3, PtSn alloy particles are
preferentially formed over Pt3Sn alloy particles. Moreover, the XRD patterns of Sn metal or Sn

oxide were not detected in the patterns of any of the samples.
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Figure 1. XRD patterns of the Pt/Al,O3 and Pt-Sn/Al>O3 catalysts with different Sn/Pt ratios,
alongside reference Pt (space group Fm3m), Pt3Sn (space group Pm3m), and PtSn (space group

P65 /mmc) peaks. The catalyst samples pretreated under a flow of H» at 600 °C for 30 min.

The structures of the Pt—Sn/Al>O3 catalysts were studied in detail using Cs-STEM—EELS
mappings. Figure 2a shows a Cs-STEM image of a large nanoparticle of >5 nm in size in Pt-
Sn(1)/Al,03, which exhibits a lattice fringe that can be attributed to a (100) facet of intermetallic
Pt3Sn. In the EELS mapping and the line scanning profile of Pt—Sn(1)/Al>O3 shown in Figure 2b
and c, the high fraction of Pt in the Pt3Sn particle of the sample is reflected in the fact that the
signal of the Sn My s-edge is much weaker compared to that of the Pt M4 5-edge. In contrast, lattice
fringes attributed to (102) and (201) facets of intermetallic PtSn can be observed in the Cs-STEM
image of the Pt—Sn(3)/Al>03, as shown in Figure 2d. In the line scanning profile, the signal of the
Sn My ;s-edge is comparable to that of the Pt My ;s-edge, supporting the presence of PtSn alloy
particles rich in Sn in Pt—Sn(3)/Al>Oj3 rather than Pt3Sn alloy particles, as shown in Figures 2e
and f. Furthermore, Cs-STEM images of Pt/Al,O3 and Pt—Sn(1/3)/A1,03 show small Pt or Pt—Sn

clusters with irregular atomic arrangements (Figure S3).
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Figure 2. (a,d) Cs-STEM images, (b,e) EELS mappings, and (c,f) line scanning profiles of >5 nm
in size nanoparticles of (a—c) Pt—Sn(1)/Al>O3 and (d—f) Pt—Sn(3)/Al,O3. The catalyst samples

pretreated under a flow of Hz at 600 °C for 30 min.

3.3. Electronic and geometric structures

The Pt Ls-edge X-ray absorption near edge structure (XANES) spectra of Pt/Al2O3 and
Pt—Sn/Al>0Oj3 is shown in Figure 3a. The XANES spectrum of Pt/Al>O3, which is similar to that
of Pt foil, indicates that the Pt clusters present on Al,O3 are in the metallic state. In detail, the
white line intensity of Pt/Al>O3 at 11567 eV is slightly higher than that of the Pt foil, reflecting
that cationic Pt species resulting from the charge transfer from Pt to Al>O3 at their interface.>*>*

In the case of the Pt—Sn/Al,O3 catalysts, the white line intensity at around 11567 eV decreased

with an increase in the Sn/Pt ratio. The relative electron density in the Pt 5d orbitals was evaluated
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from the peak area of the white line in the XANES spectra (Figures 4 and S4),%7 where a decrease
in the peak area indicates an increase in the electron density of the Pt 5d orbitals. Upon an increase
in the Sn/Pt ratio of the Pt—Sn/Al>Oj3 catalysts, a decrease in the white line peak area was gradually
observed. Thus, electron transfer from Sn to Pt was shown to occur upon the formation of Pt—Sn

alloy particles.”38

Figures 3b and ¢ show the Pt L3-edge EXAFS and Fourier transforms (FTs) of the EXAFS
spectra, respectively. In the FT of the EXAFS spectrum of Pt/Al,O3, scattering peaks due to Pt—O
and Pt—Pt can be observed at around 1.6 and 2.5 A, respectively. The coordination numbers of
Pt—O and Pt—Pt were estimated from the curve fitting of the EXAFS spectrum and are presented
in Table S1. The coordination number of Pt—Pt of 5.7 is close to the previously reported value for
Pt/AlO3 containing Pt particles that are around 1 nm in size.*>***' The EXAFS spectra of
Pt—Sn(3)/Al,03 could be well fitted by assuming that there are three scattering peaks attributed to
Pt—0O, Pt—Pt, and Pt—Sn that have coordination numbers of 0.7, 2.6, and 1.8, respectively (Table
S1). However, for the Pt—Sn/Al>O3 catalysts with Sn/Pt ratios of <2, it was difficult to obtain good
fitting results due to the suppression of the scattering peak at around 2.5 A in their spectra, which
can be attributed to the interference of the EXAFS oscillations of Pt—Pt and Pt—Sn.'®*2° Therefore,

the formation of Pt—Sn alloys was also suggested to occur in the other Pt—Sn/Al>O3 catalysts.

Figure S5a shows the Sn K-edge XANES spectra, where it can be observed that the
XANES spectra of the Pt—Sn/Al>O3 catalysts are similar to the XANES spectrum of SnO. From
this data, the average oxidation number of Sn in the Pt—Sn/Al>O; catalysts was inferred to be
approximately +2.7%!31418 To confirm the presence of Sn’ in the intermetallic Pt—Sn alloys, the
Sn 3d XPS measurements were conducted using Pt—Sn/Al>O3 (Figure S6). According to XPS

measurements, the Sn species were the Sn° of ca. 30% and the Sn**/Sn*" of ca. 70% in all the

15



Pt—Sn/Al,O3 catalysts. Figures S2b and c¢ show the Sn K-edge EXAFS spectra and their

corresponding FTs. The scattering peak of Sn—O at around 1.5 A suggests the presence of highly

dispersed SnOx species on the Al,O3 support. In spite of the formation of Pt—Sn alloy particles,

as indicated by the XRD and STEM results, no scattering peaks for Sn and Pt atoms adjacent to

Sn atoms were observed at 2-3 A, as a result of the interference of the scattered electrons by the

Sn and Pt atoms adjacent to the Sn atoms.'® Based on the XRD, STEM, and XAFS results, it was

proposed that dispersed SnOx (Sn**/Sn*") species and Pt—Sn alloy particles containing Sn° coexist

on the Al,O3 support in the Pt—Sn/Al>O3 catalysts.?
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Figure 3. Pt L3-edge (a) XANES, (b) EXAFS, and (c) FTs of the EXAFS spectra for the Pt/Al,O3

and Pt—Sn/Al1,0O3 catalysts. The black and gray dotted lines indicate the Pt foil and PtO> references,

respectively. The catalyst samples pretreated under a flow of H» at 600 °C for 30 min.
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Figure 4. Peak area of the white line from the Pt L3-edge XANES spectra of Pt—Sn/Al>O3 catalysts

with different Sn/Pt ratios.

Figure 5 shows the FT-IR spectra of CO adsorbed on Pt/Al,O3 and the different
Pt—Sn/Al>Oj3 catalysts. In the FT-IR spectrum of Pt/Al,O3, three CO stretching vibration bands
can be observed at 2126, 2068, and 1844 cm™!. The strongest band at 2068 cm™' was assigned to
the linear adsorbed CO on Pt?,!7:21:2433.3942-48 and the weak bands at 2126 and 1844 cm™' were
attributed to the linear adsorbed CO on Pt¥" *>** and bridge adsorbed CO on Pt? 17:33:39:44.46-48
respectively. In line with an increase in the Sn/Pt ratio of the Pt—Sn/Al,O3 catalysts, the decrease
in the intensities of the bands at 2126 and 1844 cm™' can be observed. The former implies a
decrease in the number of highly dispersed Pt clusters that interact strongly with the Al;O3,
whereas the latter indicates the disappearance of the ensembles of Pt—Pt atoms as a result of the
generation of Pt—Sn alloy particles. In the FT-IR spectrum of Pt—Sn (3)/Al20O3, the band at 1844
cm™! can barely be observed and that at around 2068 cm™' is slightly shifted compared with the

same bands in the spectra of the other catalysts in response to the change in the electronic state of
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the surface Pt atoms. The red shifts in the IR band suggest that Pt becomes more electron-rich upon
an increase in the Sn/Pt ratio of the Pt—Sn/Al>O3 catalysts (Figure S7), which is similar to the
trend observed in the change in the Pt L3-edge XANES spectra. To quantify the fraction of Pt
surface sites, fitting of the FT-IR spectra was performed using a Gaussian function (Figure S8).
Figure 6 shows the fraction of linear and bridge adsorbed CO on Pt® for the Pt—Sn/Al,O5 catalysts
versus the Sn/Pt ratio. The fraction of the linear adsorbed CO increased from 0.88 to 0.97 with
increasing the Sn/Pt ratio from 0 to 3, while that of the bridge adsorbed CO decreased
monotonically from 0.12 to 0.03. Therefore, the addition of Sn atoms into the catalysts diluted the

Pt nanoparticles, thus reducing the fraction of Pt—Pt adjacent sites.

2068
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Figure 5. FT-IR spectra of CO adsorbed on Pt/Al>O3 and the different Pt—Sn/Al> O3 catalysts. The

catalyst samples pretreated under a flow of H> at 600 °C for 30 min.
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Figure 6. Plots of the fractions of bridge and linear adsorbed CO on Pt’ in the Pt—Sn/Al,Os3

catalysts versus the Sn/Pt ratio.

Scheme 1 shows a schematic diagram of the structures of the Pt—Sn nanoparticles in the
Pt—Sn/Al>Oj3 catalysts according to the different Sn/Pt ratios based on the structural analysis. The
macroscopic structures of the catalysts were determined by CO pulse chemisorption, XRD, and
STEM. For the catalysts with Sn/Pt ratios of 1/5 and 1/3, Pt—Sn clusters of <2 nm in size are mainly
present on the Al,O3, while Pt3Sn particles are formed when the Sn/Pt ratio increases to 1 and 2.
With a further increase in the Sn/Pt ratio to 3, the Pt3Sn particles convert to PtSn particles. As the
Sn/Pt ratio increases, the particle size in the Pt—Sn/Al>Oj3 catalysts increases and the dispersion of
the Pt decreases from 63.0% to 11.9%. The addition of Sn to supported Pt catalysts modifies the
local structure of the Pt atoms. The electronic and geometric structures of Pt—Sn/Al>O3; were
characterized by using XAFS and FT-IR spectroscopy. It was found that the electron density of Pt
in the Pt—Sn/Al>O3 catalysts increased due to the interaction between the Pt and Sn atoms, as

shown in Figure 4. The number of Pt ensemble sites, corresponding to Pt—Pt adjacent sites for
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bridge CO adsorption, on the Pt—Sn/Al,O3 decreases in line with an increase in the Sn/Pt ratio

(Figure 8).
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Scheme 1. Schematic diagram of the variation in the structures of Pt—Sn nanoparticles in the

Pt—Sn/Al>Oj3 catalysts according to their different Sn/Pt ratios.

3.4. Catalytic performance of the MCH dehydrogenation

The MCH dehydrogenation was carried out under atmospheric pressure at 300 °C using the
different Pt—Sn/Al,Oj3 catalysts. Figures 7a and b show the time courses of the MCH conversion
and the TOL selectivity for Pt/AloO3 and the different Pt—Sn/Al,O3 catalysts. The catalytic
parameters were summarized in the Table S2. The gas and heat diffusions have little effect on the
catalytic reaction due to relatively low MCH conversions (<50%). According to repeating activity
tests, experimental error for MCH conversion was ca. 5% (Figure S9). Comparing the initial MCH
conversions after 5 min for all of the catalysts, Pt/Al»O3 was found to show the highest MCH
conversion of 44.0%. The initial MCH conversions of the Pt—Sn/Al,O3; catalysts decreased from

37.1% to 11.2% according to an increase in the Sn/Pt ratio (Figure S10a). H2, CH4, and TOL were
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detected as products of the MCH dehydrogenation, where the Ho: TOL ratio was approximately
3:1. CH34 is thought to be generated as a result of the demethylation of TOL, while no other gas-
phase products were detected upon the dehydrogenation of MCH. To investigate the role of SnOx
in dehydrogenation of MCH, we tested the activity of Sn/Al,O3 catalyst for MCH dehydrogenation.
The results showed no MCH dehydrogenation activity of Sn/Al>O3. Therefore, we concluded that
itself highly dispersed SnOx on Al>O3 were inert species that were not involved in
dehydrogenation of MCH. The TOL selectivity shows an inverse trend to that of the MCH
conversion. Upon an increase in the Sn/Pt ratio, there is an increase in the TOL selectivity of the
Pt—Sn/Al,O3 catalysts (Figure S10b), where initial TOL selectivities after 5 min of
Pt—Sn(3)/Al,03 and Pt/Al,O3 were the highest (100.0%) and the lowest (99.85%) among all of
the catalysts, respectively. Next, the durability of the catalysts was evaluated based on the time
courses of their MCH conversions. For Pt/Al,O3, the MCH conversion was observed to rapidly
decrease with time, and the MCH conversion reached almost 0 after 65 min. The decay in the
MCH conversion for Pt—Sn/Al>O3 decreases upon the addition of Sn to the catalyst, with the final
MCH conversion (at 125 min) exhibiting a volcano trend in line with the Sn/Pt ratio (Figure S10c).
After 125 min, the MCH dehydrogenation activity of Pt—Sn(2)/Al,O3 was the highest among all
of the catalysts. In addition, the Pt—Sn(2)/Al.O3 catalyst even showed high activity after >18 h,
especially for the catalytic testing at high MCH conversion. (Figure S12). The deactivation rate of
the catalysts was calculated via a pseudo-first-order approximation of the time course of the MCH
conversion (Figure S11). As the Sn/Pt ratio increased from O to 3, the deactivation rate decreased
from 0.69 to 0.02% min~! (Figure S10d). The similar trends in TOL selectivity and durability
versus Sn/Pt ratio suggest that the deactivation of the catalysts was as a result of the formation of

coke on the catalysts, accompanied by the demethylation of TOL. The coke formed on the catalysts
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during the MCH dehydrogenation was analyzed using thermogravimetric analysis (TGA) (Figure
S13). Above 500 °C, at which point the combustion of hard coke occurs, the weight loss values for
Pt/Al;O3 and Pt—Sn(3)/Al,03 were 1.7% and 1.1%, respectively. Despite the fact that TOL yield
of Pt—Sn(3)/Al,03 for 120 min (ca. 900 umol) was greater than that of Pt/Al,O3 (ca. 700 umol),
the deposition of hard coke on Pt/Al>O3 clearly occurred to a greater extent than on the
Pt—Sn(3)/Al1203.%® Therefore, the Pt—Sn catalysts which have highly durability can promote the
formation of toluene while inhibiting deposition of coke. Furthermore, the test of MCH
dehydrogenation—regeneration cycles was performed using Pt—Sn(2)/Al,O3 catalyst. The catalyst
sample was regenerated by a flowing of 10% O2/Ar at 600 °C for 1 h followed by H» reduction at
600 °C for 30 min. The regenerated catalyst showed about 80% of the dehydrogenation activity of
the fresh catalyst (Figure S14). This result indicated that the catalyst was possible to be regenerated
by the combustion of coke.?? In contrast, the aggregation of nanoparticles was not observed for the
Pt/Al1,O3 and Pt—Sn(1)/Al,O3 catalysts (Figure S15). In addition, as shown in Figure S16, the

crystal structures of Pt/Al203 and Pt—Sn/Al>O3 showed no changes.

As Pt catalysts are rapidly deactivated in the absence of Ha, kinetic analysis of the MCH
dehydrogenation was performed in the presence of H> (Figure S17 and Table S3). In the presence
of 5% Ha, the deactivation rates of all of the catalysts lower than 0.01 % min!, and their TOL
selectivities were all >99.91%. According to the work carried out by Nagatake et al., TOL strongly
adsorbs on Pt/Al>O3 and thus inhibits the MCH dehydrogenation on this catalyst.*” Therefore, the
suppression of the deactivation of the catalyst in the presence of an excess of H» can be attributed
to the enhanced desorption of toluene, which is the precursor of coke. In addition, the slightly
positive reaction order with respect to H> in the MCH dehydrogenation also indicates that toluene

is readily desorbed from the catalyst via an H»-assisted desorption mechanism (Table S2).°%%! In
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the case of the Pt—Sn/Al>Oj3 catalysts, the reaction order with respect to H> decreased in line with
an increase in the Sn/Pt ratio. A negative reaction order of H> suggests that the active sites of the
Pt are blocked by H atoms because of the difficulty in desorbing H>. The reaction order with
respect to MCH was 0.7—1.3, which is consistent with that observed for Pt/Al,O3 in a previous
report (Table S2).* Thus, adsorption or C—H activation of MCH on Pt catalysts is the key step in

the MCH dehydrogenation.>?
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Figure 7. Time on stream of the (a) MCH conversions and (b) TOL selectivities of the Pt/Al,03
and Pt—Sn/Al,Oj3 catalysts. Reaction conditions: catalyst (10 mg), 1.6% MCH/Ar, total flow rate

(100 mL min~'), GHSV (600,000 mL g~' h™"), and 300 °C.

3.5. Structure—catalytic property relationships of the Pt—Sn/Al,O3z catalysts in the MCH

dehydrogenation

The TOF for the MCH dehydrogenation can be defined as the reaction rate per molar amount of

the surface Pt determined from the CO pulse measurements. Figure S10e shows the initial TOFs
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of the Pt—Sn/Al>O3 catalysts at 300 °C after 5 min, where it can be seen that the initial TOFs of
the catalysts were almost the same, regardless of the Sn/Pt ratio.?® Therefore, the initial MCH
conversion for the Pt—Sn/Al>Oj3 catalysts increases according to an increase in the dispersion of
Pt (Figure 8a). Previously, the dehydrogenation of alkanes over the Pt catalysts was well known

53-55

as a structure-insensitive reaction, while more recent paper reported the pivotal role of

coordination site of Pt atom which varied by Pt particle size in dehydrogenation of alkanes.>*® In
this report, the dehydrogenation of MCH over the Pt—Sn catalysts was almost consistent with the
former. The size effect of Pt—Sn alloy particles on TOF for dehydrogenation of MCH was not also
appeared (Figures S18 and S19 and Table S4). In contrast, the deactivation rate of the Pt—Sn/Al,O3
catalysts decreases with a decrease in the fraction of the bridge adsorbed CO on Pt (Figure 8b).
In addition, apart from Pt/Al,O3, the deactivation rate of Pt—Sn/Al>O3 improved in line with an
increase in Pt electron density, as estimated from the peak area of the white line of the Pt L3-edge
(Figure S20). According to the work by Nakaya et al., the adsorption of TOL on the surface of
Pt3Sn is weaker than that on the surface Pt due to the difference in the orientation of the molecule
upon adsorption to the respective materials.?® Electron-rich Pt promotes the desorption of TOL,
which is the precursor of coke, due to in enhancement in the electronic repulsion that arises
between Pt and TOL.?®* Therefore, the addition of Sn into a catalyst dilutes the Pt nanoparticles,
thus inducing a decrease in the number of Pt—Pt adjacent sites and an increase in the Pt electron
density, which enhance the durability and TOL selectivity in the MCH dehydrogenation. From the
data shown in Figures 8b and S18, it can be seen that the deactivation rate is strongly correlated
with the fraction of the bridge adsorbed CO on Pt” or the peak area of white line, which suggests
that the geometric and electronic structure which are changed by the addition of Sn play a more

important role in the durability of the catalysts. Thus, the above results concluded that the number
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of surface Pt atoms and the local structure of these atoms, which vary according to the size and
crystal structure of the Pt—Sn nanoparticles, are the controlling factors that underpin the properties

of the catalysts in the MCH dehydrogenation.

60

bt
®

(©)
50 (0)

o
(o2}
1

40+
(15) F

304 ( 2 ) ’.'.-'. ._
(113) ¢
[ ]

o
»
I

204

o
[N
I

(1) &
(3) @ *
N —— 0.0 -
0 20 40 60 80 0.00 0.05 0.10 0.15
Pt dispersion (%) Fraction of bridge adsorbed CO on Pt

104 ®

Initial MCH conversion (%) @
"
*

Deactivation rate (% min 1) @

Figure 8. Dependence of (a) the initial conversion of MCH and (b) the deactivation rate on the
dispersion of Pt and fraction of bridge CO adsorbed on Pt’ in the Pt/Al>O3 and Pt—Sn/Al,O3

catalysts. The Sn/Pt ratio of the Pt/Al,O3 and Pt—Sn/Al,Oj3 catalysts are shown in parentheses.

4. CONCLUSIONS

A systematic investigation was carried out to determine the relationship between the structure and
catalytic performance of Pt—Sn/Al>O3 samples with different Sn/Pt ratios in the dehydrogenation
of MCH. Upon an increase in the Sn/Pt ratio, structural changes in the catalysts were observed
from the presence of Pt—Sn clusters to intermetallic Pt3Sn and PtSn nanoparticles. The dispersion
of Pt, the number of the Pt ensemble sites, and the electronic state of Pt was also observed to

change in line with the Sn/Pt ratio. More specifically, the dispersion of Pt and the fraction of Pt—Pt

25



adjacent sites monotonically decreased with the increasing Sn content of the catalysts. The electron
density of Pt in the catalysts increased due to the charge transfer that occurred from Sn to Pt.
Overall, it was found that the catalytic performance of the different Pt—Sn/Al,O3 catalysts in the
dehydrogenation of MCH was limited by the trade-off between the initial activity and
selectivity—durability of the materials. The initial MCH activity was found to be dependent on the
dispersion of Pt in the catalysts. However, the TOL selectivity and durability of the catalysts could
be correlated to a decrease in the number of adjacent Pt sites and a subsequent increase in the
electron density of Pt. Among all the catalysts presented in this study, Pt—Sn(2)/Al.O3; showed
best catalytic performance in terms of both initial activity and selectivity—durability. It is believed
that the nanostructure—catalytic property relationships identified in this study will advance the
precise design of Pt-based catalysts not only for use in the dehydrogenation of MCH, but also in

the industrial dehydrogenation of alkanes.
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