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Controlling selectivity in the hydrogenation of compounds with several functional groups remains a chal-
lenging task in heterogeneous catalysis. We report herein the design and use of simple catalysts com-
posed of Pt nanoparticles confined in Silicalite-1 (S-1, MFI type zeolite) for the inversion of the inherent
C=0 selective hydrogenation of cinnamaldehyde over Pt. The encapsulated catalyst achieved an uncon-
ventional 98% hydrocinnamaldehyde selectivity at high conversion levels (88%), which bypasses the
inherent selectivity of Pt for C=0 versus C=C hydrogenation. This high selectivity originates from the
combination of the low polarity of the S-1 support and the toluene solvent that favor interaction of the
catalyst with the C=C over the C=0O group, and to the efficient encapsulation of the platinum in the
zeolite channels which restricts the growth of the nanoparticles and consequently decreases the number
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1. Introduction

Selective hydrogenations are highly attractive reactions due to
their widespread use, relatively low cost, and full atom
efficiency." Hydrogenation steps are involved in roughly a
quarter of all chemical transformations.>™* However, selectively
obtaining the targeted product in the hydrogenation of sub-
strates with multiple reducible groups remains challenging.
One example is the hydrogenation of o,f-unsaturated alde-
hydes, which can be converted to their corresponding alde-
hydes, unsaturated alcohols, or saturated alcohols by selec-
tively hydrogenating the C=C, C=O0, or both, respectively. At
present, the catalytic hydrogenation of this class of com-
pounds is not widely applied in industry, despite the excellent
atom economy and the potential for decreased waste gene-
ration, due to an insufficient selectivity to the desired
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of undesirable Pt(111) facets active for C=0O hydrogenation.

product.’> As such, much attention is paid to developing
effective hydrogenation catalysts and to understanding the
factors that influence selectivity.

Most research utilizes the inherent selectivity of the catalyti-
cally active metal i.e., Pd for C=C hydrogenation and Pt, Au,
and Ir for C=0 hydrogenation.® This can be clearly observed
in the hydrogenation of cinnamaldehyde, a commonly used
model substrate where selectively hydrogenating either the
C=C or the C=0O0 is challenging as a result of its conjugated
phenyl group.” In this context, nickel-based heterogeneous cat-
alysts were also employed for the selective C—=C hydrogenation
and gave values ranging from 3% to 100% depending on the
catalyst properties.” One interesting example was reported by
Zeng who demonstrated excellent C=C selectivity at full con-
version using the catalyst mSiO,@Ni/Si0,@mSi0,.? This cata-
lyst did not require a promoter and operated at relatively low
temperature (80 °C). Despite the relatively lower cost of nickel,
Ni-based heterogeneous catalysts often suffer from low activity
and require the use of high metal loadings (sometimes exceed
30 wt%),” high hydrogen pressure (above 30 bars),® or the
incorporation of promoters® to enhance the activity.
Noteworthy, employing promoters may involve a multi-step
synthesis process that affect the Ni particle size, metal-support
interactions, and consequently the catalyst’s selectivity.
Additionally, the properties of the promoter and the inter-
actions between Ni and the promoter can also affect selectivity,
potentially reducing the selectivity for hydrocinnamaldehyde.’
Therefore, developing facile approaches for preparing highly
active noble-metal based heterogeneous catalyst with low
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metal loading, that do not require promoters or high hydrogen
pressures is highly beneficial.

Recent reviews on the cinnamaldehyde hydrogenation show
that only a few Pt-based catalysts were developed for high C=C
hydrogenation selectivity>® whereas the vast majority of Pt-
based heterogeneous catalysts are used for the selective C=0
hydrogenation. The existence of these examples is very impor-
tant to show that the selectivity of the catalyst can be modu-
lated by controlling the catalyst properties and the reaction
conditions.’®*® In more detail, alcohols, typically used as sol-
vents for this reaction, give a higher selectivity to C=0 hydro-
genation and can interact with the carbonyl group giving rise
to acetal and ketal derivatives. This problem is avoided when
using an apolar aromatic solvent such as toluene. However, in
this case, the selectivity becomes higher for C=C hydrogen-
ation with a decrease in the catalyst activity due to blocking of
active sites by the solvent molecules.” In terms of the catalyst
properties, using more polar supports enhances the selectivity
to C=O0 hydrogenation. In one example, Lee and coworkers
demonstrated that replacing Pt/SiO, catalyst by the more polar
Pt/SBA-15 increases the cinnamyl alcohol (COL) selectivity
from 56% to 90%. They attributed this enhancement to the
more favored C=O0 activation and suppressed C=C reduction
over the more polar catalyst."> As such, we expect that using a
support with a lower polarity than SiO, should enhance the
selectivity to C=C versus C=O hydrogenation. However, no
detailed studies were made in this regard, to the best of our
knowledge. Nevertheless, alternative methods to improve the
C=C selectivity such as adding Lewis acid functionality to the
catalyst were used. Pt NPs supported on MIL-101 showed one
the highest reported hydrocinnamaldehyde (HCAL) selectiv-
ities (>99.9%) due to the large amount of Lewis acid groups in
MIL-101 that strongly interact with the C=0 group, making its
hydrogenation highly unfavorable."” Similarly, Huang et al.
demonstrated that the addition of Lewis acidic Al additives
could shift the selectivity from excellent C=O hydrogenation
to almost exclusively C=C hydrogenation (>97.1%) when using
PtFe nanospheres.” Electronic effects from the supports were
also shown to affect the selectivity. Huang et al. achieved
87.9% HCAL selectivity over Pt;Ni@Niz,Cu(OH),-2 nanowires
(NWs).! This high selectivity to C=C hydrogenation is attribu-
ted to the reduced electron density of platinum in the presence
of nickel and copper in the support. Zhang et al. attained a
similar selectivity of 87% over (Pt-enriched cage)@CeO, con-
sisting of hollow CeO, shell and inner Pt-Ag coating.'® They
suggested that Ag in the Pt wall, support effects from CeO,,
and the very thin layer of Pt sites are the primary reasons
behind the high selectivity.

Besides the role of the support, the Pt NPs size and geome-
try also have a distinctive role in the CAL hydrogenation. The
Pt(111) facets, typically found in larger NPs (>1.2 nm), prefer-
entially adsorb the CAL molecule through the C=0 bond thus
producing more unsaturated alcohol, on the other hand, Pt
(100) facets adsorb CAL through both the C=C and C=0 and
thus yielding more saturated alcohol, meanwhile the low
coordination sites found in small particles and Pt(110) sites
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preferentially adsorb CAL through the C=C bond and yield
more aldehyde.' Finally, decreasing the hydrogen pressure
increases HCAL selectivity by lowering the hydrogen density on
the platinum surface. This lower hydrogen density allows cin-
namaldehyde to adsorb through the more sterically demand-
ing modes, thus permitting the C=C to bind to Pt to a greater
extent.'

Finally, a relatively new approach used to influence selecti-
vity is the encapsulation of metal nanoparticles in porous sup-
ports, such as zeolites.”*>* Following this approach, the
narrow pore cavities of the supports may restrict certain
adsorption conformations onto the metal, thereby endowing
catalysts with chemoselectivity.”>*® Additionally, encapsula-
tion restricts the growth of metal particles during catalyst acti-
vation due to internal size constraints leading to small and
sintering resistant nanoparticles.”*>® This approach allowed
for the formation of COL with almost 99% selectivity due to
the restricted adsorption conformation of CAL when hydrogen-
ated over Pt@$S-1 using methanol as a solvent.

While most literature focuses on engineering the catalyst
and optimizing reaction conditions to enhance C=O0 selecti-
vity during CAL hydrogenation over Pt-based catalysts, taking
advantage of the inherent selectivity of Pt for C=0O hydrogen-
ation, inverting selectivity to obtain HCAL is less considered as
it requires the incorporation of acid functionalities or the
introduction of additional metals. Herein we demonstrate the
selective C—C hydrogenation over Pt-based heterogeneous
catalyst prepared in a simple approach, without the need for
an acid promoter or other metal functionalities. An excellent
98% selectivity to C—=C hydrogenation was achieved at 88%
conversion using Pt NPs confined in Silicalite-1 (S-1), an MFI
type zeolite, and toluene solvent. This exceptional selectivity
originates from the nonpolar reactive environment composed
of the S-1 pore walls and toluene solvent, combined with ultra-
fine Pt nanoparticles free from Pt(111) facets, formed in the
restricted spaces within the zeolite channels. This environ-
ment reduces the hydrogenation of the C=0 bond and thus
favors the formation of HCAL.

2. Experimental

2.1. Chemicals and materials

All  the products
Tetrapropylammonium hydroxide (TPAOH, 1 M in water,
Sigma Aldrich), tetraethyl orthosilicate (TEOS, >99%, Sigma
Aldrich), ethylene diamine (99%, Sigma Aldrich), ethylene
glycol (99.8%, Sigma Aldrich), sodium hydroxide (>98%,
NaOH, Sigma Aldrich), platinum on silica (1 wt%, Sigma
Aldrich), fumed silica (Sigma Aldrich, 0.007 pum, 390 + 40 m?
g™ "), dodecane (>99%, Sigma Aldrich), 1-hexene (97%, Sigma
Aldrich), trans-cinnamaldehyde (99%, Sigma Aldrich), sodium
hexachloroplatinate hexahydrate (Na,PtCls-6H,0, 34.17 wt% Pt
by ICP, Alfa Aesar), tetraamineplatinum nitrate ([Pt(NH;),]
(NO3),, 99.99%, Alfa Aesar), Reichardt’s dye (90%, Sigma
Aldrich), absolute ethanol (99.95%, AnalaR NORMAPUR® ACS,

commercial were used as received.
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VWR), methanol (>99.9%, HiPerSolv CHROMANORM, VWR),
toluene (>99.8%, HiPerSolv CHROMANORM, VWR), dichloro-
methane (DCM, >99.8%, VWR), cyclododecene (cis- and trans-
mixture, >95.0%, TCI), deionized water (MilliQ Direct-Q® 5, 18
MQ cm).

2.2. Material synthesis

Silicalite-1 (S-1) was synthesized based on a procedure
reported by Yu et al. using a gel composition of 1.0 SiO,: 0.4
TPAOH: 36.1 H,0: 4.0 EtOH.*® Typically, TEOS (4.0 g) was
added dropwise to a solution of H,O (5.9 g) and TPAOH (1 M
in water, 7.8 g) under vigorous stirring. TEOS was hydrolyzed
by stirring for 4 h and a clear suspension was obtained. The
suspension was transferred to a PTFE-lined stainless-steel
50 mL autoclave and crystallization was conducted in a static
oven at 170 °C for 72 h. The as-synthesized solid product was
centrifuged and washed with water until the pH reached 7.
The product was freeze-dried and calcined in static air at
550 °C for 6 h (1.5 °C min™" ramp).

Pt@S-1-in was synthesized based on an in situ procedure
reported by Yu et al. using a gel composition of 1.0 SiO,: 0.4
TPAOH: 34.9 H,0: 4.0 EtOH: 0.001 Na,PtCls-6H,0: 0.074 ethyl-
ene diamine.?® Typically, TEOS (4.1 g) was added to a solution
of H,O (5.8 g) and TPAOH (1 M in water, 7.8 g) under vigorous
stirring, and hydrolyzed completely over 4 h. [Pt
(NH,CH,CH,NH,),|Cl, was prepared by mixing ethylene
diamine (95 pL) with an aqueous Na,PtCls-6H,O solution (0.1
M, 192 pL). The Pt precursor was added in two portions into
the synthesis gel with 0.5 h of stirring after each addition. The
resulting clear colorless suspension was transferred to a PTFE
bottle and crystallized at 100 °C for 65 h (Pt@S-1-in) or trans-
ferred to a PTFE-lined stainless-steel 50 mL autoclave and crys-
tallized at 170 °C for 72 h (Pt@S-1-in-1). The solid products
were centrifuged and washed with water until pH 7. The
product was freeze-dried and calcined in static air at 550 °C for
6 h (1.5 °C min~" ramp).

Pt@S-1-im was prepared using an incipient-wetness impreg-
nation. Briefly, calcined S-1 (1.0 g) is added to a Schlenk flask
and dried overnight at 120 °C under vacuum. [Pt(NH;),](NO3),
(9.0 mg, 0.02 mmol) is dissolved in deionized water (190 pL).
The platinum precursor solution is added dropwise to the S-1
under stirring. After the addition is complete, the powder is
stirred for another 4 h before drying under vacuum at 120 °C
overnight. The final Pt@S-1-im is obtained by calcination in
static air at 300 °C for 3 h (1.5 °C min™" ramp).

Pt nanoparticles stabilized in ethylene glycol were syn-
thesized using a reported procedure.*’ Briefly, a glycol solution
of NaOH (1.5 mL, 0.5 M) was added into a glycol solution of
Na,PtCls-6H,0 (41 mg in 1.5 mL). The transparent yellow solu-
tion is heated at 160 °C for 3 h under an Ar flow to remove
water and organic byproducts. A black homogeneous colloidal
suspension of Pt metal nanoclusters was obtained.

Pt/S-1-ex was obtained using an excess solution impreg-
nation. Pt nanoparticles in ethylene glycol (1.2 mL) are dis-
persed in methanol (10.8 mL) by sonicating for 15 min. To a
vial equipped with magnetic stirring is added calcined S-1
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(1.0 g) and the Pt solution. The suspension is homogenized by
vigorous stirring followed by sonication for 15 min. The
methanol is removed by heating at 50 °C while stirring until a
thick paste remained. This paste was dried and calcined in
static air (200 °C for 1 h (1.5 °C min™') to remove ethylene
glycol, followed by 300 °C for 2 h (1.5 °C min™") for calcina-
tion) to obtain the final product.

To obtain Pt/SiO,-ex, the S-1 is replaced by silica (1.0 g) and
additional methanol (11 mL) is added before homogenizing
the suspension.

2.3. Characterization

High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) micrographs were obtained with a
Cs-probe corrected Titan microscope (Thermo Fischer
Scientific) at the acceleration voltage of 300 kV. Catalysts were
reduced at 300 °C (10 °C min™") in pure hydrogen (8 mL
min~") for 1 h followed by cooling under inert atmosphere
(10 mL min™") prior to analysis. For the establishment of the
particle size distribution of platinum, over 200 particles from
different micrographs were analysed using the Fiji image pro-
cessing package. Integrated differential phase contrast (iDPC)
STEM imaging was performed on a double aberration-cor-
rected Themis Z microscope (Thermo Fischer Scientific) oper-
ated at 300 kV and acquired with a 4-quadrant DF4 detector.
Prior to each measurement the microscopes were aligned with
a cross-grating standard sample. The dispersions were esti-
mated from average particle sizes by assuming a cuboctahedral
geometry.>!

Silanol density was determined by FTIR using self-support-
ing pellets in a Nicolet 6700 equipped with a MCT detector
and a ZnSe window. Samples are heated to 200 °C for 2 h at
10 °C min™" prior to in-vacuo spectral acquisition. Spectra were
collected at the range of 4000-400 cm™ by accumulating 64
scans at a 4 cm™ " resolution using Nicolet Omnic Software in
Absorbance mode. The aperture was set to 80 and the auto
gain option was used. Absorbance and integrals were normal-
ized by pellet mass post treatment.

Polarity measurements were performed using Reichardt’s
dye. A solution of Reichardt’s dye in DCM (0.2 mg ml™") was
added to approximately 100 mg support until a change in color
is observed. The solvent was removed, and the sample was dried
under vacuum. The samples were analyzed by UV-Vis Jasco V-670
spectrophotometer equipped with a PSH-001 Powder Sample
Holder, using a diffuse reflectance mode. BaSO, was used as a
reference. The surface polarity parameter Er was calculated from
eqn (1) where A is the longest wavelength of the adsorbed
Reichardt’s dye. The unitless normalized polarity parameter EJ, is
calculated from eqn (2).*?

Er = 28 591/ Amax (1)
Ey = (Er —30.7)/32.4 (2)

The contact angle (/) measurements were carried out on a
Drop Shape Analyzer DSA100E instrument from Kriiss scienti-
fic equipped by a camera placed on the goniometer.

Inorg. Chem. Front,, 2024, 1, 8223-8234 | 8225
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Approximately 3 pL liquid droplets were placed onto the
surface of self-supporting pellets through a micro syringe with
a 2.67 pl s™* dosing speed and images were record when the
liquid droplets achieved stable steady state. The contact angle
is determined by the tangential angle measurement obtained
from the equilibrium of surface tensions at the interface
between the solid and liquid using the Ellipse (Tangent-1)
fitting method.

The CO chemisorption experiments were carried out using
a Thermo Scientific iS50 FTIR spectrometer equipped with a
customized heatable stainless steel SPECAC transmission cell
with CaF, windows and a MCT detector. Spectra were collected
at the range of 4000-400 cm™" by accumulating 64 scans at a
4 cm™' resolution using Nicolet Omnic Software in
Absorbance mode. The aperture was set to 80 and the auto
gain option was used. The self-supporting pellets were placed
in the cell and pretreated prior to each experiment under
hydrogen (6%, gas balance Ar) with a 30 mL min™" flow at
300 °C (ramp rate 10 °C min~") for 1 h then purged with He
with 30 mL min~" flow for 1 h and cooled down to room temp-
erature (RT) under the inert atmosphere (He flow). After these
conditions, the background was collected. The sample was
treated under a CO flow of 20 mL min™" (3% in He) until the
sample is completely saturated with CO (¢ = 30 min). After this
step the sample was purged with 30 mL min™" of He to remove
the excess and the physisorbed CO species then the spectrum
was collected.

2.4. Catalyst evaluation

Activity test. For a typical experiment, the catalyst is sieved
to 150-250 pm before reducing the desired amount at 300 °C
(10 °C min™") in pure hydrogen (8 mL min™") for 1 h followed
by cooling under inert atmosphere (10 mL min~"). 1-Hexene
(4 mmol), dodecane (internal standard, 100 pl), ethanol (abs.,
6 mL), and 12 mg (5 mg for Pt/SiO,) catalyst are added to a
stainless-steel reactor with magnetic stirring (HEL High
Pressure Chem-SCAN II). The reactor is purged twice with
argon and once with hydrogen before pressurizing to 10 bar
with hydrogen. The reactor is subsequently stirred at 800 rpm
for 9 to 45 min. The products were filtered over a 0.45 um filter
and analyzed using a GC-FID equipped with HP-5 column. The
apparent TOF values were calculated based on the conversion
determined by GC-FID (conversions <70%).

Encapsulation test. For a typical experiment, the catalyst is
sieved to 150-250 pm before reducing the desired amount at
300 °C (10 °C min™") in pure hydrogen (8 mL min™") for 1 h
followed by cooling under inert atmosphere (10 mL min™%).
Cyclododecene (0.5 mmol), dodecane (internal standard,
50 pl), ethanol (abs., 6 mL), and the desired amount of
reduced catalyst (12.5 mg Pt/SiO,, 25 mg Pt@S-1-in, 25 mg
Pt@S-1-in-1, 27 mg Pt@S-1-im) are added to a stainless-steel
reactor with magnetic stirring (Amtech SPR16 High-through-
put Slurry Phase Reactor System). The reactor is purged twice
with argon and once with hydrogen before pressurizing to 10
bar with hydrogen. The reactor is stirred at 800 rpm and
heated to 80 °C for 24 h. The products were filtered over a
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0.45 pm filter and analyzed using a GC-FID equipped with
HP-5 column.

Cinnamaldehyde hydrogenation. For a typical experiment,
the catalyst is sieved to 150-250 pm before reducing the
desired amount at 300 °C (10 °C min™") under pure hydrogen
(8 mL min™") for 1 h followed by cooling under inert atmo-
sphere (10 mL min~"). Toluene (30 mL), dodecane (internal
standard, 250 pl), cinnamaldehyde (315 pl, 331 mg, 2.5 mmol)
and the desired amount of reduced catalyst (300 mg S-1,
144 mg Pt/SiO,, 293 mg Pt@S-1-in, 331 mg Pt@S-1-in-,
294 mg Pt@S-1-im, 208 mg Pt/S-1-ex) are added to a stainless-
steel reactor equipped with mechanical stirring (Mettler
Toledo MultiMax). The reactor is stirred at 1000 rpm and
purged three times with nitrogen followed by three times with
hydrogen before pressurizing to 10 bar with hydrogen. The
reactor is heated at 100 °C for the desired duration and
samples are taken at regular intervals using a dip tube.
Samples were filtered over a 0.45 um filter and analyzed using
a GC-FID equipped with HP-5 column.

To obtain spent catalysts, the reaction mixture is centri-
fuged at 10000 rpm for 5 m and washed twice with abs.
ethanol.

Catalyst recycling. The reaction was performed at 100 °C
under H, pressure (10 bars) using toluene (30 mL), dodecane
(internal standard, 250 pl), cinnamaldehyde (315 pl, 331 mg,
2.5 mmol) and reduced Pt@S-1-in (300 mg). After 24 hours, a
sample (0.1 ml) was taken and analyzed by an Agilent
Technologies 7890A GC equipped with an HP-5 column. New
cinnamaldehyde is added such that the total amount of cinna-
maldehyde in the reaction mixture is 2.5 mmol and a new reac-
tion is started (10 bar H,, 100 °C, 24 h).

Cinnamaldehyde hydrogenation according to the conditions
by Zhang et al..*® Pt@S-1-in-1 is sieved to 150-250 pm before
reducing the desired amount at 300 °C (10 °C min~") under
pure hydrogen (8 mL min™") for 1 h followed by cooling under
inert atmosphere (10 mL min™"). Methanol (30 mL), dodecane
(internal standard, 250 pl), cinnamaldehyde (315 pl, 331 mg,
2.5 mmol) and reduced Pt@S-1-in-1 (258 mg, 1:763 Pt:CAL)
are added to a stainless-steel reactor equipped with mechani-
cal stirring (Mettler Toledo MultiMax). The reactor is stirred at
800 rpm and purged three times with nitrogen followed by
three times with hydrogen before pressurizing to 10 bar with
hydrogen. The reactor is heated at 60 °C for the desired dur-
ation and samples are taken at regular intervals using a dip
tube. Samples were filtered over a 0.45 pm filter and analyzed
using a GC-FID equipped with HP-5 column.

3. Results and discussion

Silicalite-1 (S-1), a pure silica MFI zeolite, was chosen as
support for the confined catalysts. The absence of strong
acidic sites is beneficial for reducing side reactions such as
aldol condensation and etherification that can occur when
using aldehydes as reactants. We aimed to encapsulate Pt
nanoparticles in the S-1 micropores in order to restrict the size

This journal is © the Partner Organisations 2024
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of the Pt NPs, thereby reducing or preventing the formation of
undesired Pt(111) and Pt(100) facets. For that purpose, the
sample (Pt@S-1-in) was prepared by an in situ synthesis pro-
cedure where the platinum precursor was added into the syn-
thesis gel in the form of a platinum-ethylene diamine complex
to avoid its precipitation as hydroxides.*® This facilitates the
incorporation of platinum into the micropores of the growing
zeolite.?”**> The results were compared with other catalysts
bearing Pt NPs and Silicalite-1 or SiO, supports.

The MFI structure of Pt@S-1-in and the other MFI-based
catalyst employed in this work (vide infra) were confirmed using
powder X-ray diffraction (Fig. S11). In addition, no reflections
from Pt crystalline phases were observed for the Pt@S-1-in
sample, indicating the absence of large Pt crystals. Nitrogen phy-
sisorption experiments of the MFI-based catalysts revealed a
surface area (368-403 m> g ') and micropore volumes
(0.11-0.14 cm® g%, Table S1 and Fig. S27) in the range of litera-
ture values.** The Pt loading of Pt@S-1-in was determined to be
0.40 wt% through ICP-OES elemental analysis (Table S27).

HAADF-STEM analysis revealed Pt@S-1-in as small ellipsoi-
dal zeolite crystals (Fig. S3at) with Pt NPs homogeneously dis-
tributed and a narrow particle size distribution (PSD) of 1.2 +
0.3 nm (Fig. 1a), indicating that the zeolite channels are
indeed restricting the growth of Pt NPs. The location of Pt NPs
in the zeolite crystals was further studied by integrated differ-
ential phase contrast-scanning transmission electron
microscopy (iDPC-STEM) (Fig. $51).>**° The Pt NPs appear to
be larger than the zeolite channels, which is especially notice-
able in Fig. S5atf indicating that the NPs are growing also
through defects.”® However, the center of the majority of Pt NPs
is adjacent to the straight channels (dark lines and holes), as
such the Pt NPs seem to be preferentially formed near the sinu-
soidal channels. Such preference for the sinusoidal channels
has been previously observed and attributed to the occupation
of the intersectional channels by the template molecule, leaving
the straight and sinusoidal channels available for Pt species,
with a higher preference for the sinusoidal ones due to their
larger size. This was also supported by calculations showing
that it is favorable for the ethylene diamine complex to be
located in the sinusoidal channels.>*® In situ X-ray absorption
spectroscopy (Fig. S6-S8T) suggests that the Pt NPs of the
employed catalysts are fully reduced under the reduction and
the hydrogenation reaction conditions used. On the other hand,
HAADF-STEM analysis of Pt/SiO, catalyst revealed a fully amor-
phous support morphology (Fig. S3ff) and Pt NPs on the
surface with a wide PSD of 3.0 + 1.2 nm (Fig. 1b).

2D electron microscopy and XRD only provide an indication
of encapsulation. To conclusively demonstrate the degree of
encapsulation of Pt@S-1-in, size-exclusion hydrogenation
experiments with cyclododecene were performed. This mole-
cule is too large to be accommodated in the S-1 pores and
therefore can only be reduced over platinum on the external
surface. We also performed 1-hexene hydrogenation experi-
ments to verify the activity of this catalyst as 1-hexene is small
enough to fit inside the pores of S-1 and should be readily
hydrogenated in case the catalyst is active.
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Fig. 1 Comparative study between the structure and performance of
Pt@S-1-in and the commercial Pt/SiO, catalyst. HAADF-STEM images
and particle size distributions of (a) Pt@S-1-in and (b) Pt/SiO,. (c) Activity
comparison in the hydrogenation of 1-hexene. (d) Evaluation of the
confinement through the cyclododecene hydrogenation, lower conver-
sion indicates better confinement. (e) Main structural differences
between Pt@S-1-in and Pt/SiO, catalysts. (f) HCAL selectivity plotted
against CAL conversion.

Apparent TOFs determined from 1-hexene hydrogenations
(Fig. 1c) at initial conversion rates over Pt@S-1-in and Pt/SiO,
showed that, while both catalysts are capable of hydrogenating
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1-hexene, Pt/SiO, is significantly more active. We initially sus-
pected that the lower activity of Pt@S-1-in originated from
diffusion limitations induced by encapsulation. However,
further investigations with Pt NPs supported on S-1 (Pt/S-1-ex)
revealed only a slightly higher apparent TOF compared to in
the confined catalyst (Fig. S9 and Table S37), indicating that
the difference in apparent TOF mainly results from the type of
the support and not the presence of diffusion limitations. The
larger substrate, cyclododecene, on the other hand, was fully
converted over the commercial Pt/SiO, within 24 h of reaction
at 80 °C (Fig. 1d). Meanwhile, no conversion is observed over
Pt@S-1-in in the investigated timespan (24 h). All the charac-
terization results strongly confirm that our synthesis strategy
renders ultrafine Pt NPs encapsulated in the zigzag pores of
S-1. The structure of the confined sample and commercial
reference are illustrated in Fig. 1e.

After evaluating the encapsulation of Pt NPs within Pt@S-1-
in, the performance in the selective hydrogenation of CAL was
assessed and compared with the Pt/SiO, catalyst (Fig. 1f). The
hydrogenation of CAL can give multiple products (Scheme 1).
The reaction conditions were chosen to maximize selectivity to
HCAL and minimize the formation of COL. Specifically, a mild
temperature (100 °C) was used to reduce the overhydrogena-
tion to COL,*” and a moderate hydrogen pressure (10 bar) was
employed to avoid limitations arising from low hydrogen solu-
bility while still preventing the excess formation of COL associ-
ated with high hydrogen pressures.’>'®?” Finally, the toluene
solvent was selected due to its ability to suppress the for-
mation COL.?”3®

CAL hydrogenation in the presence of bare S-1 showed neg-
ligible conversion after 49 h time on stream, confirming that
S-1 is not catalytically active. Under the selected reaction con-
ditions, selectivity to HCAL over commercial Pt/SiO, reached a
maximum of 85% at 75% conversion, such observation,
despite the inherent selectivity of Pt to C=0O hydrogenation, is
a consequence of the optimized reaction conditions.
Nonetheless, the primary side products remain COL, formed
by undesired C=O0 hydrogenation of CAL, and hydrocinnamyl
alcohol (HCOL) originated primarily from further hydrogen-
ation of COL (Fig. S1laf), as evidenced by the increase of
HCOL in parallel to the decrease of COL. The HCAL selectivity
decreases at higher conversion levels to 75% due to the overhy-
drogenation of the HCAL to HCOL.

The confinement of Pt NPs in the pores of S-1 greatly
enhances HCAL selectivity. Under the same reaction con-

Hydrocinnamaldehyde
CAL)

N
/ OH
e o)

/ Hydrocinnamyl alcohol

X OH (HcoL)

Cinnamaldehyde
(CAL)

Cinnamyl alcohol
(coL)

Scheme 1 Hydrogenation products of cinnamaldehyde.
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ditions as Pt/SiO,, Pt@S-1-in achieves 99% selectivity to HCAL
at 78% conversion. No cinnamyl alcohol (COL) could be
detected over the confined catalyst even at high conversions
(Fig. S12at). Nonetheless, selectivity to CAL slightly decreased
to 98% at 88% conversion due to the limited transformation of
HCAL into HCOL. Given that the reactions were performed
under similar conditions, the difference in selectivity between
Pt/SiO, and Pt@S-1-in is attributed to the catalysts structure.
This excellent selectivity is accompanied, nevertheless, with a
decrease in the apparent initial TOF (58 h™") compared to Pt/
Si0, (141 h™"), this observation, similar to the lower apparent
TOF of Pt@S-1-in in the hydrogenation of 1-hexene can be
attributed to the type of support used.

To understand the origin of the high selectivity of Pt@S-1-
in compared to the commercial catalyst, several parameters
such as the support type, Pt particle size, and confinement
were investigated. Lee et al. observed an increase in HCAL
selectivity when using the less polar SiO, support instead of
the more polar SBA-15."° To evaluate the importance of the
support polarity in our case, catalysts with Pt NPs supported
on silica (Pt/SiO,-ex, 0.45 wt% Pt, Table S2}) and on Silicalite-1
(Pt/S-1-ex, 0.49 wt% Pt, Table S2t) were prepared by impreg-
nation with a colloidal Pt NPs solution. STEM images and
PSDs, shown in Fig. 2a and b, confirm that the Pt particles in
both catalysts have a similar size distribution of 2.3 + 1.1 nm
(Pt/S-1-ex) and 2.0 + 0.8 nm (Pt/SiO,-ex). These particles are
substantially larger than the S-1 pore entrance (0.55 nm) and
ensures that Pt is only present on the external surface.?*?9*°

To confirm if replacing the SiO, supports S-1 results in a
decreased polarity, we performed a series of experiments
including silanol concentration determination, adsorption of
Reichardt’s dye, and water contact angle determination and
the results are summarized in Fig. 2c-f, Fig. S15-S18, and
Table S4.f FTIR spectrum of the Pt/S-1-ex catalyst shows a
small band at 3742 ecm™" ascribed to OH stretching vibrations
of isolated silanols (Fig. 2c)."> For the Pt/SiO,-ex sample, the
same band is observed but with much higher intensity.
Additionally, the Pt/SiO,-ex catalyst shows two overlapping
broad contributions at lower wavenumbers centered around
3665 cm™* and 3550 cm™, attributed to geminal and vicinal
silanol groups.’® The relative ratios of silanol density between
catalysts, determined by comparing the total band area nor-
malized by pellet mass, revealed that Pt/SiO,-ex possesses over
40 times more silanol groups. To better understand how this
difference in silanol concentration affects polarity, we
adsorbed Reichardt’s dye on the corresponding supports and
monitored the resulting absorption profile by diffuse reflec-
tance (DR) UV-vis absorption spectroscopy. Reichardt’s dye is
used an indicator for comparing the polarity of surfaces or sol-
vents due to the solvatochromism of its longest absorption
wavelength (4pmax), which is redshifted when the dye is
adsorbed on a lower polarity surface.**™* In our case, adsorb-
ing the dye on S-1 gave an absorption band centered at round
315 nm and a shoulder at 375 nm corresponding to the dye
charge transitions, independent of the support (Fig. S15}). A
third, less-intense broad band centered at 495 nm in the
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Fig. 2 Investigation of the effect of support polarity on HCAL selectivity

by comparing catalysts of similar Pt NP size and different support
polarity. HAADF-STEM images and particle size distributions of (a) a
nonpolar Pt/S-1-ex and (b) a polar Pt/SiO,-ex catalysts. (c) FTIR spectra
normalized to mass showing the silanol bands. (d) Diffuse reflectance
(DR) UV-vis spectra of Reichardt’s dye adsorbed onto SiO, and S-1 sup-
ports. Water contact angle measurements on self-supported pellet of (e)
SiO, and (f) S-1. (g) HCAL selectivity plotted against CAL conversion.

visible region (Amax) which is used as an indicator of relative
support polarity (Fig. 2d). This band was blueshifted to
480 nm in the case of SiO,. Additionally, the surface polarity
parameter E; and normalized EY values increased from
57.8 kcal mol™" and 0.84, respectively, for S-1 to 59.6 kcal
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mol ™" and 0.89 in the case of SiO, indicating a higher polarity
of the SiO, support. Finally, water contact angle measurements
showed approximately 22° for S-1, which is larger than the 10°
observed for SiO, (Fig. 2e, f, Fig. S17, S18, and Table S47) indi-
cating a more hydrophobic nature, in line with its lower
silanol concentration and polarity. In conclusion, the lower
silanol concentration, higher A,,,.x 0f adsorbed Reichardt’s dye,
and larger water contact angle observed for S-1 confirm its
lower polarity compared to SiO,.

Catalytic performance tests of Pt/S-1-ex and Pt/SiO,-ex,
shown in Fig. 2g, show similar trends in selectivity as function
of conversion with a maximum and stable selectivity until
around 65% conversion, then selectivity decreases with the
increase in conversion. Throughout the reaction, the less polar
Pt/S-1-ex catalyst demonstrated around 8% higher selectivity.
Notably, the product distributions also differ over these cata-
lysts. A lower HCAL selectivity was observed over Pt/SiO,-ex,
due to the formation of COL and overhydrogenation of HCAL
and COL into HCOL (Fig. S11bt). In contrast, the formation of
COL is hindered in the Pt/S-1-ex catalyst (Fig. S1ict), where
the decrease in HCAL selectivity is related to its overhydrogena-
tion to HCOL. Based on these observations, we claim that the
nonpolar S-1 support reduces the activity of the catalyst
towards C=O hydrogenation resulting in a higher HCAL
selectivity than the homologous catalysts with the more polar
Si0, support.*> On the other hand, in the case of CAL, the Pt
NPs can interact with the olefin group only when CAL is
adsorbed in a flat conformation (Fig S181). Considering that
the carbonyl and olefin are conjugated vicinal groups, their
simultaneous interactions with the catalyst becomes easier,
thus increasing the chances of C=0 hydrogenation which is
readily an inherent property of Pt.'>*¢

The effect of polarity on the selective hydrogenation reac-
tion was further investigated by using methanol, a polar
solvent, instead of toluene. Zhang et al. have recently reported
high selectivity to COL by using methanol as solvent in a Pt
catalyst encapsulated in Silicalite-1.>° In order to make a
proper comparison with those results, a Pt-confined catalyst
was prepared at similar hydrothermal synthesis conditions as
described by Zhang et al. The sample, named Pt@S-1-in-1, has
Pt NPs encapsulated in S-1 with similar particle size as
Pt@S-1-in, but with larger zeolite particle sizes (Fig. 3a). The
catalytic performance results, in Fig. 3b, show a significant
change in product selectivity when changing the solvent.
Under a polar solvent, HCAL selectivity drastically drops to
49% at 65% conversion, which is similar to the results
obtained by Zhang et al. with a catalyst prepared in a similar
procedure as reported here.®* Ma et al, who used a
Pd0.6Ni@sS-1 catalyst, explained these solvent effects by the
more favorable activation of the carbonyl double bond by more
polar solvents, thus leading to a decreased HCAL selectivity.'®
In our case, we observed a higher initial C=0O hydrogenation
rate over Pt@S-1-in-l in methanol (0.51 x 107> mol 1™ h™%,
Table S14t) compared to toluene (0.02 x 107> mol I"* h™), in
agreement with the role of the polar methanol in the activation
of the carbonyl. These results highlight the role of polarity on
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Fig. 3 (a) HAADF-STEM image and particle size distribution of Pt@-S-
in-l catalyst used to study the effect of solvent polarity on
Hydrocinnamaldehyde (HCAL) selectivity. (b) HCAL selectivity plotted as
a function of conversion on Pt@S-1-in-l with toluene as a solvent at
100 °C or methanol as a solvent at 60 °C using similar conditions to
those reported by Zhang et al.?°

the reactive environment composed of both the solvent and
the catalyst for controlling product selectivity.

It was noticeable from Fig. 2g that selectivity of the Pt@S-1-
ex catalyst at low conversion levels is very similar to the
Pt@S-1-in (Fig. 1f), which confirms that the type of support is
also critical for product selectivity, however, the decrease in
selectivity in the case of Pt/S-1-ex at higher conversion indi-
cates that other factors in the catalyst structure, such as Pt NP
size and confinement, may have also contributed to the
obtained results. It is noteworthy that the FTIR spectra of the
Silicalite-1-based catalysts show similar profiles in the silanol
region, with similar band positions and comparable intensi-
ties, which are significantly lower than that of Pt/SiO,-ex
(Fig. 2c and Fig. S167). Therefore, we confirm that the differ-
ences in selectivity observed over the Silicalite-1-based catalysts
are not related to differences in polarity.

To investigate the effect of Pt particle-size on product
selectivity, we compared the catalyst Pt@S-1-in bearing 1.1 nm
Pt NPs with Pt@S-1-im and Pt/S-1-ex, comprising 1.7 + 0.5 nm
(Fig. S41) and 2.3 + 0.8 Pt NPs confined in or supported on S-1
respectively. According to experimental and theoretical
studies,">"> high coordination Pt(111) facets favor the adsorp-
tion and hydrogenation of C=O group leading to a higher
COL selectivity. The number of these sites is known to
decrease with the decreasing particle size and they become
completely absent in particles smaller than 1.7 nm.*” These
calculations assume perfect cuboctahedral Pt NP geometry.
Since the zeolite pores can induce a strong geometrical effect,
these calculations might be less accurate for the investigated
systems. In order to experimentally evaluate the structure of

8230 | /norg. Chem. Front,, 2024, 11, 8223-8234

View Article Online

Inorganic Chemistry Frontiers

a 2030 b 0 A OO S OOty
1785 y Ny
1870 g
E) 1895 >
s 2030 1785 g 90
z - 3
] 2010 2
] 080 1785 ]
s a 80
- ——f@s1ny O o Pt@S-1-in, 1.2 0.3 nm
Pt@S-1-im| * Pt@S-1-im, 1.7 £ 0.5 nm
—— Pt/S-1-ex —4+—Pt/S-1-ex, 2.3+t 1.1 nm
g 5 X 70 T T
2200 2100 2000 1900 1800 1700 0 20 40 60 80 100
Wavenumbers (cm™) Conversion (%)
Fig. 4 Investigation of the effect of Pt particle size on the HCAL selecti-

vity. (a) FTIR spectra of CO chemisorbed onto the Pt/S-1-ex, Pt@S-1-im,
and Pt@S-1-in catalysts at room temperature. Spectra are offset for
clarity. (b) HCAL selectivity plotted against CAL conversion on catalysts
with small (Pt@S-1-in), medium (Pt@S-1-im), and large (Pt/S-1-ex) Pt
particles.

the Pt NPs, CO chemisorption followed by transmission FTIR
was used.’®>' The spectra are presented in Fig. 4a and the
reference Pt/SiO, sample is shown in Fig. S21.1 The reference
Pt/SiO, sample shows absorption bands at 2096 and
2054 cm™', which can be attributed to the stretching vibration
of CO linearly adsorbed on high and low Pt° coordination
sites, respectively.’>*>* In the case of the Pt/S-1-ex, Pt@S-1-
im and Pt@S-1-in catalysts, the component at high frequency
is completely absent, suggesting that the Pt NPs only expose
low coordination atoms, which is in line with the small par-
ticle size observed by electron microscopy. The remaining
bands appearing in the range of 1900-1780 cm™" in these cata-
lysts are associated with CO adsorbed in a bridged configur-
ation between two Pt atoms.”

The selectivity to HCAL versus conversion plots for the
samples with different particle sizes is presented in Fig. 4b. All
the samples show a high selectivity at low conversion levels.

However, a less selective behavior is observed for the
samples with the largest Pt NPs (Pt/S-1-ex) at conversions
higher than 30%. When comparing catalysts supported on
silica, the same behavior is observed, the samples with the
largest Pt NPs (Pt/SiO,, see Fig. 1b) has lower HCAL selectivity
compared to Pt/SiO,-ex (see Fig. 2g).

Next, the origin of the loss of selectivity at high conversion
levels was explored. This was investigated by monitoring the
concentration of the undesired HCOL produced versus CAL
conversion on Pt@S-1-in and Pt/S-1-ex (Fig. 5), which are the
catalysts exhibiting the maximum and minimum HCAL selecti-
vity among the S-1 based catalysts (Fig. S13at), respectively.
Fig. 5a shows that no HCOL was initially produced from the
hydrogenation of 83 mM of CAL over both catalysts. Over
Pt@S-1-in, a low HCOL concentration of 0.8 mM was only
detected at ~90% conversion (48 h TOS). In contrast, in the
case of Pt/S-1-ex the HCOL concentration increased after 30%
CAL conversion and reached 6.4 mM of HCOL at 85% conver-
sion, 8 times higher than that found over the confined Pt@S-1-
in at a similar conversion level.

An inspection of the structure of both catalysts was done
after 85% conversion by HAADF-STEM. The Pt@S-1-in shows

This journal is © the Partner Organisations 2024
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Fig. 5 Evolution of particle size with reaction progression and the
resulting effect on selectivity. (a) Concentration of hydrocinnamyl
alcohol (HCOL) produced versus conversion of 83 mM cinnamaldehyde
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ticle size distributions prior to the reaction and after ~85% cinnamalde-
hyde (CAL) conversion of (b and c) Pt@S-1-in at 0 and 48 h TOS, and (d
and e) of Pt/S-1-ex at 0 and 72 h TOS.

an overall increase in the average Pt particle size of 0.4 nm
(Fig. 5b and c). However, most of the particles are less than
2 nm. In the case of the Pt/S-1-ex, the average NP size have
increased more than in the Pt@S-1 counterpart and the sizes
are more heterogeneous (Fig. 5d and e). The results suggest
that the formation of larger NPs is the main origin of the loss
of selectivity in the reaction, highlighting the importance to
encapsulate the Pt NP to avoid the formation of large NPs.
Finally, we investigated the reusability of the catalyst to evalu-
ate how does the change in Pt particle size during the reaction
affect the performance in the next hydrogenation cycle. For
this reason, we compensated the CAL converted during the
first 24 h and then run the reaction for another cycle.
Interestingly, the obtained conversion (47%) and selectivity
(94%) from the second cycle were close to those obtained from
the first cycle with fresh catalyst (53% and 99%, respectively,
Fig. S22t). The small decrease in selectivity, nevertheless, is in
line with the observed increase in Pt particle size during the
reaction which became more prone to C=O hydrogenation
than the fresh catalyst.

4. Conclusions

Pt NPs in Silicalite-1 shows an exceptional 98% selectivity to
C=C hydrogenation of cinnamaldehyde, a model substrate for
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a,p-unsaturated aldehydes which is atypical selectivity for Pt-
based heterogeneous catalysts. Confinement enhances the
selectivity to hydrocinnamaldehyde through two main factors.
The first and most important is through creating a nonpolar
reactive environment that promotes selectivity to C=C bond
hydrogenation. The second is the Silicalite-1 micropores that
impose constraints to the size of Pt NPs, which reduces the
number of unselective Pt (111) facets. Reducing the polarity of
the reaction medium by replacing the toluene solvent by the
more polar methanol decreased HCAL selectivity, which con-
firms that polarity is the main factor controlling selectivity.
These results also suggest that confinement in the zeolite
pores is not promoting the reaction by a geometrical effect of
the reactant or by promoting a new transition state.
Consequently, by precisely engineering the catalyst structure
and controlling the reaction conditions, we can guide the
selectivity of a,p-unsaturated aldehydes to produce almost only
the saturated aldehyde derivative over a Pt metal-based cata-
lysts inherently selective for C=O hydrogenation. We have
shown the importance of catalyst design and reaction con-
ditions in guiding the selectivity for o,f-unsaturated
aldehydes.
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