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ABSTRACT: Supported noble metals offer key advantages over homogeneous catalysts for in
vivo applications of parahydrogen-based hyperpolarization. However, their performance is
compromised by randomization of parahydrogen spin order resulting from rapid hydrogen
adatom diffusion. The diffusion on Pt surfaces can be suppressed by introduction of Sn to form
Pt−Sn intermetallic phases. Herein, an unprecedented pairwise selectivity of 19.7 ± 1.1% in the
heterogeneous hydrogenation of propyne using silica encapsulated Pt−Sn intermetallic
nanoparticles is reported. This high level of selectivity exceeds that of all supported metal
catalysts by at least a factor of 3. Moreover, the pairwise selectivity for alkyne hydrogenation is
about 2 times higher than for alkene hydrogenation, an observation attributed to the higher
coverage of the former and its effect on diffusion. Lastly, PtSn@mSiO2 nanoparticles exhibited
improved coking resistance, and any loss of activity is shown to be fully reversible through
high-temperature oxidation−reduction cycling.

Parahydrogen-based hyperpolarization is an efficient and
inexpensive method for sensitivity enhanced NMR

spectroscopy and imaging.1−3 Conversion of the proton singlet
spin order of parahydrogen (p-H2) into NMR observable
hyperpolarization is mediated by chemical hydrogenation into
magnetically inequivalent sites, resulting in high-field proton
NMR signal enhancements that can in theory exceed 4 orders
of magnitude. An essential requirement of parahydrogen-based
hyperpolarization is pairwise addition, where the pair of H
atoms that are incorporated into the hydrogenation adduct
originate from the same p-H2 molecule. Parahydrogen
enhanced NMR by heterogeneous catalysis would be highly
suitable for in vivo applications, where the hyperpolarized
reaction products are readily separable from the insoluble solid
catalyst material. However, the maximum reported pairwise
selectivity for a monometallic supported nanoparticle catalyst
is around 6−7% for hydrogenation of propene over highly
dispersed Rh/TiO2 or atomically dispersed Pt/CeO2.

4,5

Incorporating a promoter metal such as Sn to form Pt−Sn
bimetallic NPs can improve selectivity for many reactions,6−8

including hydrogenations, and can also suppress C−C bond
cleavage that leads to carbon deposition and catalyst
deactivation.7,9 These effects have been ascribed to the
lowering of the adsorption energy of the hydrocarbons and
have been studied by temperature-programmed desorption
(TPD),10 Auger electron spectroscopy (AES),10 low-energy
electron diffraction (LEED),6,7,10−15 and density functional

theory (DFT).16−18 The intermetallic phases in the present
work were obtained by seeded growth and high-temperature
annealing at 600 °C within a protective mesoporous silica
(mSiO2) shell.19 In experiments with p-H2, the surface
structure of Pt−Sn intermetallic nanoparticles (iNPs) has
played a role in several extraordinary spin polarization
phenomena. Pt3Sn@mSiO2 iNPs were shown to mediate
conversion of p-H2 singlet order into hyperpolarization of
liquid water and alcohols,20 and PtSn@mSiO2 iNPs were
previously shown to catalyze hydrogenation of propene (PE)
to propane (PA) with a high pairwise selectivity of 10%.21

Remarkably, PtSn@mSiO2 iNPs exhibited a 3000-fold higher
pairwise selectivity relative to similarly sized monometallic Pt@
mSiO2 NPs. A key difference between the two is the absence of
3-fold Pt(111) hollow sites on PtSn. These sites have been
implicated in the facile H2 dissociation

22−24 and fast H adatom
diffusion on Pt(111) surfaces where such sites are contiguous.
In the literature, significant differences in conversion and

pairwise selectivity have been observed in the hydrogenation of
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alkynes vs alkenes over the same catalysts. For instance, an
increase in the signal enhancement by an order of magnitude

was reported in the hydrogenation of propyne (PY) compared
to hydrogenation of PE using a silica-supported vanadium oxo

Figure 1. TEM images of (A) PtSn@mSiO2, (B) Pt3Sn@mSiO2, and (C) Pt@mSiO2 NPs and (D) PXRD patterns.

Figure 2. Thermally polarized (top: ×50 and middle) and ALTADENA (bottom) 1H NMR spectra of reaction effluent in propyne hydrogenation
with 50% p-H2 over 15 mg of (a) PtSn@mSiO2, (b) Pt3Sn@mSiO2, and (c) Pt@mSiO2 at 250 °C. The insets in the dashed frame are the vertically
expanded propane −CH2 and −CH3 peaks (e and f). The reactant gas consisted of 120/70/210 mL/min of H2/N2/propyne.
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organometallic catalyst.25 Similar observations were reported
for other catalytic systems such as immobilized iridium
complexes26 and silica/alumina/zirconia supported Pd NPs.27

The present study of PY hydrogenation was aimed at exploring
the potentially higher performance, in terms of both
conversion and pairwise selectivity, that may be achieved for
the alkyne hydrogenation over the Pt3Sn and PtSn iNPs. High-
resolution transmission electron microscopy (TEM) images
and powder X-ray diffraction patterns (PXRD) of Pt@mSiO2,
Pt3Sn@mSiO2, and PtSn@mSiO2 NPs are presented in Figure
1.
In the ALTADENA experiment,28 hydrogenation with p-H2

is performed near zero magnetic field followed by transport of
the products under adiabatic passage conditions to high field
for NMR detection. In our experiments, the U-tube reactor
was positioned in the 5 mT fringe field of the 9.4 T Bruker
Ultrashield superconducting magnet, and transport occurred
via gas flow through tubing connecting the outlet of the U-tube
and the detection coil of the NMR probe. Further details are
provided in the Experimental Methods section.
Figure 2 presents the 400 MHz 1H ALTADENA NMR

spectra of the reactor effluent in the hydrogenation of PY with
50% p-H2 at a reactor temperature of 250 °C. The
corresponding spectra acquired after allowing the nuclear
spins to fully relax to thermal equilibrium are also presented.
The signal enhancement factor is defined as the ratio of the
ALTADENA and thermal equilibrium NMR signals after each
is divided by its respective number of accumulated transients.
The pairwise selectivity is estimated as the ratio of the
observed and theoretical enhancement factors.29 The formulas
are included in the Supporting Information. In the
ALTADENA spectra, the PE −CHd proton and one of the
PE −CH2 protons, either H

b for syn-addition or Hc for anti-
addition, originate from p-H2. Notably, the PE −CH3 group
signal (peak “a”) is very intense, with an absolute intensity
similar to that of −CHd, even though no methyl protons
originated from p-H2. This sharing of p-H2 spin order stems
from a combination of two effects: (1) mixing of the methyl
proton spin states into the low field eigenstates incorporating
the p-H2 protons and (2) transfer of spin order resulting from
the rapid adiabatic transport through level anticrossings
induced by proton−proton spin coupling. Therefore, to
calculate the pairwise selectivity from the enhancement factor
for a specific proton peak, the theoretical enhancement factor
for that site needs to be known. Density matrix simulations30

(see the Supporting Information) show that the enhancement
factor for the PE −CHd proton depends on the stereo-
chemistry of addition to PY. The 1H signal enhancement
factors for pure syn- or anti-addition of 50% p-H2 are calculated
to be 5175 and 8072, respectively, at 9.4 T and 298 K. Hence,
quantitation of the stereoselectivity is necessary for the
accurate estimate of the pairwise selectivity. Because syn- and
anti-addition yield distinct PE ALTADENA spectral features
(Figure S1), the stereoselectivity can be estimated by fitting
the experimental spectrum to a linear combination of
simulated syn- and anti-addition ALTADENA spectra.31

The spectral fitting, shown in Figure S2, indicates a
stereoselectivity of 69 ± 2% syn-addition for PtSn@mSiO2 at
250 °C, corresponding to a theoretical enhancement factor of
6073 ± 58 for Hd. For the same catalyst, the maximum
experimentally measured signal enhancement factor was 1198
± 67 after correction for spin−lattice relaxation losses during
transport from the U-tube to the NMR probe (see the

Supporting Information for details). Hence, the pairwise
selectivity is 19.7 ± 1.1% (15.8% uncorrected). This is the
highest pairwise selectivity to be reported for a supported
metal catalyst in a gas/solid heterogeneous reaction.
Figure 3a,b compares the observed signal enhancements for

PE and PA and the corresponding pairwise selectivities for all

three catalysts at temperatures ranging from 150 to 350 °C.
Consistent with the results for PE hydrogenation,21 introduc-
tion of Sn to form the intermetallic phase drastically affects the
signal enhancements of both PE and PA. Compared to the
1198-fold enhancement obtained for PtSn@mSiO2 at 250 °C,
Pt3Sn@mSiO2 and Pt@mSiO2 afforded much lower PE −CHd

peak signal enhancement factors of 382, and 2, respectively, at
the same temperature.
Hyperpolarized and thermally polarized PA peaks (“e” and

“f”) were also detected with pairwise selectivities of 10.3%,

Figure 3. (a) Propene −CH peak and (b) propane −CH3 peak signal
enhancement factors and pairwise selectivity in the hydrogenation of
propyne over Pt@mSiO2, Pt3Sn@mSiO2, and PtSn@mSiO2 at
temperatures from 150 to 350 °C. (c) Partial hydrogenation
selectivity and percent conversions to propene and propane.
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1.6%, and 0% for PtSn, Pt3Sn, and Pt at 250 °C, respectively.
The 10.3% pairwise selectivity of PtSn@mSiO2 is similar to the
value obtained in our previous study of PE hydrogenation with
this catalyst.21 The full data set with experimental uncertainties
for the three catalysts is provided in Figures S3 and S4 as well
as Tables S3−S6.
The percentage conversions of PY to PE and PA for the

three catalysts are reported in Figure 3c. For Pt@mSiO2,
conversion decreased monotonically with temperature, and
hydrogenation products could not be detected at temperatures
over 300 °C. For PtSn@mSiO2 and Pt3Sn@mSiO2 iNPs,
conversion initially increased with temperature but eventually
decreased slightly at higher temperatures. PY to PE conversion
followed the order Pt@mSiO2 > Pt3Sn@mSiO2 > PtSn@
mSiO2, while the pairwise selectivity exhibits the reverse trend.
Such an inverse relationship was reported in the hydrogenation
of PE to PA for this series of three catalysts.21 However,
conversion of PY was about a factor of 4 greater than the
conversion of PE for the same PtSn@mSiO2 catalyst.21

Notably, the variation in conversion with the mole fraction
of Sn was smaller for hydrogenation of PY relative to PE. Pt@
mSiO2 and Pt3Sn@mSiO2 exhibited significantly lower
conversion for PY as the reactant (1−3%) compared to 15−
25% for PE.
The observed trends in conversion and signal enhancement

as a function of the fraction of Sn in the catalyst can be
rationalized based on literature studies of molecular adsorption
and diffusion on Pt−Sn surface alloys.
Effect on Density of Adsorbed PY. TPD measurements

show that the adsorption energy of PY decreases from 161 kJ/
mol on Pt(111) to 119 kJ/mol on p(2 × 2) Pt3Sn(111) to 96
kJ/mol on ( ×3 3 ) °R30 Pt2Sn(111),

10 where the surface
overlayer structure is specified by using Wood’s notation.
Therefore, the density of adsorbed PY is expected to decrease
as the Sn fraction increases, thereby lowering conversion.
Pairwise selectivity for alkyne hydrogenation was about a factor
of 2 higher than for alkene hydrogenation. Because of the
much stronger adsorption of the alkyne compared to H2, the
metal surface is almost completely covered by PY molecules,
and H2 can only be adsorbed within the interspace between
them, which can be expected to further hinder H adatom
diffusion.
Effect on H Adatom Density. Dissociative D2 chem-

isorption on Pt/Sn alloys has been studied by hyperthermal
molecular beam experiments. On Pt(111) surfaces, the
activation energy barrier of D2 dissociation was reported to
be 2 kJ/mol, while a slightly higher barrier was observed on
p(2 × 2) Pt3Sn(111) surface.24,32 On ( ×3 3 ) °R30
Pt2Sn(111), the barrier increased to 27 kJ/mol. Inhibition of
dissociative H2 chemisorption reduces the H adatom density,
contributing to the lower conversions observed on PtSn iNPs.
Moreover, a TPD study demonstrated that the saturation
coverage of D adatoms decreases from 0.95 monolayer (ML)
on Pt(111) to 0.68 ML on p(2 × 2) Pt3Sn(111) and 0.51 ML
on ( ×3 3 ) °R30 Pt2Sn(111) at 110 K.23 For PtSn iNPs,
the absence of 3-fold Pt3 hollow sites is expected to further
decrease coverage and conversion.24

Effect on Direct Addition of Molecular H2. Because of
the high barrier to dissociate H2 molecules on PtSn (ca. 29 kJ/
mol),19 the fraction of adducts formed by direct addition of
molecular H2 is expected to be higher on this surface. In direct
addition, both H atoms in molecular H2 approach the carbon−

carbon triple bond from the same side in a reaction path
favoring concerted, pairwise hydrogenation.21

Effect on the Activation Energy Barrier of H Adatom
Diffusion. The activation energy of H adatom diffusion
increases with increasing Sn content due to the loss of 3-fold
Pt3 hollow sites where high coordination Pt3−H binding
occurs.24 The DFT study by Fearon and Watson indicates that
the maximum energy barriers of hydrogen diffusion on
Pt(111), p(2 × 2) Pt3Sn(111), and ( ×3 3 ) °R30
Pt2Sn(111) are 5, 41, and 100 kJ/mol, respectively (PtSn
(110) was not included in that study).22 By restricting
diffusion, the lifetime of proton singlet spin order on H
adatom pairs is prolonged. For the fraction of hydrogenation
adducts formed by stepwise addition, elevation of the barrier to
H adatom diffusion on Pt−Sn surfaces will have the effect of
increasing the pairwise selectivity. This picture is consistent
with an experimental para−ortho H2 back-conversion flow
study,20 which revealed that para−ortho back-conversion is
negligible below 200 °C on PtSn@mSiO2. The decrease in
pairwise selectivity above 250 °C is consistent with increased
dissociation of H2 on PtSn@mSiO2 iNPs at higher temper-
atures.
As seen in Figure 3c, the partial hydrogenation selectivity

(PHS) to PE was >87% for all three catalysts. Similarly high
PHS was reported for alkyne hydrogenations on Pd
catalysts.27,33,34 The PE produced from partial hydrogenation
has a lower adsorption energy than that of PY, resulting in PE
replacement by PY in the feed.34 This is also evidenced by a
TPD study of Pt(111), p(2 × 2) Pt3Sn(111), and ( ×3 3 )

°R30 Pt2Sn(111) showing that the adsorption energy
decreases from 161, 119, and 96 kJ/mol for PY to 73, 62,
and 49 kJ/mol for PE, respectively.10,13 Of the three catalysts,
PtSn@mSiO2 achieved the highest PHS of 95% at all
temperatures, while lower PHS values were recorded for
Pt3Sn and Pt NPs. The PHS of the three catalysts may also be
affected by differences in the H2 dissociation. As noted above,
the density of H adatoms on the PtSn catalysts will be reduced
because of the higher barrier of H2 dissociation, thus inhibiting
the over-hydrogenation to PA.
Activity loss was observed in experiments with all three

catalysts at elevated temperatures and is attributed to
accumulation of carbonaceous deposits.35,36 DFT studies
indicate that the onset of C−C scission on the Pt(111)
surface proceeds through PY due to its relatively strong
adsorption and large exothermicity compared to other C3Hx (x
= 3−8) hydrocarbons.17 Moreover, Peck et al. reported that
∼80% of chemisorbed PY on Pt (111) undergoes decom-
position to form surface carbons by post-TPD AES experi-
ments.10 However, the incorporation of Sn in Pt/Sn alloys can
delay the progression toward deactivation. In this study, the
conversion of PY to PE started to decline at 150, 250, and 350
°C on Pt@mSiO2, Pt3Sn@mSiO2, and PtSn@mSiO2,
respectively (Figure 3c and Figure S5). This demonstrates
that the incorporation of Sn can effectively reduce but not
eliminate the deactivation due to coke formation.37,38

Methods for catalyst regeneration to restore the activity of
spent Pt−Sn alloys have been extensively investigated .37,39,40

A typical regeneration procedure consists of exposing used
catalysts to O2 or air at high temperatures to burn off the
carbonaceous deposits followed by a reduction in H2.

39,41,42 In
the present work, to examine if the performance of three Pt−
Sn@mSiO2 NPs is recovered after vigorous PY hydrogenation
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runs, a similar oxidation−reduction cycling regeneration
approach was employed. The spent Pt, Pt3Sn, and PtSn
catalysts were heated under continuous air flow at 500 °C for 2
h followed by a reduction in H2 at 600 °C for 2 h. As shown in
Figure 4, no significant difference in conversion or NMR signal
enhancement factor was observed for all three catalysts except
for a slight reduction in PE −CH signal enhancement on
PtSn@mSiO2 after the regeneration as compared to the initial
runs (i.e., 1198 vs 1121). The measured values for the
conversions, signal enhancement factors, and pairwise
selectivities of three NPs after the oxidation−reduction cycling
are summarized in Figure S6 and Table S7. The restoration in
the performance of three NPs is likely due to the removal of
surface carbon deposits during the catalyst regeneration
process.43−46 Thus, Pt3Sn@mSiO2 and PtSn@mSiO2 iNPs
are robust and effective catalysts for achieving high NMR
signal enhancement with excellent durability and recyclability
in parahydrogen enhanced NMR. For these catalysts, the
mSiO2 shell effectively prevents the encapsulated iNPs from
aggregation at high temperatures.
To summarize, conversion of PY to PE followed the trend

Pt@mSiO2 > Pt3Sn@mSiO2 > PtSn@mSiO2 while signal
enhancement (and pairwise selectivity) followed the reverse
order. The same trends were observed for the hydrogenation
of PE to PA in ref 21. The PtSn@mSiO2 iNPs exhibited a 19.7
± 1.1% pairwise selectivity in the hydrogenation of PY to PE at
250 °C, which is the highest pairwise selectivity to be observed
for a supported metal nanoparticle catalyst. In contrast,
similarly sized Pt@mSiO2 NPs exhibited a maximum pairwise
selectivity of only 0.04%. The main difference between the Pt
and PtSn surfaces is the occurrence of contiguous 3-fold Pt
sites on the former. These sites have been implicated in the
facile H2 dissociation and H adatom diffusion on Pt(111)
surfaces. Restriction of diffusion will prolong the lifetime of
singlet spin order in an H adatom pair originating from a p-H2
molecule. Direct addition of molecular H2, which is inherently

pairwise, can also explain the high pairwise selectivity observed
for the PtSn catalyst. The hypothesis for direct molecular
addition is supported by the results of a para−ortho H2 back-
conversion flow study in ref 20, which showed that
temperatures above 200 °C are necessary to activate para−
ortho conversion on PtSn@mSiO2 iNPs. The decrease in
pairwise selectivity above 250 °C is consistent with increased
H2 dissociation on PtSn@mSiO2 iNPs at elevated temper-
atures. Because the observed pairwise selectivity of PY
hydrogenation is well below 100%, it appears that a substantial
fraction of adducts are formed by stepwise addition. Therefore,
the possibility of significant parallel contributions from both
paths cannot be excluded.
PY hydrogenation was found to occur with nearly twice the

pairwise selectivity as PE hydrogenation. We hypothesize that
this is due to the higher coverage of the former and the
resulting restriction of diffusion. The relatively low conversion
of PY hydrogenation using 15 mg of PtSn@mSiO2 (ca. 1%) is
not unexpected given the high 400 mL/min flow rate used in
the present work, which is necessary to avoid spin relaxation
during transport to the NMR probe. Under these conditions,
even the conversion using Pt@mSiO2 was only 2−3%.
Hyperpolarized gaseous alkenes produced by continuous-

flow hydrogenation with parahydrogen could have interesting
prospective applications. For example, they could be employed
as hyperpolarized reactants for sensitivity enhanced NMR
studies of downstream catalytic transformations, not limited to
hydrogenation. Another possibility is to use the hyperpolarized
alkenes in sensitivity enhanced operando NMR spectroscopy
of alkene adsorption, surface interactions, and chemical
transformations. Spin order transfer of proton hyperpolariza-
tion on the adsorbed alkene to other chemical species,
including nuclear spins at active sites of catalysts, could
widen the scope of such an approach.
Finally, we demonstrated that the activity of the silica

encapsulated catalysts, which is diminished at higher temper-

Figure 4. (a) Thermal and ALTADENA spectra acquired after initial reduction (red) and after regeneration (reg) of spent PtSn@mSiO2 catalyst.
(b) Percent conversions and (c) signal enhancement factors in the hydrogenation of propyne over Pt@mSiO2, Pt3Sn@mSiO2, and PtSn@mSiO2 at
250 °C after two catalysts treatments: (1) initial reduction in H2 at 600 °C and (2) regeneration, consisting of oxidation in the air at 500 °C
followed by a reduction in H2 at 600 °C.
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atures due to the formation of carbonaceous deposits, can be
readily recovered by the oxidation−reduction cycling, which
proves that the activity loss is not due to surface reconstruction
or phase separation. With the advantages of high activity,
selectivity, stability, and the ease of separation from the
hydrogenation products, the Pt−Sn@mSiO2 iNPs materials
provide an attractive catalytic platform for producing hyper-
polarized gases and liquids.

■ EXPERIMENTAL METHODS

Platinum and Platinum−Tin Nanoparticles. Details of
the syntheses of Pt@mSiO2 and Pt−Sn@mSiO2 NPs have
been published previously8 and are also included in the
Supporting Information. Briefly, the core−shell structured Pt@
mSiO2 NPs were synthesized by using tetradecyltrimethyl-
ammonium bromide-capped (TTAB-capped) Pt NPs as initial
core material for the subsequent silica polymerization with
tetraethyl orthosilicate (TEOS), followed by removal of TTAB
molecules in the calcination. The intermetallic phases of PtSn
and Pt3Sn were prepared by heterogeneous nucleation of Sn
from SnCl2·2H2O at the metal surface of Pt@mSiO2 in
tetraethylene glycol. The metal loadings, particle sizes, Pt
dispersion, and the surface site densities of three NPs are
summarized in Table S1. Additional characterizations of the
three catalysts are presented in the Supporting Information
and in previous publications.8,21

Hydrogenation. Hydrogen enriched to 50% p-H2 was
prepared by flowing normal ultrahigh purity H2 gas through a
liquid nitrogen cooled coiled copper tube (0.25 in. O.D.)
containing iron oxide hydroxide, as described elsewhere.47

Hydrogenation of gaseous PY was performed under
ALTADENA28 conditions where the reaction is performed in
the fringe field of the 9.4 T Bruker Avance Ultrashield
superconducting magnet, and the reactor effluent containing
products and unreacted reactants is transported by flow to a
standard Bruker 10 mm liquids probe for NMR detection at
400 MHz. The reaction mixture containing H2 and PY as
reactants and N2 as a dilutant buffer gas was premixed by
combining the outputs of three mass flow controllers (Alicat
Scientific) set to flow rates of 120/210/70 mL/min. The
mixture was fed into a U-shaped quartz tube (0.25 in. O.D.;
0.15 in. I.D.) reactor packed with 15 mg of Pt@mSiO2,
Pt3Sn@mSiO2, or PtSn@mSiO2 catalysts. The catalyst was
held in place with quartz wool. The temperature in the reactor
U-tube was regulated by a home-built temperature controller
with feedback from a K-type thermocouple inserted directly
into the catalyst bed. The gaseous reactor effluent flowed
through PFA tubing (0.125 in. O.D.; 0.0625 in. I.D.; 1 m
length) and was delivered through a thin glass capillary to the
bottom of a 10 mm O.D. NMR tube inserted into the NMR
probe. ALTADENA mode NMR spectra were collected by
accumulating 64 free induction decays with a 2 s recycle delay
with gases flowing continuously. For each catalyst, the
hydrogenation reaction was repeated by using n-H2. Thermally
polarized spectra at Boltzmann equilibrium were acquired by
accumulating 512 free induction decays with a recycle delay of
6 s under the nonflowing condition with the gas effluent sealed
in the NMR sample loop. The spectra were processed by using
MestReNova ver. 14.2 software, and the signal integrals of the
propene −CH, propane −CH3, and propyne −CH peaks of
the ALTADENA and thermally polarized NMR spectra were
obtained by multipeak fitting. The peak height, line width, and

Lorentzian/Gaussian ratio were varied to optimize the fit while
the chemical shifts were fixed.25

Catalyst Treatments. Two different catalyst activation
treatments were employed in the present work. Freshly
synthesized Pt3Sn and PtSn catalysts were reduced at 600 °C
and Pt catalysts at 300 °C in a stream of 90/10 mL/min of N2/
H2 for 2 h before performing hydrogenation reactions.
Regeneration treatments on spent catalysts consisted of
oxidation−reduction cycling and were performed after catalyst
deactivation at higher reaction temperatures. To restore the
activity of the Pt−Sn@mSiO2 iNPs, the catalyst was oxidized
with 50 mL/min of air at 500 °C for 2 h, followed by the
reduction with 90/10 mL/min of N2/H2 at 600 °C for 2 h. In
both catalyst treatments, the hydrogenation reactor was cooled
to room temperature prior to starting the hydrogenation
reactions.
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