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Abstract
Bridging the structure-properties relationship of bimetallic catalysts is essential for the rational design of
heterogeneous catalysts. Different from random alloys, intermetallic compounds (IMCs) present atomicallyordered structures, which is advantageous for catalytic mechanism studies. We used Pt-based intermetallic
nanoparticles (iNPs), individually encapsulated in mesoporous silica shells, as catalysts for the
hydrogenation of nitroarenes to functionalized anilines. With the capping-free nature and ordered atomic
structure, PtSn iNPs show >99% selectivity to hydrogenate the nitro group of 3-nitrostyrene albeit with a
lower activity, in contrast to Pt 3 Sn and Pt NPs. The geometric structure of PtSn iNPs in eliminating Pt
threefold sites hampers the adsorption/dissociation of molecular H 2 and leads to a non-Horiuti-Polanyi
hydrogenation pathway, while Pt 3 Sn and Pt surfaces are saturated by atomic H. Calculations using density
functional theory (DFT) suggest a preferential adsorption of the nitro group on the intermetallic PtSn surface
contributing to its high selectivity.
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Intermetallic compounds, platinum-tin alloy, 3-nitrostyrene, threefold site, Horiuti-Polany mechanism,
hydrogen dissociation

1. Introduction
Engineering catalytically active sites is critical to establish a molecular understanding of structure-property
relationships, and thus guide the design of highly active and selective catalysts. Bimetallic alloys composed
of noble metals are efficient catalysts for selective hydrogenations. However, correlating the atomic
structures of alloy catalysts with their catalytic properties is challenging owing to the random arrangement of
atoms in most alloy structures. Intermetallic compounds (IMCs) are special alloys featuring atomicallyordered and thermodynamically stable structures with defined stoichiometry, which render IMCs ideal
platforms to study mechanisms of catalytic reactions in comparison to random alloys [1-3]. IMCs can
manipulate the adsorption energy and geometry of reactants and intermediates that could vary catalytic
pathways. Moreover, the addition of inexpensive metals to noble metal-based IMCs can efficiently utilize
noble metals through a homogenous dilution. The isolation of noble metal sites can significantly improve the
selectivity by suppressing over-hydrogenated products in many selective hydrogenation reactions [4-7].
Therefore, the synthetic development of intermetallic catalysts with homogeneous composition and structure
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becomes essential for the bottom-up design of intermetallic catalysts and their mechanism studies. To
improve the precision in the preparation of catalysts apart from the traditional wetness impregnation method,
our group demonstrated a seeded-growth method and obtained series of Pt-based intermetallic nanoparticles
(iNPs) individually encapsulated in mesoporous silica shells (PtM@mSiO 2 , M = Sn, Zn, and Pb) [8-10].
These iNPs have well-defined intermetallic structure, precise composition, capping-free surface, and high
thermal stability that provide an optimal platform to elucidate the unique catalytic properties of IMCs.
The selective hydrogenation of nitroarenes constitutes an important industrial process for the production of
functionalized anilines widely used as pharmaceuticals, herbicides, and pigments [11]. The challenge of this
reaction is to selectively hydrogenate the nitro group in the presence of other reducible/leaving groups (e.g.,
C=C, C=O, C≡N, and halides). Commercial synthesis of functionalized anilines requires a stoichiometric
addition of reducing agents (i.e. Zn-NH 3 and Na 2 S 2 O 4 ) and generates excessive waste [12]. Nobel metalbased heterogeneous catalysts are thus developed for this reaction and used in an eco-friendly manner [9, 1315]. Using alloys is an effective strategy to suppress noble metal ensembles and thus the over-hydrogenation
capability of noble metals, which enhances their selectivity in hydrogenation reactions [16-18]. In regards of
the atomically ordered IMCs, limited compositions have been reported as selective catalysts in comparison
to a variety of alloys [19, 20]. It is intriguing if the high selectivity in the hydrogenation of nitroarenes can be
extended to other IMCs, and further structural studies are essential to elucidate the origin of this high
selectivity on IMCs with homogeneous compositions and well-defined structures.
Pt-containing IMCs have shown high activity and selectivity in selective hydrogenations [21-23], such as
PtSn iNPs in the hydrogenation of furfural to furfuryl alcohol [8]. Herein, we report the selective
hydrogenation of 3-nitrostyrene using PtM@mSiO 2 iNPs (M = Sn, Zn, and Pb). To tune the degree of Pt
dilution by Sn, we synthesized PtSn and Pt 3 Sn iNPs. Different from Pt and Pt 3 Sn@mSiO 2 , PtSn@mSiO 2
demonstrates >99% nitro hydrogenation selectivity due to the preferential adsorption of the nitro group on
the intermetallic PtSn surface. The high selectivity is universal to various functionalized nitroarenes over
PtSn@mSiO 2 and other PtM typed iNPs such as PtZn and PtPb iNPs. An abrupt drop in activity on
PtSn@mSiO 2 was also observed in contrast to Pt and Pt 3 Sn@mSiO 2 , which cannot be explained solely by
the decrease of Pt density on the surface. We conferred a non-Horiuti-Polanyi (HP) mechanism over
intermetallic PtSn where hydrogenations proceed likely with molecular H 2 as opposed to atomic H. The
variance of hydrogenation pathway is readily determined by the geometric structures of intermetallic PtSn
because the elimination of threefold Pt sites on intermetallic PtSn inhibits H 2 dissociation [24-27]. This work
exemplifies the relationship between intermetallic structures and their unique catalytic performance in
heterogeneous catalysis.

2. Experimental
2.1 Synthesis of Pt 3 M/PtM@mSiO 2 (M = Sn, Zn, and Pb)
In a typical synthesis of Pt 3 M/PtM@mSiO 2 NPs, as-synthesized Pt@mSiO 2 seeds (containing 10 mg Pt,
stored in methanol) and secondary metal precursor (SnCl 2 •2H 2 O, Pb(CH 3 COO) 2 •3H 2 O, and
Zn(acac) 2 •xH 2 O) were well dispersed in 80 mL tetraethylene glycol (TEG) via sonication (for Zn precursor,
45 mL oleylamine and 15 mL oleic acid was used). The reaction flask was sealed with a septum, and the
solution was subjected to vacuum to remove methanol. Under argon protection, the mixture was heated to
280 °C and stayed for 2 h with vigorous stirring (350 °C was used for the synthesis of PtZn and Pt 3 Zn). After
allowing the solution to cool down to room temperature, 80 mL of acetone was added to the reaction
solution. Pt 3 M/PtM@mSiO 2 NPs were collected by centrifugation and washed with methanol 3 times. All
Pt 3 M/PtM@mSiO 2 NPs were calcined at 500 °C for 4 h to burn off organic remnants and reduced at specific
temperatures in 10% H 2 /Ar (total flow rate: 50 mL/min) to form the corresponding intermetallic phases.
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PtSn and PtPb were reduced at 300 °C for 2 h. PtZn, Pt 3 Zn, and Pt 3 Sn were reduced at 600 °C for 6 h. The
Pt@mSiO 2 control sample was treated with the same procedure as PtSn@mSiO 2 . Alloy PtSn 0.3 @mSiO 2 was
used after washing and vacuum drying from the wet synthesis.
2.2 Catalytic evaluation
Typically, 1-2 mg catalysts, 50 mg 3-nitrostyrene and 2 mL toluene were mixed in a 5 mL vial. 20 mg
xylene was then added as an internal standard. The vial was placed in a Parr 4740 high-pressure/hightemperature vessel. After exchanging the atmosphere with H 2 , the high-pressure vessel was charged with 20
bar H 2 and maintained at 80 °C with a stirring speed set at 1200 rpm for the reaction. The products after the
reaction were diluted and analyzed by an Agilent 6890N/5975 gas chromatograph mass spectrometer (GCMS) equipped with an HP-5ms capillary column (30 m × 0.25 mm × 0.25 μm) and a flame ionization
detector (FID). For kinetic studies, the vial was placed back into the high-pressure vessel and charged with
high-pressure H 2 after sampling at atmospheric pressure.
2.3 Characterization
Powder X-ray diffraction (PXRD) patterns of the samples were acquired by a STOE Stadi P powder
diffractometer using Cu K α radiation (40 kV, 40 mA, λ = 0.1541 nm). For ambient pressure X-ray
photoelectron spectroscopy (AP-XPS) analysis, all samples were dispersed in ethanol and then dropped on
pyrolytic graphite. The reduction treatments to all samples were carried out in an incorporated high-pressure
cell in the vacuum chamber of the AP-XPS, in which 0.2 Torr H 2 was introduced at different temperatures to
study the surface composition of the PtSn@mSiO 2 . After the treatment, H 2 was purged out, and the sample
was taken out to a manipulator in ultrahigh vacuum for AP-XPS analysis. A flux of low energy electrons (8.5
eV, 60 mA) generated by a flood gun was used for each analysis to remove the surface charging effects due
to the existence of mSiO 2 shell. All spectra were calibrated by Pt 4f 7/2 at 71.2 eV. High resolution
transmission electron microscopy (HRTEM), high-angle annular dark field scanning TEM (HAADF-STEM),
and elemental mapping analysis were investigated using a Tecnai G2 F20 electron microscope equipped with
an energy-dispersive X-ray spectroscopy (EDS) detector (Oxford INCA EDS) and a Titan Themis 300 probe
corrected TEM with a Super-X EDS detector. The actual metal loadings in the catalysts were measured by
inductively coupled plasma-mass spectroscopy (ICP–MS) (X Series II, Thermo Scientiﬁc). Diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS) was conducted using an Agilent Cary 670
Fourier transform infrared spectroscopy equipped with a linearized HgCdTe (MCT) detector, a Harrick
diffuse reﬂectance accessory, and a Praying Mantis high-temperature reaction chamber. CO was used as the
probe molecule, and 10-20 wt.% sample was diluted with KBr. H 2 /D 2 exchange experiments were conducted
under ambient pressure using H 2 /D 2 = 10/10 mL/min as the feed gas, where H 2 /HD/D 2 signals were
monitored using a mass spectrometer (Agilent 5975). The cyclic voltammetry (CV) curves were measured
using a potentiostat (VSP-300, Bio-Logic Science Instruments). 5 mg catalysts were added in 2 mL
hydrazine hydrate (78-82%) for overnight to remove the insulating mSiO 2 shell. To support the released
metal NPs, certain amount of active carbon was added at the beginning of etching to achieve ~10 wt.% Pt
loading. After washing with water for 3 times, etched catalysts were dispersed in a mixture of
H 2 O:isopropanol:5% Nafion solution (4:1:0.025) to prepare a 0.5 mg/mL ink. 20 µL catalyst ink was
transferred onto a rotational ring-disk working electrode (RRDE, 5 mm diameter). A platinum wire and a
saturated Ag/AgCl electrodes were used as the counter and the reference electrodes, respectively. The
experiment was conducted in 0.1 M HClO 4 under an argon atmosphere with a scan speed of 50 mV/s. The
water used in experiments was Millipore ultrapure water (18.2 MΩ•cm).
2.4 Density Functional Theory (DFT) calculations
All DFT calculations have been carried out with PBE for exchange-correlation functional, a plane-wave
basis set and projector augmented wave method as implemented in the Vienna Atomic Simulation Package
(VASP). The Pt(111) surface is modeled as a three-layer slab with a surface supercell of (2√3×3). The
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PtSn(112� 0) surface is modeled as a four-layer slab with a surface supercell of (2×2). Various flat and tilt
configurations with different molecular orientations of 3-nitrostyrene on the surfaces have been tried to
search for the most stable adsorption configurations on the surfaces. All the atoms except for the bottom two
layers in the slab (fixed at bulk positions) are relaxed till the absolute values of forces are below 0.02 eV/Å.
A kinetic energy cutoff of 400 eV for the plane wave basis set and a (5×5×1) k-point mesh with a Gaussian
smearing of 0.05 eV have been used.

3. Results and Discussion
Intermetallic PtM@mSiO 2 (M = Sn, Zn, and Pb) and Pt 3 M@mSiO 2 (M = Sn and Zn) were prepared by
following a “ship-in-a-bottle” strategy [8]. These iNPs were calcined at 500 °C to completely remove
capping agents and reduced at temperatures of 300 or 600 °C to form the corresponding intermetallic phases.
Figure S1 in the Supporting Information shows the representative TEM images of these iNPs. Even after 600
°C reductions, all iNPs were isolated and well encapsulated within the mSiO 2 shell, which highlights the
robust nature of the mSiO 2 shell against the aggregation of the encapsulated iNPs. Our previous studies
demonstrated that this ship-in-a-bottle strategy can maintain a precise control of the secondary metals, and
the growth of the bimetallic cores are facilitated by the etching of the inner interface of mSiO 2 shells likely
by the ion species produced during the TEG reduction [9]. The mSiO 2 shells have an average pore size of ca.
2.5 nm, which allows the free access of small organic molecules, such as furfural and nitrobenzene [8, 9].
There iNPs are single crystals with well-ordered structures as shown in the HRTEM images (Figure 1a, f,
and S1). The measured lattice distances correspond well with specific crystal facets associated with the
corresponding intermetallic phases. We also acquired PXRD patterns to confirm the formation of the desired
intermetallic phases for all iNPs (Figure S2). The exact ratios of Pt to the secondary metal M are in good
agreement with the theoretical values measured via ICP-MS (Table S1).
We evaluated the catalytic properties of these iNPs in the selective hydrogenation of 3-nitrostyrene. 3nitrostyrene is composed of a nitro group and a vinyl group. The major hydrogenation products range from
desired 3-aminostyrene (1), undesired 3-ethylnitrobenzene (2) and over-hydrogenated 3-ethylaniline (3). It is
challenging to exclusively hydrogenate nitro group in the presence of more reducible C=C group over Ptbased catalysts. One effective strategy to fulfill the high selectivity in hydrogenating nitro group is to
downsize Pt contiguous sites that can suppress C=C hydrogenation [16]. The addition of secondary metals in
many alloys can dilute Pt contiguous sites and modify the adsorption geometry of 3-nitrostyrene on
bimetallic surfaces. DFT calculation suggests that the catalytic mechanism for reducing nitroarenes over
these bimetallic alloys is the preferential adsorption of nitro group on the isolated Pt sites. It is thus
reasonable to hypothesize from the geometric consideration that eliminating Pt contiguous sites is essential
and likely universal to achieve a high selectivity to the hydrogenation of the nitro group over Pt-containing
bimetallic catalysts.
Even though Pt-based alloys are selective for reducing nitroarenes, inconsistent results have been reported
[28-31]. This ambiguous catalysis on bimetallic alloys is likely due to their random geometry that cannot
ensure the elimination of contiguous noble metal sites on the surface, and thus leads to the low nitro
hydrogenation selectivity. Proper IMCs with ordered structure could completely remove the contiguous
noble metal sites and lead to high selectivity in nitro hydrogenation. However, only limited compositions
(PtZn, PtGa, and RhIn) have been studied over ordered IMCs [19, 20, 29]. In this work, we endeavor to
utilize more structurally ordered and thermodynamically stable IMCs to study the structure-property
relationship in selective hydrogenations, especially the effect of eliminating Pt contiguous sites. We choose
PtSn iNPs as a model because previous work has shown that bimetallic PtSn alloys/H-WO 3 exhibited 75%
selectivity to 3-nitrostyrene hydrogenation in comparison to Pt controls [28]. PtSn with 1:1 atomic ratio can
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form a NiAs-type IMC with hexagonal hP4 cells. We examined the low index facets of intermetallic
PtSn(112� 0), (0001), and (112� 1) facets that are most likely present in spherical iNPs (Figure S3) [32-35]. On
all these facets, contiguous Pt sites (specifically threefold sites) are eliminated due to the highly ordered
nature of iNPs. Based on these reasons, intermetallic PtSn@mSiO 2 is a promising model to study the
structure-property relationship in the selective hydrogenation of 3-nitrostyrene. As a comparison, we also
prepared Pt 3 Sn iNPs that contain Pt contiguous sites on their surfaces.
To visualize the homogeneous structures of our Pt 3 Sn@mSiO 2 and PtSn@mSiO 2 , HAADF-STEM images
were acquired as shown in Figure 1. Figure 1b-c depict the P6 3 /mmc PtSn iNPs oriented in the [010]
direction, consistent with the uniform hexagonal FFT diffraction pattern. The lattice spacing of 0.416 nm
agrees with the theoretical value of the PtSn(101� 0) facet. Figure 1g-h show the Pm3� m Pt 3 Sn along [011]
orientation, which correlates with the distorted hexagonal FFT diffraction pattern. As illustrated in Figure
S3, the ideal Pt 3 Sn(110) is arranged with staggered Pt chains and alternating Pt/Sn chains. This arrangement
is seen in Figure 1h when scanning the inner areas of Pt 3 Sn iNPs (Pt chains are observed as brighter dots,
and Pt/Sn chains are slightly darker) [36]. The lattice spacing was measured as 0.285 nm, conforming to the
theoretical values of the Pt 3 Sn(110) facet. The elemental mappings of PtSn and Pt 3 Sn iNPs are also listed
(Figure 1e and 1g, and both PtSn and Pt 3 Sn demonstrate the evenly distributed Pt and Sn through the
respective iNPs.

Figure 1. HRTEM and HAADF-STEM images of a-c) PtSn@mSiO 2 , and f-h) Pt 3 Sn@mSiO 2 ; insets in c)
and h) are, respectively, fast Fourier transform (FTT) patterns from [0001] direction for PtSn@mSiO 2 and
[110] direction for Pt 3 Sn@mSiO 2 ; and elemental mappings of d-e) PtSn@mSiO 2 , and i-j) Pt 3 Sn@mSiO 2 .
The catalytic performance of intermetallic PtSn@mSiO 2 in the selective hydrogenation of 3-nitrostyrene is
summarized in Table 1. PtSn@mSiO 2 shows a significantly high selectivity to desired 3-aminostyrene 1
(>99%). To prove that both high conversion and selectivity can be achieved without over-hydrogenation, we
extended the reaction time to 12 h after obtaining a full conversion. The byproducts (2 and 3) were still not
detected, which proves the remarkable nitro hydrogenation selectivity of intermetallic PtSn. To further
investigate how intermetallic geometry can impact the selectivity, we evaluated Pt@mSiO 2 and
Pt 3 Sn@mSiO 2 . Intermetallic compounds typically have discrete stoichiometric compositions with crystal
structures, setting them apart from those random alloys with tunable compositions and randomly arranged
constituent atoms. Intermetallic Pt 3 Sn@mSiO 2 has the Cu 3 Au-type structure (cP4 cells) with face-centered
cubic (fcc) packing of Pt and Sn atoms [37, 38], which is similar to the structure of monometallic fcc Pt but
differs significantly from hexagonal hP4 PtSn. Pt@mSiO 2 and Pt 3 Sn@mSiO 2 demonstrate higher activity
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with respective 50- and 21-fold faster reaction rates compared to PtSn@mSiO 2 . However, Pt@mSiO 2 directs
the reaction to undesired C=C hydrogenation product 2 and over-hydrogenated product 3. Although
Pt 3 Sn@mSiO 2 gives 40.4% selectivity to the hydrogenation of the nitro group (1) at the initial stage, this
selectivity could not be maintained and rapidly shifted to over-hydrogenated product 3. These catalysis
results prove that PtSn@mSiO 2 is unique in its’ high selectivity to the hydrogenation of the nitro group in 3nitrostyrene. We subsequently investigated the scope of PtSn@mSiO 2 in the hydrogenation of nitroarenes
with bromo, iodo, formyl and methoxy groups (Table 2). High selectivities to their corresponding
functionalized anilines were achieved, demonstrating the general applicability of PtSn iNPs in the
hydrogenation of various nitroarenes.
Table 1. Selective hydrogenation of 3-nitrostyrene over Pt NPs and Pt-based iNPs.a

Entry

Catalyst

Time

1

Pt@mSiO 2

2

PtSn@mSiO 2

(h)
0.16
1.0
6

Pt 3 Sn@mSiO 2

9
12
0.16

3
4
5

PtZn@mSiO 2
Pt 3 Zn@mSiO 2

6

PtPb@mSiO 2

1
12
1
3
6
12

Rate b
(g g Pt -1 h1
)

TOF c

Conversion

(mol mol Pt -1 h-1)

471.4

9491

(%)
18.2
99.2
40.8

1
—
—
>99

2
23.8
2.0
—

3
76.2
98.0
—

9.3

676

201.1

9274

>99
>99
62.2

>99
>99
40.4

—
—
—

—
—
59.6

0.93

—

101.1

—

5.0

—

>99
31.1
76.5
>99
>99
97.5

—
>99
88.8
88.9
37.9
>99

—
—
—
—
—
—

>99
—
11.2
11.1
62.1
—

Selectivity

a. Reaction condition: 1 mg catalyst, 50 mg 3-nitrostyrene, 20 mg xylene as internal standard, 2 mL toluene as solvent, 80 ºC,
and 20 bar H 2 ; b. Reaction rates were calculated at the conversion less than 20%, and Pt loadings were measured by ICP-MS;
c. Turnover frequency (TOF) values were calculated based on specific Pt dispersions measured by CO chemisorption (6.5% for
Pt@mSiO 2 , 1.8% for PtSn@mSiO 2 and 2.8% for Pt 3 Sn@mSiO 2 ).

Table 2. Selective hydrogenation of substituted nitroarenes over PtSn@mSiO 2 iNPs.a
Entry

Substrate

Product

Time (h)

Conversion (%)

Selectivity (%)

1

12

84.6

>99

2

18

18.5

>99

3

9

>99

>99

4

9

>99

76.3 b

6

5

18

31.2

> 99

a. Reaction condition: 1 mg catalyst, 0.4 mmol nitroarenes, 20 mg xylene as internal standard, 2 mL toluene as solvent, 80 ºC,
and 20 bar H 2 ; b. Selectivity includes the partially intra-condensation product with incomplete reduced hydroxylamino group
and formyl group.

It is intriguing to explore how the specific intermetallic structures in Pt-Sn systems can result in different
catalytic behavior. To characterize the surface properties of intermetallic PtSn and Pt 3 Sn, we conducted
ambient pressure X-ray photoelectron spectroscopy (AP-XPS) with in situ reductions to study the surface
evolution of catalysts when exposed to a reducing atmosphere at different temperatures. The catalysts were
pre-calcined at 500 ºC and reduced at proper temperatures to form intermetallic phases (300 ºC for PtSn and
600 ºC for Pt 3 Sn), which have been denoted as fresh samples. AP-XPS spectra in Figure 2 illustrates the
surface composition for PtSn@mSiO 2 and Pt 3 Sn@mSiO 2 . High reduction temperatures are beneficial to
induce the formation of metallic Sn and decrease the concentration of surface SnO x species. Meanwhile, Pt
majorly remains in the metallic state. The Pt/Sn atomic ratios of PtSn@mSiO 2 in fresh, 300, and 500 ºC
reduced samples are 0.91, 0.91 and 0.94, respectively. These similar Pt/Sn atomic ratios indicate the
relatively stable surface composition of intermetallic PtSn under a reducing atmosphere up to 500 ºC. Fresh
Pt 3 Sn@mSiO 2 have Pt/Sn atomic ratios of 2.78, which increases to 3.31 and 3.21 after in situ reductions at
300 and 500 ºC. A higher reduction temperature can introduce a slight segregation of Pt to the surface of
Pt 3 Sn iNPs. Except for the native Pt threefold sites on Pt 3 Sn (111) (Figure S3b), the Pt-rich surface can
contain more contiguous Pt sites speeding the over-hydrogenation pathways. The AP-XPS results support
that the 300 ºC reduction for PtSn and 600 ºC reduction for Pt 3 Sn can maintain their surface composition
closed to their respective theoretical values. The AP-XPS results demonstrate that both surfaces of PtSn and
Pt 3 Sn iNPs closely reflect their bulk stoichiometric composition.

Figure 2. AP-XPS spectra of a) Pt 4f, b) Sn 3d in PtSn@mSiO 2 , and c) Pt 4f, and d) Sn 3d in Pt 3 Sn@mSiO 2 .
With the atomically ordered intermetallic Pt 3 Sn and PtSn, we attribute the dramatically diverse catalytic
pathways of Pt, Pt 3 Sn, and PtSn to their surface structures. Previous DFT calculations showed that Pt(111),
Pt 3 Sn(111), and PtSn(112� 0) hold the lowest surface energies [8, 39]. As shown in Figure 3a-c and S3, both
Pt(111) and Pt 3 Sn(111) contain contiguous Pt threefold sites [40]. PtSn(112� 0) only presents bridge Pt sites,
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where the staggered Sn atoms disrupt the Pt threefold geometry. To further probe the surface Pt arrangement,
we employed a CO-DRIFTS study for Pt, Pt 3 Sn, and PtSn as shown in Figure 3d. Two major absorption
peaks were observed in regions of 2050-2070 cm-1 and 1850-1870 cm-1 on Pt and Pt 3 Sn@mSiO 2 . The first
intense peak is ascribed to atop CO linearly adsorbed on a single Pt atom, and the weak peak corresponds
CO adsorbed over the bridge Pt sites [41]. Pt and Pt 3 Sn have similar CO atop adsorption at ~ 2070 cm-1 [42],
corresponding to their abundance of Pt threefold sites with a strong affinity to CO [43, 44]. The atop CO
absorption shifts to low wavenumber region over the PtSn iNPs due to the electron donation from Sn to Pt
[45]. However, the reduced CO dipole-dipole coupling effect cannot be completely ruled out. The addition of
Sn in PtSn also shows a significant suppression of the bridge CO peak compared to Pt/Pt 3 Sn, demonstrating
that PtSn has different bridge Pt sites likely due to the interruption of the staggered Sn atoms. The intensity
decrease of bridge CO and the peak shift of atop CO illustrate the decrease of Pt threefold sites
(Pt>Pt 3 Sn>>PtSn). Correlating CO-FTIR results to the catalytic activities, the reaction rate of Pt@mSiO 2
progresses 2- and 50-fold faster than Pt 3 Sn@mSiO 2 and PtSn@mSiO 2 . We also normalized the reaction rate
to the accessible Pt sites by Pt dispersion. The TOF of PtSn@SiO 2 is still 14-fold less than that of
Pt@mSiO 2 . The TOF of Pt 3 Sn@mSiO 2 (9274 h-1) is close to that of Pt@mSiO 2 (9491 h-1), confirming the
catalytically identical Pt threefold sites on these two catalysts. The decreasing activity (Pt>Pt 3 Sn>>PtSn) is
consistent with the reduction of Pt threefold sites.

Figure 3. Ideal atomic geometry of a) Pt(111), b) Pt 3 Sn(111), c) PtSn(112� 0), where Pt (grey spheres) and Sn
(brown spheres) are indicated; d) DRIFTS spectra of Pt@mSiO 2 , Pt 3 Sn@mSiO 2 , and PtSn@mSiO 2 using
CO as the probe molecule. Pt 3-fold sites (red triangle in a and b) and Pt bridge sites (red rectangle in c) are
marked.

The Pt threefold site is critical for the dissociative adsorption of H 2 molecules. The elimination of Pt
threefold sites on intermetallic PtSn inhibits the H 2 adsorption/dissociation to form atomic H species, which
hinders the activity in hydrogenation reactions using molecular H 2 [24, 26, 46, 47]. To validate the different
behaviors of H 2 adsorption/dissociation on Pt and intermetallic PtSn, we employed H+ electro-reduction, H 2
chemisorption, and H/D exchange experiments. The CV scans of intermetallic PtSn@mSiO 2 (after
removing mSiO 2 shell) in 0.1 M HClO 4 show flat features from -0.25 to 0.15 V (vs Ag/AgCl). H+ electroreduction (2H+  H 2 ) is clearly observed over Pt/Vulcan and Pt@mSiO 2 (-0.2-0 V in Figure S4) [48]. The
two tails (-0.25 V) in the forward/backward scan on Pt@mSiO 2 demonstrate the adsorption and desorption
of H 2 [49]. However, only H 2 desorption tail during the backward scan was observed over intermetallic
PtSn@mSiO 2 sourced from the reduction of H+. The absence of H 2 adsorption tail in the forward scan
indicates a weak H 2 adsorption over PtSn in the liquid phase at room temperature. Negligible chemisorbed
H 2 was observed on intermetallic PtSn@mSiO 2 either, similar to a previous report on alloy Sn/Pt (111) [25].
H/D exchange results further revealed the dramatically higher temperature (150 ºC) required for H 2 /D 2
exchange on PtSn@mSiO 2 , compared to Pt@mSiO 2 (25 ºC). This inability of H 2 /D 2 dissociation has also
been reported over intermetallic PtGe [50] and PtSn/SiO 2 [51]. Therefore, it is seen that intermetallic PtSn is
ineffective at adsorption and dissociation of H 2 . We thus propose that the hydrogenation on intermetallic
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PtSn could largely proceed in a non-Horiuti-Polanyi (HP) pathway where molecular H 2 directly participates
in the hydrogenations. Although the HP pathway involving atomic H is well-accepted on precious metals
with a nearly barrierless H 2 dissociation [52], some catalysts have been reported with obstacles to breaking
H-H bonds [53, 54]. Here, the intermetallic PtSn is exemplified as an exception to the traditional HP
pathway in hydrogenations where a deficiency of atomic H was induced as a consequence of the elimination
of Pt threefold sites. We endeavor to demonstrate that the physical state of H 2 can play important roles in
hydrogenations, which has not been given significant emphasis.
Comparative DFT studies of the adsorption of 3-nitrostyrene on Pt(111) vs. PtSn(112� 0) were also performed
to elucidate the origin of the nitro selectivity. On Pt(111) as shown in Figure 4a, 3-nitrostyrene prefers to
adsorb in a flat configuration with both the center of the benzene ring and the vinyl group sitting on Pt bridge
sites. This flat configuration maximises the number of C=C bonds interacting with the neighboring Pt bridge
sites, while the nitro group is tilted away from the surface, which agrees with early DFT studies [55]. The
strong band hybridization between Pt d and C p orbitals gives an adsorption energy of -2.08 eV. In contrast,
on PtSn(112� 0) in Figure 4b without the contiguous Pt sites, the flat adsorption configuration is not preferred
anymore, and the band hybridization between Pt d and C p orbitals becomes much weaker due to charge
transfer from Sn to Pt that lowers the Pt d-band center [8]. Additionally, 3-nitrostyrene prefers to adsorb in a
vertical configuration with the two O atoms in the nitro group sitting on top of Sn atoms. The interaction is
mostly of ionic character with a charge transfer from Sn to O, resulting in a weak adsorption energy of -0.58
eV. We also varied the geometry of 3-nitrostyrene molecules on Pt(111) and PtSn(11 2� 0) facets to
accommodate the contact of the benzene ring, C=C, and –NO 2 groups on these two facets as shown in Figure
S5. Pt(111) facet gives the adsorption energy of -2.08, -1.16 and -0.19 eV for the respective benzene ring,
C=C and –NO 2 group. Due to the straight-up geometry of the 3-nitrostyrene molecule on PtSn(112� 0), the
adsorption energy of C=C and –NO 2 group was calculated as -0.12 and -0.58 eV. Such distinctively different
adsorption configurations mean that the vinyl group is more accessible to the hydrogenation on Pt(111) or
surfaces with contiguous Pt sites, while the nitro group can be hydrogenated selectively on PtSn(112� 0).
These different adsorption geometries of 3-nitrostyrene on Pt(111) and PtSn(112� 0) explain the observed
selectivity difference [19, 55, 56].

Figure 4. Most preferred adsorption configuration for 3-nitrostyrene: a) flat on Pt(111) and b) vertical on
PtSn(112� 0) surfaces. Large grey (brown) spheres are Pt (Sn) atoms in the surfaces; small gray, blue, red and
white spheres are C, N, O and H atoms in 3-nitrostyrene. The top (bottom) panel is the top (side) view. c-d)
product distribution of 3-nitrostyrene hydrogenation over c) Pt@mSiO 2 and d) PtSn@mSiO 2 .
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We summarized the kinetic studies and product selectivity in Figure 4c-d and S6. In the liquid phase, H 2
molecules need to dissolve in the solvent and then contact catalytic surfaces to initiate reactions. To better
evaluate the relationship between intermetallic catalysts and their catalysis, the dissolution factor of H 2
should be investigated. We acquired a volcano-shaped dependence between TOFs and H 2 pressure for both
Pt@mSiO 2 and PtSn@mSiO 2 (Figure S6). Within the H 2 pressure ranging from 1-10 bar for Pt@mSiO 2 and
1-20 bar for PtSn@mSiO 2 , a positive dependence was observed indicating that the H 2 dissolution kinetically
controls the reaction. A negative dependence was observed with the further increase of the H 2 pressure.
Later kinetic discussion is based on the results at the high-pressure region. For Pt@mSiO 2 , the
hydrogenation of 3-nitrostyrene was not highly dependent on either substrate concentration (168-503 mM,
20 bar H 2 , slope = 0.08) or H 2 pressure (10-40 bar, 160 mM, slope = −0.43), which can be attributed to the
strong adsorption of 3-nitrostyrene molecules over the Pt surface as revealed by the DFT calculation. Figure
4c shows the product distributions over Pt@mSiO 2 for the hydrogenation of 3-nitrostyrene. We noticed that
vinyl groups readily underwent faster hydrogenation giving 3-ethylnitrobenzene (2) in comparison to the
hydrogenation of nitro groups giving 3-ethylaniline (3) over Pt@mSiO 2 , experimentally confirming the flat
adsorption geometry of 3-nitrostyrene and the slower catalytic hydrogenation kinetics of tilted nitro groups.
The slightly negative dependence of H 2 reaction order indicates the slight competition of atomic H and 3nitrostyrene molecules on active Pt sites.
Looking into intermetallic PtSn@mSiO 2 , a similar non-dependence of 3-nitrostyrene (168-503 mM, 20 bar
H 2 , slope = 0.02) was observed. However, unlike pure Pt, DFT calculations conjecture a weak adsorption of
3-nitrostyrene vertically adsorbed on the intermetallic PtSn surface due to the elimination of contiguous Pt
sites. The vertically adsorbed 3-nitrostyrene has a weak interaction with PtSn (-0.58 eV) through the nitro
group, and the vinyl group largely deviates from the PtSn surface. Such weak adsorption of nitro groups also
agrees on the catalytic preference that the non-HP pathway of hydrogenation is more preferential on a polar
group with a weak adsorption, which has been suggested by the previous DFT calculations for the selective
hydrogenation of acrolein over Au sites [57]. When increasing the H 2 pressure, we observed a steeply
negative dependence of H 2 pressure (20-40 bar H 2 , 168 mM, slope = −1.25), indicating that a higher H 2
concentration has an adverse impact on the reaction. Noting that H 2 molecules are not likely dissociative
over the intermetallic PtSn surface, such impedance can be explained solely by a significant competitive
adsorption of both weakly adsorbed molecular H 2 and 3-nitrostyrene. It is worth to note that PtSn@mSiO 2 is
almost inactive under 5 bar H 2 , and thus a switch-on H 2 pressure is critical to initiate the reaction through
the non-HP pathway. In addition to the geometry of 3-nitrostyrene, we performed control experiments using
either styrene or nitrobenzene as substrates to evaluate the hydrogenation of single vinyl and nitro groups
over PtSn@mSiO 2 . The TOFs of nitrobenzene and styrene were relatively close, at 194 and 150 h-1
respectively when 40 bar H 2 was employed. When both styrene and nitrobenzene were present in one-pot to
test the competitive hydrogenation in the presence of the same 40 bar H 2 , intermetallic PtSn@mSiO 2 can
only hydrogenate nitrobenzene (TOF = 61 h-1), while largely hampered the hydrogenation of styrene. These
results confirmed the preferential adsorption of nitro groups over vinyl groups in intermetallic PtSn@mSiO 2 ,
which is consistent with the molecular adsorption geometry from DFT calculations. Similar catalytic trends
were also reported by using single site-based Pt/FeO x catalysts [16], confirming that the absence of
contiguous Pt in the well-ordered structure of intermetallic PtSn@mSiO 2 is beneficial to the selective
hydrogenation of the nitro group.
Confirming that the structures of Pt, Pt 3 Sn, and PtSn can alter the catalytic pathway and selectivity, we
endeavored to validate whether such structure-property correlations in the hydrogenation of 3-nitrostyrene
can be used as a probe reaction to study structure evolution in Pt-Sn systems. During the synthesis of Pt 3 Sn
iNPs, we initially achieved an alloy phase in TEG solution at 280 °C (denoted as PtSn 0.3 @mSiO 2 ) as shown
in Figure S7, and post-annealing in reducing atmosphere at 600 °C is necessary to transition the alloy to the
intermetallic phase (denoted as Pt 3 Sn@mSiO 2 ). The catalytic performances of fresh alloy (PtSn 0.3 ) and
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annealed IMC (Pt 3 Sn) samples in the hydrogenation of 3-nitrostyrene are different as summarized in Table
S2. PtSn 0.3 @mSiO 2 NPs show a high selectivity and low activity, while Pt 3 Sn iNPs show a decreased
selectivity and increased activity. Based on the aforementioned structure-property relationship, the fresh
PtSn 0.3 @mSiO 2 would likely have an intermetallic PtSn surface, likely due to the lower formation energy of
intermetallic PtSn in comparison to Pt 3 Sn in the wet TEG synthesis [58]. The annealing treatment can
reconstruct the surface of the fresh PtSn 0.3 to intermetallic Pt 3 Sn. To observe this transition of surface
composition, we performed an in situ AP-XPS on fresh PtSn 0.3 @mSiO 2 and annealed it to 500 °C (Figure
S8). The fresh PtSn 0.3 @mSiO 2 indeed has a Pt/Sn surface ratio (1.33) closer to intermetallic PtSn, largely
deviating from their bulk Pt/Sn ratio (3.0), and the annealed Pt 3 Sn@mSiO 2 presents a matching composition
(Pt/Sn = 2.78) to intermetallic Pt 3 Sn.
We further extended the intermetallic composition to Zn and Pb as shown in Table 1. For Pt 3 Zn@mSiO 2 , the
cP4 structure of intermetallic Pt 3 Zn reflects high activity and poor selectivity, which is similar to their
isostructural Pt 3 Sn counterpart. All PtM@mSiO 2 (M = Sn, Zn, and Pb) demonstrated similar slow rates and
high selectivity, indicating similar non-HP reaction mechanism. Intermetallic PtPb has the specific hP4 unit
cell as intermetallic PtSn, and intermetallic PtZn has a tP2 unit cell. We examined the low index facets
including (110), (111), and (100) for PtZn and (112� 0), (112� 1) and (0001) for PtPb. No typical Pt threefold
site presents in all these facets. The high selectivity of intermetallic PtSn, PtZn, and PtPb commonly
corresponds to the absence of Pt threefold sites. In retrospect, the reaction rates follow the trend
PtZn<PtPb<PtSn. However, this activity order agrees neither the trend of the atomic radius nor
electronegativity (radius: Zn~Pt<Sn<Pb and electronegativity: Zn<Sn<Pt~Pb). These results confer that the
geometric effect of IMC structures can more significantly affect the catalytic selectivity in hydrogenation.
Nevertheless, the electronic and size effect of IMCs can also alter the activity and selectivity [29], which is
challenging to address while providing tremendous research opportunities in future.

4. Conclusion
In summary, we synthesized a series of intermetallic PtM- and Pt 3 M-type catalysts (M = Sn, Pb, and Zn).
The atomically-ordered intermetallic structures of these catalysts are elaborately correlated to their catalytic
properties in the hydrogenation of 3-nitrostyrene. All PtM-type intermetallic compounds show high
selectivity to 3-aminostyrene in the hydrogenation of 3-nitrostyrene, in contrast to pure Pt and Pt 3 M-type
catalysts. Intermetallic PtSn@mSiO 2 is also highly selective for the hydrogenation of nitro group in
nitroarenes in the presence of bromo, iodo, formyl and methoxy groups. Kinetic studies over Pt, PtSn, and
Pt 3 Sn revealed that the hydrogenation pathways could be altered due to changes in the surface structure of
IMCs. Intermetallic PtSn facilitates a unique non-Horiuti-Polanyi pathway, where the elimination of Pt
threefold site inhibits the H 2 dissociative adsorption and, in turn, decreases the reaction rate. DFT
calculations and competitive reactions ascribe the high selectivity to the preferential adsorption of nitro
groups in 3-nitrostyrene over intermetallic PtSn surfaces. This work demonstrates a molecular engineering of
intermetallic structures to tune and elucidate the catalytic mechanism for selective hydrogenations. We
anticipate that the geometric effect of IMCs in heterogeneous catalysis can be generalized to instruct the
exploration of advanced intermetallic systems for heterogeneous catalysis.
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