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ABSTRACT: Single-atom catalysts exhibit high selectivity in
hydrogenation due to their isolated active sites, which ensure
uniform adsorption configurations of substrate molecules.
Compared with the achievement in catalytic selectivity, there is
still a long way to go in exploiting the catalytic activity of
single-atom catalysts. Herein, we developed highly active and
selective catalysts in selective hydrogenation by embedding Pt
single atoms in the surface of Ni nanocrystals (denoted as Pt,/
Ni nanocrystals). During the hydrogenation of 3-nitrostyrene,
the TOF numbers based on surface Pt atoms of Pt;/Ni

nanocrystals reached ~1800 h™" under 3 atm of H, at 40 °C, much higher than that of Pt single atoms supported on active
carbon, TiO,, SiO,, and ZSM-S. Mechanistic studies reveal that the remarkable activity of Pt;/Ni nanocrystals derived from
sufficient hydrogen supply because of spontaneous dissociation of H, on both Pt and Ni atoms as well as facile diffusion of H
atoms on Pt;/Ni nanocrystals. Moreover, the ensemble composed of the Pt single atom and nearby Ni atoms in Pt;/Ni
nanocrystals leads to the adsorption configuration of 3-nitrostyrene favorable for the activation of nitro groups, accounting for

the high selectivity for 3-vinylaniline.
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In the past decades, great attention has been focused on
selective hydrogenation reactions due to their wide
applications in chemical industry.'™® During hydrogenation
reactions, when a substrate molecule adsorbed on catalysts
contains more than one unsaturated groups, the adsorption
configuration is found to control the preferential activation of
unsaturated groups, therefore determining the selectivity
directly.”~"® Recently, the state-of-the-art single-atom catalysts,
with maximized atomic utilization efficiency up to 100%, were
reported to exhibit high selectivity in hydrogenation.'”™** The
isolated active sites in single-atom catalysts ensure uniform
adsorption configurations of substrate molecules, benefiting the
enhancement of selectivity. For example, Pt single atoms
supported on FeO, hydrogenated 3-nitrostyrene to 3-amino-
styrene showed selectivity of almost 99% due to the preferential
adsorption of nitro groups.”’ Another notable example involves
Pd or Pt single atoms embedded in Cu nanocrystals for
selective hydrogenation of styrene, acetylene, and 1,3-
butadiene, where the selectivity for the desired products was
higher than 80%.”*~*” Although remarkable achievements have
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been made in catalytic selectivity, there is still a long way to go
in exploiting the catalytic activity of single-atom catalysts.

In the single-atom catalysts for selective hydrogenation,
metal oxides, graphene, and zeolites have been applied as
supports to anchor isolated active metal atoms. Unfortunately,
these supports did not participate in the catalytic process
because of their high energy barriers for the dissociation of H,.
In other words, active single atoms took the major
responsibility for hydrogenation processes involving both the
dissociation of H, and the addition of H atoms to substrate
molecules. In general, the adsorption energy of substrate
molecules is much higher than that of H, or H atoms on the
surface of catalysts.”"*****” Accordingly, substrate molecules
are more competitive than H, or H atoms to occupy the active
sites. However, only when the dissociated H atoms diffuse to
active sites could the hydrogenation be initiated, so the
concentration of H atoms available to active sites affects the
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Figure 1. (A) HAADF-STEM image of 1.0%Pt,/Ni nanocrystals. Pt single atoms marked in white circles were uniformly embedded in the surface of
Ni nanocrystals. (B) HAADF-STEM image of an individual 1.0%Pt,/Ni nanocrystal. The inset image derives from the yellow box in panel B. A Pt
single atom was marked by the white arrow. (C) Pt Ly-edge XANES profiles of Pt foil, Pt;/Nj, and Pt/C. (D) Pt Ly-edge EXAFS spectra in R space

of Pt foil, Pt;/Ni, and Pt/C. Pt foil was used as the reference.

reaction kinetics of selective hydrogenation. If H, could
dissociate on the supports spontaneously and diffuse to active
single atoms with ease, hydrogen supply would be sufficient for
the addition of H atoms to substrate molecules. Therefore,
dispersing active single atoms on supports with low energy
barriers for both the dissociation of H, and the diffusion of H
atoms serves as a promising strategy to improve both the
activity and selectivity in selective hydrogenation but remains as
a grand challenge.

Herein, we implemented this strategy by incorporating Pt
single atoms in the surface of Ni nanocrystals (Pt;/Ni
nanocrystals). During the hydrogenation of 3-nitrostyrene,
the turnover frequency (TOF) numbers based on surface Pt
atoms of Pt;/Ni nanocrystals were ca. 1800 h™' under 3 atm of
H, at 40 °C, much higher than that of Pt single atoms
supported on active carbon, TiO,, SiO,, and ZSM-S. Besides,
only nitro groups were hydrogenated over Pt;/Ni nanocrystals.
Mechanistic studies reveal that both Pt and Ni atoms in Pt;/Ni
nanocrystals allowed for the dissociation of H, and adsorption
of H atoms so that an abundant amount of H atoms was
produced on the surface of Pt,/Ni nanocrystals. Not only were
the H atoms adsorbed on Pt atoms added to 3-nitrostyrene, but
the H atoms adsorbed on Ni atoms were also involved in the
reaction through facilely diffusing to active Pt atoms for the
subsequent hydrogenation. Moreover, the ensemble composed
of the Pt single atom and nearby Ni atoms in Pt;/Ni
nanocrystals leads to the adsorption configuration of 3-
nitrostyrene, favorable for the activation of nitro groups,
accounting for the high selectivity for 3-vinylaniline.

To begin with, we prepared Ni nanocrystals with an average
size of 4.4 nm (Figure S1). Pt single atoms incorporated in the
surface of Ni nanocrystals were synthesized via the galvanic
replacement reaction between Ni nanocrystals and Pt(acac),. In
a typical synthesis, Ni nanocrystals were dispersed in hexane
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under magnetic stirring, followed by the addition of Pt(acac),
solution (dissolved in toluene) through a syringe pump at the
speed of 2 mL/h. Figure 1A shows a high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) image of the obtained nanocrystals in high purity. As
manifested by brightness and marked by white circles, isolated
Pt atoms were uniformly embedded in the surface of Ni
nanocrystals. A typical HAADF-STEM image of an individual
nanocrystal was shown to highlight the dopant atoms (Figure
1B). The magnified image further confirmed the replacement of
surface Ni atoms by isolated Pt atoms, where Pt single atoms
were clearly marked by white arrows. As revealed by inductively
coupled plasma-atomic emission spectroscopy (ICP-AES)
analysis, the atomic percentage of Pt in this sample was
determined as 1.0%. Thus, these nanocrystals were denoted as
1.0%Pt;/Ni nanocrystals. By simply varying the amounts of
added Pt(acac), solution in synthetic process, Pt single atoms
embedded in Ni nanocrystals with the Pt atomic percentages of
0.2%, 0.5%, and 1.5% were facilely prepared, donated as 0.2%
Pt;/Ni, 0.5%Pt,/Ni, and 1.5%Pt,/Ni nanocrystals, respectively.
When the Pt atomic percentage was increased to 3.0%, Pt
clusters with a size of ~1.2 nm were synthesized, denoted as Pt
clusters/Ni nanocrystals (Figure S2). In addition, commercial
Pt/C (5 wt % on active carbon) with Pt nanocrystals taking an
average size of ca. 3 nm was purchased (Figure S1). The
characteristic X-ray diffraction (XRD) profile of Ni nanocrystals
shows the peaks assigned to (111), (200), and (220) reflections
of face-centered cubic (fcc) Ni (Figure S3). The peaks of Pt;/
Ni nanocrystals with different Pt contents were located at
similar positions to those of Ni nanocrystals, whereas those of
Pt/C shifted to lower angles. The ratios of surface metal atoms
to total atoms in 0.2%Pt;/Ni, 0.5%Pt;/Ni, 1.0%Pt;/Ni, and
1.5%Pt;/Ni nanocrystals were determined as 31.3%, 29.7%,
30.2%, and 31.4%, respectively, by CO pulse chemisorptions,

DOI: 10.1021/acs.nanolett.8b01059
Nano Lett. 2018, 18, 3785-3791


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01059/suppl_file/nl8b01059_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01059/suppl_file/nl8b01059_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01059/suppl_file/nl8b01059_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01059/suppl_file/nl8b01059_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.8b01059
http://pubs.acs.org/action/showImage?doi=10.1021/acs.nanolett.8b01059&iName=master.img-001.jpg&w=302&h=251

Nano Letters

;\ E3 0.25
100 /: -3
. —~ 0.20- g
= 80 = !
< T, 0.5 -
5 60 2 N
5 18 o010 ]
2 a0- E ]
- E A
O 29 F= « 0054
3,,}-‘:’{';‘( &
oL, : b 0,004
20 40 60 80 100 00 02 04 06 08 10 12 14 16
Time (min) Atomic Percentage of Pt in Pt,/Ni (%)
C 10000 D N .
TOF ....... b
I TOF,, 100
1000 ” —
— s 80
£ >
& = 604
& 1004 A - s i 2
= I 1 °
z @ 404
b
104 * 204
s T ok O D% a L G O
_Q\.“»?\‘-‘»stq\#\ 96@\ ?ﬁo‘?\ © ';.‘9\0 '1,‘9@ Q"‘; \;\ 9 e QN Q“\ ﬂ 5‘ :,\:7‘
Ll o o~ e gt
o o7 A A o ar o [ A Q'\

Figure 2. (A) Time courses of the conversion for Ni nanocrystals, Pt;/Ni nanocrystals, Pt clusters/Ni nanocrystals, and Pt/C in selective
hydrogenation of 3-nitrostyrene under 3 atm of H, at 40 °C. (B) Comparison of reaction rates for Pt;/Ni nanocrystals with different Pt atomic
percentages. (C) Comparison of TOF numbers for different Pt single-atom catalysts, Pt clusters/Ni nanocrystals, and Pt/C under 3 atm of H, at 40
°C. (D) Comparison of selectivity for Pt single-atom catalysts, Pt clusters/Ni nanocrystals, and Pt/C under 3 atm of H, at 40 °C after 100 min. Error
bars represent standard deviation from three independent measurements.

while those in Pt clusters/Ni nanocrystals and Pt/C were 31.8%
and 36.4%, respectively (Figure S4).

The X-ray absorption near-edge spectroscopy (XANES) and
extended X-ray absorption fine structure (EXAFS) spectra were
measured to determine the electronic and coordination
structures. As shown in Figure 1C, the white lines (the biggest
jump in edge) of the samples were located around 11570 eV,
reflecting the oxidation states of Pt species.”” The similarity in
intensity of white lines among Pt;/Ni nanocrystals, Pt/C, and
Pt foil indicates that Pt species in Pt;/Ni nanocrystals were
dominant in metallic state. Pt single atoms in the surface of Ni
nanocrystals were identified by the EXAFS spectra of Pt;/Ni
nanocrystals (Figure 1D). For 0.2%Pt,/Ni, 0.5%Pt,/Ni, 1.0%
Pt;/Ni, and 1.5%Pt;/Ni nanocrystals, only Pt—Ni shell at
2.57—2.59 A with a coordination number (CNs) of 5.6—6.1 was
observed without any contribution from Pt—Pt shell (Table
S1). The spectrum of Pt/C only showed a Pt—Pt shell at 2.76 A
with a CN of 7.3. Based on the CN of Pt—Pt shell, the average
grain size was estimated as ca. 3 nm.”!

The catalytic properties of Pt;/Ni nanocrystals were explored
toward hydrogenation of 3-nitrostyrene in comparison with Pt
clusters/Ni nanocrystals, Ni nanocrystals, and Pt/C. Before
catalytic tests, the as-synthesized nanocrystals were cleaned by
plasma treatment with a power of 40 W under S Pa of H, for 40
min.**** The peaks for oleylamine disappeared after plasma
treatment, indicating the removal of the organic capping
molecules (Figure SS). As shown in Figure 2A, Ni nanocrystals
were inert, whereas Pt-based catalysts exhibited catalytic
activity. Moreover, the reaction rates for different Pt;/Ni
nanocrystals were in direct proportion to the atomic percentage
of Pt (Figure 2B). As a result, Pt single atoms served as active
sites in Pt;/Ni nanocrystals for selective hydrogenation of 3-
nitrostyrene at 40 °C.
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We further calculated the TOF numbers based on all surface
metal atoms (denoted as TOFy,,) of Pt;/Ni nanocrystals and
Pt/C. The TOF,., numbers of 0.2%Pt, /Ni, 0.5%Pt,/Ni, 1.0%
Pt;/Ni, and 1.5%Pt,/Ni nanocrystals were 12, 31, 60, and 83
h™!, whereas those of Pt clusters/Ni nanocrystals and Pt/C
were 82 and 789 h™', respectively (Figure 2C, Table S2). The
TOF numbers of Pt;/Ni nanocrystals based on Pt atoms
(TOFp,) were ca. 1800 h™!, regardless of different Pt contents,
higher than that (865 h™') of Pt clusters/Ni nanocrystals
(Figure 2C). To investigate the role of supports, we also
deposited Pt single atoms on active carbon, TiO,, SiO,, and
ZSM-3, denoted as Pt,/C, Pt,/TiO,, Pt,/SiO,, and Pt,;/ZSM,
respectively (Figure S6). The TOFp, numbers of Pt;/C, Pt/
TiO,, Pt,/Si0,, and Pt,/ZSM were 60, 161, 80, and 121 h™!,
respectively, much lower than those of Pt;/Ni nanocrystals
(Figure 2C, Table S2). As such, Ni nanocrystals played a
pivotal role in enhancing the catalytic activity of Pt;/Ni
nanocrystals.

We further explored the catalytic selectivity in hydrogenation
of 3-nitrostyrene. As for Pt single-atom catalysts, only nitro
groups were hydrogenated, with the selectivity of >99% for 3-
vinylaniline (Figures 2D, S7, and S8). For Pt clusters/Ni
nanocrystals and Pt/C, both nitro groups and carbon—carbon
double bonds were simultaneously hydrogenated. After 100
min, the selectivity for 3-vinylaniline, 3-nitroethylbenzene, and
3-ethylaniline was 19%, 6%, and 75%, respectively, for Pt
clusters/Ni nanocrystals. As for Pt/C, 48% of 3-ethylaniline and
52% of 3-nitroethylbenzene were formed after 100 min (Figure
2D). We further applied 1.0%Pt;/Ni nanocrystals in the
selective hydrogenation of 15 nitro compounds to explore the
applicability. Besides nitro groups, these substrate molecules
contained other sensitive functional groups, including esters,
ketone, aldehyde, halogen, and cyano. The conversion of these
substrate molecules reached >97% over 1.0%Pt;/Ni nanocryst-

DOI: 10.1021/acs.nanolett.8b01059
Nano Lett. 2018, 18, 3785-3791


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01059/suppl_file/nl8b01059_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01059/suppl_file/nl8b01059_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01059/suppl_file/nl8b01059_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01059/suppl_file/nl8b01059_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01059/suppl_file/nl8b01059_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01059/suppl_file/nl8b01059_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01059/suppl_file/nl8b01059_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01059/suppl_file/nl8b01059_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.8b01059
http://pubs.acs.org/action/showImage?doi=10.1021/acs.nanolett.8b01059&iName=master.img-002.jpg&w=331&h=240

Nano Letters

A[ Ni2f LT B C[ sssom 1352w’
-, : et — lg': 'i': 3-Nitrostyrene LA
=5 | 10%PL TS = 3 i
@ © | 1.0%PLMN n : :
é‘ E-. —_— - _ %‘ é’ Ni
0w w c %
c = c 71 T . i ——————
B [ 1owPLmi+ H, o 2 / i et anta iy
5= _ £ | 1oupmien, / ' N, - :
e - et A '_,\&y;\ { PYC
a < Giatesille. poak | A n N —
890 880 870 860 850 840 80 78 76 74 72 70 68 1600 1400 1200 1000 800 600
Binding Energy (eV) Binding Energy (eV) Wavenumber (cm™')

Figure 3. In situ XPS spectra of (A) Ni 2p and (B) Pt 4f for 1.0%Pt,/Ni nanocrystals before/after the treatment of the samples with H, at 40 °C for
30 min, respectively. (C) IR spectrum of 3-nitrostyrene and in situ DRIFTS spectra of Ni nanocrystals, 1.0%Pt,/Ni nanocrystals, and Pt/C. In situ
DRIFTS spectra were obtained after the exposure of nanocrystals to 3-nitrostyrene at 40 °C for 30 min.
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of H, dissociation on Ni(111) is 0.08 V. (C) Schematic illustration of H, dissociation and H diffusion on Pt,/Ni(111). (D) Diffusion paths of H
atoms on Ni(111), Pt;/Ni(111), and Pt(111). The symbols * and # in panels B and D represent the adsorbed and transitional states, respectively.

als under 3 atm of H, at 40 °C after 100 min (Figure S9).
Moreover, only nitro groups were hydrogenated in all the
substrate molecules, with the selectivity of >95% for amino
compounds. In addition, we further investigate the stability of
1.0%Pt,/Ni nanocrystals. After ten successive reaction rounds,
97% of activity and 98% of selectivity for nitro groups were
preserved (Figure S10). Moreover, the HAADF-STEM image
of 1.0%Pt,;/Ni nanocrystals after ten rounds shows the absence
of Pt clusters, indicating that Pt atoms were still atomically
dispersed on Ni nanocrystals. Thus, Pt;/Ni nanocrystals
exhibited high stability during the selective hydrogenation.
The adsorption properties of H, on the surface of 1.0%Pt;/
Ni nanocrystals were investigated through in situ X-ray
photoelectron spectroscopy (XPS) measurements. The 1.0%
Pt;/Ni nanocrystals were exposed to H, at 40 °C for 30 min in
a reaction cell attached to the XPS end-station, followed by
measurements of in situ XPS. The XPS spectra of Ni 2p and Pt
4f indicated that the majority of surface Ni and Pt species was
in the metallic states (Figure 3A,B). After the sample had been
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exposed to H,, the ratios of both Pt** and Ni** on the surface
increased, as a result of the electron transfer from surface metal
atoms to adsorbed H atoms.”* The XPS results indicated the
presence of H atoms on both surface Pt and Ni atoms. This
point was further identified by in situ diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) after the treatment
with H, at 40 °C for 30 min. The peaks at 1948 and 1596 cm™"
for Pt/C and Ni nanocrystals corresponded to the stretching
vibrations of Pt—H and Ni—H, respectively (Figure S11). For
1.0%Pt;/Ni nanocrystals, both stretching vibrations of Ni—H
and Pt—H were clearly observed. In addition, the peak for Pt—
H in 1.0%Pt,/Ni nanocrystals blue-shifted to 1985 cm™, due to
the unique coordination environment of Pt single atoms
(Figure S11).

The interaction between 3-nitrostyrene and catalysts was
explored via in situ DRIFTS analysis. Figure 3C reveals in situ
DRIFTS spectra of Ni, Pt, and 1.0%Pt;/Ni nanocrystals after
the treatment with 3-nitrostyrene at 40 °C. In the absence of
catalysts, the spectrum of 3-nitrostyrene exhibited two peaks at
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1553 and 1352 cm™' for the asymmetrical and symmetrical
stretching vibrations of nitro groups, respectively. With regard
to Ni nanocrystals after the exposure to 3-nitrostyrene, the
peaks assigned to the asymmetrical and symmetrical stretching
vibrations of nitro groups respectively red-shifted by 25 and 6
cm™' compared with those for free 3-nitrostyrene. The red
shifts indicate the weakening of N=0 bonds and thus a strong
interaction between nitro groups and surface Ni atoms. As for
Pt/C, the variation in the peaks for nitro groups was negligible,
relative to those for free 3-nitrostyrene, indicating a weak
interaction between nitro groups and Pt atoms. In comparison,
the peaks for 1.0%Pt;/Ni nanocrystals were located at positions
similar to those for Ni nanocrystals. As such, the nitro groups
strongly interacted with 1.0%Pt;/Ni and Ni nanocrystals.

To investigate how the adsorption of 3-nitrostyrene on Ni
nanocrystals influenced the dissociation of H,, we conducted in
situ DRIFTS measurements of Ni and Pt;/Ni nanocrystals after
the treatment with 3-nitrostyrene and H, in sequence. For Ni
nanocrystals, besides the peak for adsorbed nitro groups, the
peak for Ni—H appeared (Figure S11). As such, the surfaces of
Ni nanocrystals were not fully blocked by 3-nitrostyrene due to
the steric effect and still able to dissociate H,. For Pt;/Ni
nanocrystals, the peaks for Ni—H and Pt—H were still observed.
Moreover, the peak for nitro groups disappeared, while a new
peak at 3301 cm™" assigned to the stretching vibration of —NH,
was formed. In this case, nitro groups were hydrogenated into
—NH, on Pt;/Ni nanocrystals. Furthermore, we conducted
solid-state deuterium-nuclear magnetic resonance (D-NMR)
experiments. After the adsorption of 3-nitrostyrene, the peak
intensity in the solid-state D-NMR spectrum of Ni nanocrystals
was weaker than that without the adsorption of substrate
molecules. Therefore, the adsorption of 3-nitrostyrene blocked
a proportion of surface Ni atoms, impeding the dissociation of
H, on Ni nanocrystals.

To rationalize the remarkable catalytic activity and selectivity
of Pt;/Ni nanocrystals for the selective hydrogenation, we
carried out density functional theory (DFT) calculations.
Besides Ni(111) and Pt(111) models terminated by (111)
facets, the model of a Pt single atom in Ni(111) was also built,
denoted as Pt;/Ni(111) (Figure S12). Four sites, including top,
fec-hollow, hexagonal close-packed (hcp)-hollow, and bridge
sites, exist on metal surface (Figure 4A). The dissociation of H,
over the top sites of surface Pt atoms has no energy barrier
(Figure 4B). As for Ni(111), the low energy barrier of 0.08 eV
also ensures spontaneous dissociation of H, even at 40 °C
(Figure 4B).

To further explore the origin of catalytic activity, we
examined the hydrogen diffusion process on different metal
surfaces. H atoms generally add to substrate molecules only at
top sites of active metal atoms.” " In this case, H atoms
diffuse from hollow sites to top sites. For Ni(111), Pt(111), and
Pt,/Ni(111), the adsorption of H atoms on fcc-hollow sites has
the lowest energy among H adsorption on different sites
(Figure 4D). As such, H diffusion process is regarded to initiate
from fcc-hollow sites. In this case, the energy barrier for H
atoms to diffuse from fcc-hollow to hcp-hollow sites through
bridge sites is denoted as E, 1, while that for the diffusion of
H atoms from fcc-hollow to top sites is named as E, .. The
values of E_ .1, are <0.2 eV for both Ni and Pt atoms on
Ni(111), Pt(111), and Pt;/Ni(111), guaranteeing the diffusion
of H atoms on these surfaces with ease at 40 °C (Figure 4D).
With regard to E, .« the values over Pt atoms on Pt(111) and
Pt;/Ni(111) are 0.13 and 0.17 eV, respectively (Figure 4D). In
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comparison, Ni atoms on Ni(111) and Pt;/Ni(111) show the
values of E, ... above 0.5 eV (Figures 4D and S13), accounting
for that Ni atoms were inert at 40 °C despite of their ability to
adsorb nitro groups (Figure 3C). Therefore, E, . is proposed
as a descriptor of catalytic activity. Pt single atoms in Pt;/
Ni(111) serve as the active center due to the much lower E_ ...,
relative to that for Ni atoms.

Based on DFT results, a schematic illustration is provided to
show hydrogen dissociation and diffusion on Pt;/Ni(111)
(Figure 4C). All the surface atoms, either Pt or Ni atoms,
contribute to the dissociation of H, molecules, resulting in the
abundant H atoms on Pt;/Ni(111). In other words, Ni
nanocrystals serve as a support to anchor Pt single atoms in
Pt;/Ni(111) and a reservoir to provide active H atoms that
facilitate the hydrogenation reactions. For Pt,/Ni nanocrystals,
not only were the H atoms adsorbed on Pt atoms added to 3-
nitrostyrene, but the H atoms adsorbed on Ni atoms were also
involved in the catalytic reaction through the diffusion process.
Therefore, the high activity of Pt;/Ni nanocrystals derived from
sufficient hydrogen supply.

As for catalytic selectivity, we conducted DFT calculations to
investigate the optimized adsorption configuration of 3-
nitrostyrene on Ni(111), Pt;/Ni(111), and Pt(111). With
regard to Ni(111), the distances from two O atoms in the nitro
group to the nearest surface Ni atoms are 2.01 and 2.02 A,
respectively (Figures S14—S1S and Table S3). Accordingly,
nitro groups could be activated efficiently by accepting 0.61
electrons from surface Ni atoms. However, the large E_ ..
value on Ni(111) impedes the hydrogenation of activated nitro
groups into amino groups on Ni(111) at room temperature. In
contrast, O atoms are far away from surface Pt atoms with the
distance >3 A on Pt(111), accepting only 0.01 electron and
thereby indicating the weak interaction between nitro groups
and Pt nanocrystals (Table S3). As for Pt;/Ni(111), the
adsorbed 3-nitrostyrene on pure Ni atoms takes the similar
configuration to that on Ni(111) and is unable to be
hydrogenated due to the large E,_ ., value. In this case, only
the adsorption of 3-nitrostyrene on Pt single atoms is taken
into consideration. The distance from one O atom in the nitro
group to a Pt single atom is 2.26 A, while that from the other O
atom to the nearest Ni atom is 2.03 A (Table S3). The donated
electrons from Pt atoms to O atoms are 0.54 electrons,
comparable to those on Ni(111). Thus, the ensemble
composed of the Pt single atom and nearby Ni atoms induces
the adsorption configuration of 3-nitrostyrene, favorable for the
activation of nitro groups, accounting for the high selectivity for
3-vinylaniline over Pt;/Ni nanocrystals.

Moreover, a nitrostyrene molecule mainly contains two types
of unsaturated functional groups including carbon—carbon
double bonds and nitro groups. The selective hydrogenation of
carbon—carbon double bonds is reported to be highly sensitive
to the size of Pt ensembles.”® Specifically, the selectivity for
carbon—carbon double bonds drops with the decreased size of
Pt, particular for Pt single atoms.””*>*" As for the nitro groups,
the selectivity for them is independent of the size of Pt.*'
Noteworthy, Pt single atoms especially prefer the adsorption of
nitro groups.23 Therefore, Pt single atoms both block the
hydrogenation of carbon—carbon double bonds and benefit the
activation of nitro groups, accounting for the high selectivity for
3-vinylaniline over Pt;/Ni nanocrystals.

In conclusion, we report a superior selective hydrogenation
catalyst by embedding Pt single atoms in the surface of Ni
nanocrystals. During the hydrogenation of 3-nitrostyrene, Pt/
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Ni nanocrystals achieved the TOF numbers of ca. 1800 h™*
based on surface Pt atoms under 3 atm of H, at 40 °C.
According to mechanistic studies, the remarkable activity of
Pt;/Ni nanocrystals derived from sufficient hydrogen supply
because of spontaneous dissociation of H, on both Pt and Ni
atoms as well as facile diffusion of H atoms on Ni nanocrystals.
Moreover, the high selectivity for 3-vinylaniline was ascribed to
that the adsorption configuration of 3-nitrostyrene on the
ensemble composed of the Pt single atom and nearby Ni atoms
in Pt;/Ni nanocrystals favored the activation of nitro groups.
The deposition of single atoms on supports with low energy
barriers for hydrogen dissociation and diffusion not only offers
a powerful means to improve the catalytic performance for
selective hydrogenation but also extends our understanding of
single-atom catalysis.
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