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% Check for updates Mechanism driven catalyst design with atomically uniform ensemble sites is an

important yet challenging issue in heterogeneous catalysis associated with
breaking the activity-selectivity trade-off. Herein, a trimer Ni;Sb, site in NiSb
intermetallic featuring superior selectivity is elaborated for acetylene semi-
hydrogenation via a theoretical guidance with a precise synthesis strategy. The
trimer Ni;Sb, site in NiSb intermetallic is predicted to endow acetylene reac-
tant with an adequately but not excessively strong o-adsorption mode while
ethylene product with a weak t-adsorption one, where such compromise
delivers higher ethylene formation rate. An in-situ trapping of molten Sb by Ni
strategy is developed to realize the construction of Ni;Sb, site in the inter-
metallic P6s/mmc NiSb catalysts. Such catalyst exhibits ethylene selectivity up
to 93.2% at 100% of acetylene conversion, significantly prevailing over the
referred Ni catalyst. These insights shed new lights on rational catalyst design

by taming active sites to energetically match targeted reaction pathway.

Design and fabrication of atomically dispersed active sites at sup-
ported catalysts for precisely tailoring configurations of key species to
regulate the selectivity to the targeted product is of great importance
in heterogeneous catalysis but remains a challenge'™. Exemplified with
acetylene semi-hydrogenation to ethylene in the purification and
production of olefins, isolated metal sites, including single-atom
metals anchored on supports®” and cationic metals confined in zeo-
lites and MOFs®*'° have been proved to endow ethylene with -
adsorption mode toward higher product selectivity’' ™, but usually
leading to a trade-off between the activity and selectivity. In the case of
PdZn alloy, it is pointed out that the two adjacent Pd sites isolated by
guest Zn component give rise to the moderate c-adsorption mode of
acetylene reactant while the targeted m-adsorption mode of ethylene
product™. An attempt is thus made to make full use of the guest metal
bonding with an isolated host metal site, i.e., an isolated ensemble site

with the spatially and energetically advantageous arrangement, aiming
to break the activity-selectivity trade-off.

Zn and Ga with different electronegativities have been employed
to fabricate the NiZn and NiGa intermetallic catalysts for the
reaction'®, The comparison of the performances of the NiZn and NiGa
intermetallic catalysts demonstrates that modifying Ni sites with high-
electronegativity metal would be more promising for enhancing
acetylene semi-hydrogenation. Notably, the electronegativities of Zn
and Ga are both lower than that of Ni, but the electronegativity of Ga is
higher than that of Zn (1.81 vs 1.65), which gives rise to the lower
electron density of the isolated Ni sites (Fig. 1a). In addition, introdu-
cing p-block element is revealed to feasibly modify the electronic
properties of Ni sites via obvious p-d orbitals hybridization". Inspired
by these insights, employing a type of high-electronegativity p-block
metal to isolate Ni sites and decrease their electron density, even to
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Fig. 1| Theoretical insights into trimer Ni;Sb, site. a Two-dimensional contours  and depletion of the electron density, respectively. The red arrows indicate the
of the charge density difference of NiZn(110), NiGa(110), and NiSb(101) surfaces, direction of charge transfer between the surfaces and the adsorbates. d Free energy
where the units of the color bars are e-Bohr™. Top and front views on the profiles for sequential hydrogenation processes of acetylene to ethane on the

adsorption configurations of acetylene (b) and ethylene (c) adsorbed on Ni(111)and ~ Ni(111) and NiSb(101) surfaces, and the configurations of intermediates involved in
NiSb(101) surfaces, as well as the corresponding charge density distributions based  the hydrogenation of C;H,. The blue and red arrows highlight the adsorption
on Bader charge analyses. The red and blue isosurfaces represent the accumulation  energies of C;H, and C,H4 on the Ni(111) and NiSb(101) surfaces, respectively.
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withdraw electrons from Ni sites, could facilitate the adsorption of
electrophilic acetylene and desorption of nucleophilic ethylene, by
means of which acetylene semi-hydrogenation to the target ethylene
can be achieved.

To this end, we take advantage of the p-block features of guest
Sb with high electronegativity to bond with the host Ni for the fab-
rication of trimer Ni;Sb, site, atomically distributed on the inter-
metallic NiSb, for boosting acetylene semi-hydrogenation. The
unique features of Sb contribute to electron-defect Ni sites isolated
by electron-rich Sb ones (Fig. 1a). Such ensemble site enables both
moderate o-adsorption of electrophilic acetylene and weak m-
adsorption of nucleophilic ethylene, as demonstrated by systema-
tic density functional theory calculations and temperature-
programmed desorption experiments. An in situ trapping of mol-
ten Sb by Ni strategy was developed to realize the fabrication of the
trimer Ni;Sb, site in the NiSb intermetallic catalyst. The unique
structural features of the NiSb catalyst were thoroughly identified by
multiple techniques, including atomic-resolution electron micro-
scopy and X-ray absorption spectroscopy. As predicted by the the-
oretical calculations, the NiSb catalyst featured with the trimer site
exhibited an excellent ethylene selectivity, i.e., up to 93.2% at 100% of
acetylene conversion, which delivers a superior formation rate of
ethylene compared with the referred Ni catalyst.

Results and discussion

Theoretical design of trimer Ni;Sb, site

We resort to DFT calculations for exploring the guest Sb bonding with
the isolated Ni site, having a spatially and energetically advantageous
arrangement, to break the activity-selectivity trade-off. The introduc-
tion of antimony remarkably changes the crystal structure, as revealed
by the Wulff construction crystals in Supplementary Fig. 1 and Sup-
plementary Tables 1, 2. The Ni(111) and NiSb(101) surfaces, schemati-
cally shown in Supplementary Fig. 2, are indicated as the most exposed
surfaces for Ni and NiSb, respectively. Considering that the most
exposed surface plays a major role in acetylene hydrogenation, the
Ni(111) and NiSb(101) surfaces were thus selected for DFT calculations.
The P63/mmc NiSb intermetallic phase, exposing the atomically dis-
tributed and ensemble Ni;Sb, sites, and the referenced Ni face-center
cubic phase were modeled (Supplementary Fig. 2), which are rationa-
lized by the good accordance of XRD simulations with the previous
experiments®?., On the typical and thermodynamically stable
NiSb(101) surface (Supplementary Tables 5, 6), the C,H, reactant is
found to thermodynamically bind with the trimer Ni;Sb, site via a o-
adsorption mode with the adsorption-free energy of —0.66 eV, while
the C,H4 product with the single Ni site via a -adsorption one with
that of —0.29 eV. In contrast, on the Ni(111) surface, both the C,H, and
C,H, prefer to o-adsorption modes strongly binding with four- and
three-hollow Ni sites (i.e., —2.51 and —0.93 eV), respectively.

The crucial role of the guest Sb was further elucidated by elec-
tronic structures analysis compared with previously reported Ga for
isolating Ni sites in NiGa intermetallics'® (Fig. 1a and Supplementary
Fig. 3). Bader charge analyses reveal less electron transfer associated
with the adsorption of C,H, but unexpectedly more with that of C;H,
on the trimer site as compared to the analysis for those on the Ni
surface (Fig. 1b, c). Differently, the electron transfer from the NiGa
surface to the adsorbed acetylene molecule is lower than that from the
Ni surface (0.16 e vs 0.58 e), which is in consistent with the lower
adsorption energy on the NiGa surface. These could be caused by the
electronic interaction between C atoms of acetylene and Sb atoms of
trimer Ni;Sb; site in the o-adsorption configuration, as suggested by
the hybridization of C 2p with Sb Sp orbitals (Supplementary Fig. 3).
The C 2p orbital DOS profiles of acetylene are similar on the NiGa and
Ni surfaces, and the C 2p orbital is mainly hybridized with the Ni 3d
orbital with the absence of obviously hybridized to the Ga 4p orbital.
These results confirm that the Sb with higher electronegativity than

that of Ni is more promising to be employed to isolate the Ni sites
toward enhanced acetylene semi-hydrogenation.

The hydrogenation process of acetylene via the Horiuti-Polanyi
mechanism??* on the trimer site was subsequently studied by theo-
retical calculations. On the trimer Ni;Sb, site, the adsorbed C,H," is
sequentially hydrogenated to C,H; and C,H, with free energy barriers
of 1.00 and 1.25eV (Fig. 1d and Supplementary Fig. 5), respectively.
Notably, the hydrogenation of the formed C,H, needs to overcome a
free energy barrier of 1.05 eV on the trimer Ni;Sb, site, which is higher
than the desorption free energy of C,H,4. In contrast, the hydrogena-
tion of C,H, formed from two-step hydrogenations of C,H, with free
energy barriers of 1.10 and 0.64 eV is more facile than the desorption
process on the referenced Ni sites, as suggested by the 0.42eV of
hydrogenation free energy barrier against the 0.93 eV of the deso-
rption free energy (Fig. 1d and Supplementary Fig. 4). The competi-
tiveness between the hydrogenation of C,H, to C,Hs and the
desorption of C,H, determines the ethylene selectivity'®**. These
energetic scenarios strongly indicate that the hydrogenation of C,H,
is suppressed on the trimer site while favorable on the referenced Ni
site, which are further traced to be the unfavorable configuration of
the initial and transition states on the trimer Ni;Sb, site. The distances
between the H and C atom of t-adsorbed C,H4 measured for the initial
and transition states on the Ni;Sb site are 3.664 and 1.960 A (Fig. 1d
and Supplementary Fig. 5), respectively, which are remarkably longer
than those measured for the configurations on the Ni site, evidencing
the thermodynamically unstable configuration of C,H, and H' on the
NiSb(101) surface. These results clearly demonstrate that the deso-
rption process of C,H, on the trimer site with m-adsorption is more
facile than its over-hydrogenation, and thus the formation of targeted
ethylene would be promoted. Previous studies have well shown that
the moderate o-adsorption mode of acetylene is more favorable for
hydrogenation activity than the m-adsorption one’”*. Thus, the
moderate o-adsorption of acetylene and a weak m-adsorption of
ethylene on the trimer Ni;Sb, site would deliver the possibility of
breaking the trade-off between activity and selectivity for the reaction.

Furthermore, we also investigated the hydrogenation of acetylene
on the NiSb(102) surface (Supplementary Figs. 6, 7), which is the sec-
ondly mostly exposed surface as suggested by the Wulff constructions
(Supplementary Fig. 1). The adsorption configuration of C,H, on the
NiSb(102) surface is similar to that on the NiSb(101) surface, binding to
the trimer Ni;Sb, site via the o-adsorption mode with an adsorption-
free energy of —-0.89 eV (Supplementary Table 7). The C,H, prefers to
adsorb on the isolated Ni site with adsorption-free energy of -0.36 eV
(Supplementary Table 8). On the trimer Ni;Sb, site of the NiSb(102)
surface, the calculated free energy barriers for the two-step hydro-
genation of C,H, to C,H, are 0.63 and 1.31 eV (Supplementary Figs. 6,
7), respectively. The desorption free energy of C,H," on the NiSb(102)
surface is 0.36 eV, which is lower than the free energy barrier for the
further hydrogenation to C,Hs (110 eV), indicating the ethylene pro-
duct prefers to desorb from the surface rather than be hydrogenated.
Thus, it can be concluded that the trimer Ni;Sb, site on the NiSb(102)
surface also exhibits good ethylene selectivity, which is similar to that
on the NiSb(101) surface.

In addition, the dissociation and diffusion of hydrogen were also
evaluated on the Ni(111), NiSb(101), and NiSb(102) surfaces. The
hydrogen molecule prefers to adsorb on the top site of Ni(111) surface
and subsequently dissociate into two H atoms with an energy barrier of
0.02 eV and an exothermic energy of —0.98 eV (Supplementary Fig. 10).
These results indicate that the dissociation of hydrogen is facile on the
Ni(111) surface. In contrast, the hydrogen molecule adsorbed on isolated
Ni sites of NiSb(101) and NiSb(102) surfaces dissociate with energy
barriers of 0.83 and 0.80 eV with endothermic energy of 0.10 and
0.07 eV, respectively (Supplementary Figs. 11, 12). These results reveal
that the H, dissociation is less facile on the NiSb(101) and NiSb(102)
surfaces with isolated Ni sites than that on the Ni(111) surface, which
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trapping of molten Sb by Ni strategy facilitated by thermal treatment under
hydrogen from the Ni/Mg/Al-LDHs precursor.

could decrease the coverage of hydrogen on the NiSb(101) and
NiSb(102) surfaces for hydrogenation of formed ethylene to undesir-
able ethane. Hydrogen diffusions in the presence of C, species were
further simulated to evaluate the ease of hydrogen diffusion to the
nearby C, species for subsequent hydrogenation. As shown in Supple-
mentary Figs. 13-16, the energy barriers of hydrogen diffusion on the
Ni(111) surface are in the range of 0.15-0.24 eV during the hydrogena-
tion pathways, while those on the NiSb(101) and NiSb(102) surfaces are
in the range of 0.59-0.66eV and 0.65-0.71eV, respectively. These
results suggest that the diffusion of hydrogen atoms on the Ni(111)
surface is more facile than those on the NiSb(101) and NiSb(102) ones,
which could be caused by the elongated Ni-Ni distances on the latter
ones. Such easily activated and movable hydrogen atoms on Ni(111)
surface could favor the hydrogenation of surface C, species, including
the formed ethylene on the surface, and thus lead to the suppressed
formation of ethylene while promoted one of ethane.

Acetylene hydrogenation was also investigated on the minorly
exposed NiSb(100) in which the distance between the nearest Ni sites is
2.643 A, much shorter than those in NiSb(101) and NiSb(102) surfaces
(Supplementary Fig. 2). The results are summarized in Supplementary
Tables 9, 10 and Supplementary Figs. 8, 9. The desorption energy for
ethylene (0.91 eV) is higher than the hydrogenation barrier (0.78 eV) on
the NiSb(100) surface, suggesting that the hydrogenation of ethylene
formed on the surface is more facile than ethylene desorption. Thus, the
predominantly exposed surface NiSb(101) and NiSb(102) surfaces fea-
turing trimer Ni;Sb, sites dominate the semi-hydrogenation to ethylene,
while the minorly exposed NiSb(100) surface leads to the over-
hydrogenation to ethane. These results highlight the significance of
trimer Ni;Sb; sites for acetylene semi-hydrogenation.

Synthesis and structural characterizations

Followed by the theoretical insights, the trimer Ni;Sb, site was subse-
quently realized in the NiSb intermetallic catalysts synthesized by an
in situ trapping strategy (Fig. 2). The bulk Sb powder was grinded with
the Ni/Mg/Al-LDHs precursors prepared by a co-precipitation method
to obtain the Sb-containing LDHs, which was further treated at 900 °C
under hydrogen. At such a high temperature, bulk Sb was melted into a
molten and movable state. Simultaneously, the high temperature led
to the reduction of Ni atoms from Ni ions contained in the LDHs and

further ex-solution from the LDH. The strong NiSb metallic bond
interaction favors the free Ni atoms to bond with the Sb atoms to form
NiSb motifs, which thermodynamically assemble to form the nano-
particles featured with a stable NiSb intermetallic structure. The crystal
structure of the synthesized NiSb catalyst was identified by XRD
measurements (Fig. 3a). The diffraction peaks at 36.8°, 59.3°, and 65.2°
are corresponding to the (311), (511), and (440) planes of MgAl,O,
(JCPDS No. 21-1152), and the two diffraction peaks at 42.9° and 62.3°
are assigned to the (200) and (220) planes of MgO (JCPDS No.
45-0946), respectively. In addition to these diffraction peaks of the
support, the XRD pattern of the NiSb catalyst exhibits typical diffrac-
tion peaks at 31.5°, 43.9°, and 46.1° assigned to the (101), (102), and
(110) planes of hexagonal NiSb intermetallic phase (JCPDS No.
41-1439), respectively. These results imply the successful formation of
the NiSb intermetallic phase in the NiSb catalyst via the strategy. In
contrast, representative diffraction peaks at 44.3°, 51.7°, and 76.1°
ascribed to the (111), (200), and (220) planes of face-centered cubic Ni
phase (JCPDS No. 65-0380), respectively, are observed from the XRD
pattern of the Ni catalyst.

To verify the trapping roles of Ni species in LDHs, a referred LDHs
without Ni species was synthesized and then grinded mechanically
with Sb powder. After thermal treatment at 900 °C under hydrogen,
the crystal structure of the as-obtained sample was comparatively
characterized by XRD, which shows the absence of diffraction peaks
corresponding to Sb phases (Supplementary Fig. 17). Furthermore, the
determined content of Sb in this referred catalyst is close to zero
(Supplementary Table 11). These results clearly indicate that the
movable and molten Sb cannot be trapped by the LDHs without Ni
species and finally vaporized during the thermal treatment®, and thus
could detach from the solid sample. Further increasing the amount of
Sb in the 2-NiSb catalyst, where 2 denotes the nominal ratio of Sb/Ni,
also gives rise to the formation of the NiSb intermetallic phase by this
trapping strategy rather than the NiSb, intermetallic phase (Supple-
mentary Fig. 17 and Figs. 23, 26), probably owing to the NiSb metallic
bond interaction with a ratio of 1:1 during the trapping process. The
actual atomic ratio of Sb/Ni is determined to be 1.07 (Supplementary
Table 11), close to the nominal one of the NiSb intermetallic phase,
evidencing that the extra Sb could be vaporized and then detach from
the solid sample®. The evaporation of Sb in the precursor of the 2-NiSb

Nature Communications | (2022)13:5534



Article

https://doi.org/10.1038/s41467-022-33250-8

NiSb ® MgAl,0, JCPDS No. 21-1152

a % MgO JCPDS No. 45-0946
—— NiSb JCPDS No. 41-1439
(101)

—

»

=

c

=

e

[

©

= |

>

:'a;; Ni —— Ni JCPDS No. 65-0380

c (111)

9

£

Fig. 3 | Microstructure and morphology of NiSb intermetallic catalyst. a XRD
patterns of the synthesized Ni and NiSb catalysts. Typical HRTEM images and
corresponding FFT patterns of b Ni and ¢ NiSb catalysts. HAADF-STEM images of

TR \
0.00 0.01 0.02 0.03
Position (um)

0.01 0.02
Position (um)

d Ni and e NiSb catalysts as well as the corresponding EDS line-scanning profiles.
HAADF-STEM EDS mapping analyses of f Ni and g NiSb catalysts.

during the thermal process was further confirmed by thermogravi-
metric analysis in Supplementary Fig. 18 and Fig. 19.

High-resolution transmission electron microscopy (HRTEM) ima-
ges and high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) measurements were further carried out to
identify microstructural features of monometallic Ni and NiSb

catalysts. Supplementary Fig. 20 shows the typical HAADF-STEM ima-
ges of the Ni and NiSb catalysts, where the nanoparticles are uniformly
distributed with similar average particle sizes. The typical HRTEM
images with the corresponding fast Fourier transform (FFT) patterns of
Ni and NiSb catalysts demonstrate continuous lattice fringes with the
spacings of 0.204 and 0.283 nm (Fig. 3b, c), which are assigned to the
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Fig. 4 | Atomic structures of NiSb intermetallic catalyst. a, e Representative AC-
HAADF-STEM images of NiSb catalyst along with different zone axes. b, f Line
intensity profiles along direct indicated by the violet arrows in a and e. ¢, g Enlarged
views of the areas marked by the yellow rectangles in a and e as well as the cor-
responding crystal models along with [010] and [001] zones, respectively. d, h The

k (A7)

FFT patterns of the NiSb catalyst. i Ni 2p and Sb 4d XPS spectra of the NiSb catalyst.
j Normalized XANES spectra and k k*weighted Fourier transform (FT) spectra at
the Ni K-edge of the Ni foil, Ni, and NiSb catalysts. I The EXAFS oscillation functions
and m WT-EXAFS contours at the Ni K-edge of Ni foil, Ni, and NiSb catalysts.

interplanar spacings of the (111) plane of face-centered cubic Ni and the
(101) plane of the hexagonal NiSb intermetallics, respectively. Fur-
thermore, the energy-dispersive X-ray spectroscopy (EDS) line-
scanning analyses for single nanoparticle indicate that Ni and Sb are
homogeneously distributed over the nanoparticles with the atomic
ratio of 1:1 (Fig. 3e and Supplementary Fig. 21), as compared with those
of Ni catalyst (Fig. 3d and Supplementary Fig. 22). Similarly, the EDS
mapping analyses for the Ni catalyst exhibit the uniform distribution of
Ni within the monometallic nanoparticles with the absence of Sb
(Fig. 3f and Supplementary Fig. 24), while those of the NiSb catalyst
demonstrate that Ni and Sb species are homogeneously distributed in
bimetallic nanoparticles (Fig. 3g and Supplementary Fig. 25). All these

results point to the successful fabrication of the NiSb
intermetallic phase.

Aberration-corrected HAADF-STEM (AC-HAADF-STEM) technique
was employed for visualizing the atomic structure of the NiSb catalyst.
Figure 4a shows the typical AC-HAADF-STEM image of the NiSb catalyst,
where distinct lattice fringes are clearly observed. The integrated pixel
intensity profile acquired along with the violet arrow in Fig. 4b reveals
that the average spacing along this direction is 0.31 nm assigned to the
(101) plane of intermetallic NiSb. Similarly, the average spacing of
another lattice fringe is determined to be 0.37 nm corresponding to the
(100) plane of the NiSb intermetallic phase. Based on the enlarged

image of atomic distribution in Fig. 4c, the corresponding FFT pattern is
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obtained to derivate the zone axis (Fig. 4d). The atomic distribution
predicted by the crystal structural models along with the determined
[010] zone axis is well consistent with that visualized by AC-HAADF-
STEM in Fig. 4c. To further check the formation of NiSb intermetallic
phase in NiSb catalyst, another nanoparticle in a different area is also
randomly selected to characterize by AC-HAADF-STEM (Fig. 4€). Simi-
larly, ordering atomic arrangement with distinct lattice fringe is clearly
seen in Fig. 4f, and the integrated pixel intensity profile shows that the
average spacing of such lattice fringe is determined to be 0.23nm
assigned to the (110) plane of NiSb intermetallic phase. The obtained
FFT pattern according to the enlarged image provides the zone axis
(Fig. 4g, h), based on which the predicted arrangement from the ideal
NiSb crystal structure agrees well with the observed one. Similar results
are also seen with other particles shown in Supplementary Figs. 27, 28.
These unequivocally demonstrate the ordering atomic distribution of
the NiSb intermetallic phase in the synthesized NiSb catalyst.

The formation of the NiSb intermetallic structure would deliver
remarkable electronic interaction between the host Ni and the guest
Sb due to the strong hybridization. X-ray photoelectron spectroscopy
(XPS) analysis was thus employed to explore the electronic structures
of the catalysts. The peaks positioned at binding energies of 852.3 and
855.9 eV in the Ni 2p XPS spectrum of the Ni catalyst are attributed to
Ni° and Ni** (Fig. 4i), respectively. The presence of the Ni** species
could be caused by the re-oxidation of the Ni catalyst during the ex-situ
measurements'®?. Notably, the Ni 2p XPS peaks of the NiSb catalyst
shift to higher binding energies by 0.4 eV compared with those of the
Ni catalyst. Meanwhile, the deconvoluted Sb 4d XPS spectra exhibit
four peaks corresponding to Sb® and Sb** species (Fig. 4i), which shift
to lower binding energy compared to those of the monometallic Sb”.
The positive shift of Ni 2p XPS peaks and simultaneously negative shift
of Sb 4d XPS peaks indicate electron transfer from Ni to Sb, in line with
the higher electronegativity of the guest Sb (2.05) than that of the host
Ni (1.91). The electronic properties and local environment of the NiSb
catalyst were further revealed by X-ray absorption spectroscopy
measurements. The normalized X-ray absorption near-edge structure
(XANES) spectrum at the Ni K-edge of the NiSb catalyst shifts to the
position of high photon energy with an increased intensity of white line
peak compared to that of the Ni foil and the Ni catalyst (Fig. 4j), sug-
gesting the decreased electron density of Ni atoms in the NiSb catalyst
due to the electron transfer from Ni to the neighboring Sb?*., The
accumulated electron density on the guest Sb is favorable for binding
the electron-deficient acetylene reactant but unfavorable for capturing
the electron-rich ethylene product, which gives rise to the moderate o-
adsorption of acetylene and m-adsorption of ethylene on the trimer
Ni;Sb;, site (Fig. 1b, c).

Furthermore, the Fourier transform of extended X-ray absorption
fine structure (EXAFS) at the Ni K-edge of the NiSb catalyst exhibits
lower intensity at the first nearest-neighbor coordination than that of
the Ni catalyst (Fig. 4k), suggesting a decreased Ni-Ni coordination in
the NiSb catalyst. More importantly, a remarkable peak associated with
the NiSb coordination is observed at a longer distance, and the peak
corresponding to the Ni-Ni coordination is absent in the EXAFS spec-
trum of the NiSb catalyst, evidencing the isolated Ni sites by Sb in the
intermetallic phase. This is further confirmed by the EXAFS oscillation
at the K space of the NiSb catalyst (Fig. 41). The shorter periods and
weaker amplitudes than those of the Ni foil and the referenced Ni
catalyst indicate the longer coordination distance of NiSb and lower
coordination environment in the NiSb catalyst*>~*, Wavelet transforms
(WT) analyses of the Ni EXAFS oscillations were further performed to
gain more powerful evidence for strengthening the isolated Ni sites by
Sb in the NiSb catalyst (Fig. 4m). The WT-EXAFS contour plots of the Ni
foil and the Ni catalyst both show a maximum at around 8.2A™ con-
tributed by the Ni-Ni coordination. In contrast, the WT-EXAFS contour
plot of the NiSb catalyst only exhibits a maximum at around 10.5A7,
which is assigned to the contribution of the Ni-Sb coordination. All the

above structural characterizations clearly reveal the formation of NiSb
intermetallic structure featured with the trimer Ni;Sb; site in the syn-
thesized NiSb catalyst.

Catalytic performance of acetylene semi-hydrogenation

The synthesized NiSb catalyst was employed for acetylene hydro-
genation in the presence of ethylene together with the referred Ni
catalyst. The conversion of acetylene over the NiSb catalyst gradually
increases from 20 to 100% with the increasing reaction temperature
from 40 to 260 °C, while the selectivity to ethylene maintains to be
higher than 90% at such temperature range (Fig. 5a, b). In contrast, the
conversion of acetylene over the monometallic Ni catalyst stays at
around 100% at the whole temperature range, while that on the
monometallic Sb catalyst is close to zero (Fig. 5a). In addition, the
selectivity to ethylene increases with the increasing temperature on
the Ni catalyst, probably due to the favored ethylene desorption'® and
thus suppressed formation of ethane (Supplementary Fig. 30), but is
still much lower than that of the NiSb catalyst (Fig. 5b). Moreover, the
Ni catalyst exhibits remarkably higher selectivity to C, components
than the NiSb catalyst (Supplementary Fig. 31), indicating the pro-
moted coupling process of C, species on the Ni catalyst, which is a clue
that the stability of the Ni catalyst may be inferior. It should be noted
that the high conversion of acetylene on the Ni catalyst is owing to the
facile formation of ethane and C, components rather than the for-
mation of targeted ethylene. The comparison for the calculated for-
mation rate of the products demonstrates that the NiSb catalyst
exhibits a remarkably enhanced formation rate of ethylene with clearly
suppressed ones of ethane and C, components than the Ni catalyst
(Supplementary Fig. 38). Notably, the conversion of acetylene and the
products selectivities over the 2-NiSb catalyst are close to those over
the NiSb catalyst (Fig. 5a, b and Supplementary Figs. 30, 31), also
confirming the formation of NiSb intermetallic phase in the 2-NiSb
catalyst (Fig. 3a and Supplementary Fig. 17).

A more detailed comparison of the catalytic performances of the Ni
and NiSb catalysts in Fig. 5c demonstrate that the NiSb catalyst exhibits
an excellent ethylene selectivity up to 93.2% at the full conversion of
acetylene, with the ethane selectivity and C, selectivity low to 3.2 and
3.6%, respectively. However, the monometallic Ni catalyst shows sig-
nificantly low ethylene selectivity (i.e., —=75.5%) at 100% of acetylene
conversion. This indicates that a large amount of ethylene in the feed
gas was simultaneously hydrogenated to ethane, as evidenced by the
high ethane selectivity of the Ni catalyst (Fig. 5¢). In addition, the
selectivity to C, components of the Ni catalyst is clearly higher than that
of the NiSb catalyst. Previous studies showed that the formation of C,
components in acetylene hydrogenation is mainly attributed to the C-C
coupling of strongly adsorbed surface species such as acetylene and
vinyl’***, The higher selectivity to C, components suggests a more
facile coupling process on the Ni catalyst. Furthermore, the ethylene
selectivity at the full conversion of acetylene on the NiSb intermetallic
catalyst is clearly higher than that seen with the previously reported
NiGa intermetallic catalyst featured with isolated Ni sites by neighbor-
ing Ga ones'. This comparison may indicate the unique electronic and
geometric effects of the neighboring Sb sites in the NiSb intermetallics.

Arrhenius plots for acetylene conversion and product formation
were further performed to explore the kinetics advantages of the NiSb
catalyst (Supplementary Figs. 32-35). The determined apparent acti-
vation energy for acetylene conversion over the Ni (29.7 kJ/mol) is
clearly lower than that on the NiSb catalyst (43.9 kJ/mol), which indi-
cates that the activation of acetylene on the Ni catalyst is more facile.
However, such easily activated acetylene is difficult to be converted to
the targeted ethylene product, as revealed by the much higher
apparent activation energy for the formation of ethylene on the Ni
catalyst (Supplementary Fig. 33). Instead, the apparent activation
energies for the formations of ethane and C, components on the NiSb
catalyst are obviously higher than those on the Ni catalyst
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(Supplementary Figs. 34, 35). These kinetics results demonstrate that
the formations of ethane and C, components are remarkably more
inert on the NiSb catalyst. In contrast, the formation of targeted
ethylene on the NiSb catalyst is more kinetically favorable than those
of ethane and C, components.

Considering that the C, components are the precursors of green
oil, the stability of the Ni catalyst would be inferior to that of the NiSb
catalyst, which is addressed by the stability tests for the Ni and NiSb
catalysts. As expected, the conversion of acetylene on the NiSb catalyst
keeps at around 92.0% with 93.5% of ethylene selectivity (Fig. 5d, e) but
negligible formation of ethane and C, components through the 48 h
stability testing (Supplementary Figs. 39-40), presenting an excellent
catalytic stability. By contrast, the conversion of acetylene on the
monometallic Ni catalyst decreases sharply from the initial 95.0% to
around 64.0% after reaction for 48 h, while the selectivities to ethylene,

ethane and C, components are unchanged with the time on stream.
These results distinctly demonstrate the deactivation of the Ni catalyst
during the hydrogenation process, mainly due to the accumulated
green oil on the surface.

The thermogravimetric (TG) analyses were then performed for
the spent Ni and NiSb catalysts to explore the possible deposition of
green oil. The weight loss of the spent Ni catalyst with increasing the
temperature is around 9.4 wt%, suggesting an obvious accumulation of
green oil on the catalyst (Fig. 6a). Moreover, the DTG curve exhibits a
sharp peak at ca. 375 °C with a peak shoulder at ca. 250 °C, which can
be ascribed to the combustion of heavy and light hydrocarbons'®*#,
respectively. In contrast, the TG profile of the spent NiSb catalyst
shows a slight weight loss at the range of 120-200 °C, mainly resulting
from the vaporization of physiosorbed water. Notably, the peaks cor-
responding to the combustions of light and heavy hydrocarbons are
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both 0.005 e-A%. The red arrows indicate the direction of charge transfer between
the surfaces and the 1,3-butadiene.

hardly observed for the spent NiSb catalyst, indicating the negligible
formation of green oil on the catalyst. Pyrolysis gas chromatography-
mass spectrometer (GC-MS) experiments were further performed for
the used Ni and NiSb catalysts to explore the compositions of formed
green oil. Figure 6b shows the pyrolysis GC-MS profiles of these cata-
lysts and that of a standard sample made up of various chain hydro-
carbons. Clearly, the intensities of peaks observed with the spent Ni
catalyst are much stronger than those seen with the used NiSb catalyst,
indicating that more green oil was formed and accumulated on the Ni
catalyst than the NiSb catalyst, which is in good accordance with the
TG analyses. In addition, the green oil accumulated on the Ni catalyst
contains more heavy hydrocarbons than that on the NiSb catalyst, as
quantitatively confirmed by the statistical analysis for the carbon
numbers of the chain hydrocarbons contained in the green oil (Fig. 6¢).
The averaged carbon number of the chain hydrocarbons comprised in
the green oil on the used Ni catalyst is 24.1, clearly larger than that on
the used NiSb catalyst. These unambiguously demonstrate the sup-
pressed formation of green oil via the coupling process over the NiSb
catalyst.

The origin of the restrained formation of green oil on the inter-
metallic NiSb surface is further traced by theoretical calculations. 1,3-
butadiene as the precursor for the formation of green oil, which is
formed via the coupling process, is revealed to adsorb on the Ni(111)
surface via binding with six adjacent Ni atoms with an adsorption-free

energy of —1.47 eV (Fig. 6d). In contrast, 1,3-butadiene binds weakly
with two elongated Ni sites on the NiSb(101) surface with an
adsorption-free energy of -0.01eV. The weaker adsorption of 1,3-
butadiene on the NiSb surface than that on the Ni surface is further
evidenced by the less charge transfer between the molecule and the
surface (Fig. 6e). These results elucidate that the introduction of Sb
destabilizes the 1,3-butadiene molecule on the NiSb surface with iso-
lated Ni sites, which is favorable for the desorption of 1,3-butadiene
against its accumulation and polymerization to green oil. The perfor-
mance tests strengthen the excellent selectivity of the trimer Ni;Sb,
site for acetylene semi-hydrogenation predicted by the theoretical
calculations.

Adsorption behaviors on trimer Ni;Sb, site

Temperature-programmed desorption measurements were further
carried out to explore the unique adsorption/desorption behaviors of
C,H, and C,H,4 on the Ni and NiSb catalysts. As shown in Fig. 7a, the
C,H,-TPD profile of the Ni catalyst presents three legible peaks cen-
tered at 168, 320, and 457 °C. According to previous studies, the peak
at the temperature of 168 °C is attributed to the desorption of weakly
m-adsorbed C,H,, and the peaks located at 320 and 457 °C are corre-
sponded to the desorption of C,H, species and/or the corresponding
C,-fragments formed at the elevated temperature di-o-bonded on
bridge Ni sites and multi-o-bonded on hollow Ni sites, respectively*>*,
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elevated temperatures. The assignments of the characteristic peaks are schemati-
cally shown in the insets above the spectra.

The C,H,-TPD profile of the NiSb catalyst shows two visible desorption
peaks located at 124 and 286 °C corresponded to m-adsorbed and o-
adsorbed C,H,, respectively, which are lower than those of the peaks
seen with the profile of the Ni catalyst. The peak corresponded on the
species desorbed from the hollow site is hardly observed in the C,H,-
TPD profile of the NiSb catalyst, suggesting the absence of multi-o-
bonded C,H, on the hollow site, agreeing well with the results from
theoretical calculations (Fig. 1b and Supplementary Tables 3-6). The
C,H,-TPD profile of the Ni catalyst displays two peaks centered at 179
and 330 °C (Fig. 7b). According to previous studies*>**, the desorption
peaks at the temperature below 300 °C are assigned to the continuous
desorption of the weakly m-adsorbed C,H; without decomposition,
and those located at the temperature higher than 300 °C are assigned
to the desorption of C,-fragments decomposed from the strongly o-
bonded C,H,. In contrast, the C,H,-TPD profile of the NiSb catalyst
only demonstrates weakly m-adsorbed ethylene on the NiSb catalyst,
which is also in line with the theoretical results.

The hydrogenation of pre-adsorbed acetylene on the catalysts
were further traced by in situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) measurements at increasing tem-
perature. Figure 7c, d and Supplementary Figs. 41, 42 show the spectra
collected during the hydrogenation of pre-adsorbed acetylene over
the Ni and NiSb catalysts at a temperature from 20 to 150 °C. The
formation of ethylene on the Ni catalyst is evidenced by the char-
acteristic peaks of the CH, scission and the C=C stretching vibration*
at 1607 and 1709 cm™, respectively. In addition, the peaks at 2933 and
2968 cm™ corresponded to the -CH, asymmetric stretching of long-
chain hydrocarbons and -CH; asymmetric stretching of alkanes*®,
respectively, indicate the facile coupling and over-hydrogenation

processes on the Ni catalyst. These are in good accordance with
observed higher selectivities to ethane and C, components in Fig. 5. On
the NiSb catalyst, the formation of ethylene is also confirmed by the
two characterization peaks of the CH, scission and the C=C stretching
vibration at 1602 and 1703 cm™. Notably, the characteristic peaks
assigned to the alkanes and the long-chain hydrocarbons attenuate
significantly on the NiSb catalyst and are almost hard to be observed
from the spectra. These reveal the inhibited formations of ethane and
the green oil precursor on the NiSb catalyst. Moreover, the intensities
of the peaks corresponded to ethylene on the NiSb catalyst decrease
with the increasing temperature more remarkably than those seen with
the Ni catalyst, implying the weaker adsorption of ethylene on the NiSb
catalyst. These results strengthen the excellent selectivity of the trimer
Ni;Sb, sites in the NiSb catalyst against the referred Ni catalyst.

In summary, we have employed the unique electronegative and p-
block characteristics of guest Sb to regulate the host Ni to achieve a
trimer Ni;Sb; site in NiSb intermetallic with superior performance for
acetylene semi-hydrogenation. Our theoretical results indicate that the
trimer Ni;Sb, site in the intermetallic P63/mmc NiSb endows a mod-
erate g-adsorption mode for acetylene while a weak Ti-adsorption one
for ethylene, implying boosted acetylene semi-hydrogenation. As
predicted by the theoretical results, the NiSb catalyst featured with the
trimer site fabricated by an in situ trapping strategy of molten Sb by Ni
exhibits an excellent ethylene selectivity up to 93.2% with significantly
low selectivities to ethane and C, components at 100% of acetylene
conversion, prevailing over the referred Ni catalyst. These findings
exemplify the design and fabrication of atomically uniform active sites
for fine-tuning configurations of key species to regulate the selectivity
to the targeted product.
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Methods

Synthesis of catalysts

NI(NO3)26H20 (990%), Mg(NO3)26H20 (990%), and AI(NO3)39H20
(99.0%) were purchased from Sinopharm Chemical Reagent Limited
Corporation. Na,CO; (99.9%), NaOH (99.9%), and Sb powder (99.9%)
were purchased from Aladdin. Ternary Ni/Mg/Al-LDHs was synthesized
by a typical co-precipitation method. Typically, 0.04 mol of Na,CO;
was dissolved in 100 mL of ultra-pure water to make a basic solution
denoted as A. Then, 0.01mol of Ni(NOs),-6H,O, 0.05mol of
Mg(NO3),-6H,0, and 0.02 mol of AI(NO3);-9H,O were dissolved in
100 mL of ultra-pure water to obtain a mixed metal salt solution
denoted as B. 0.25 mol of NaOH was subsequently dissolved in 250 mL
of ultra-pure water as another solution denoted as C. Afterward,
solution B and C were added dropwise into the solution A under vig-
orous stirring at 65°C, during which the pH of the solution was
maintained at 10. Thereafter, the mixture was aged at 65 °C for 16 h
under vigorous stirring and then was filtered and completely washed
with ultra-pure water until the pH is around 7. After being dried at
110 °C for 12 h under static air, the obtained solid sample was grinded
and then soaked in a solution of Na,CO; for 12 h. The mixture was
filtered and washed with a great amount of ultra-pure water to remove
the basic residues. Finally, the ternary Ni/Mg/Al-LDHs was obtained
after drying at 110 °C for 12 h.

The Ni/Mg/Al-LDHs was reduced at 900 °C for 4 h to obtain the
monometallic Ni catalyst. The precursor of the NiSb intermetallic
catalyst was gained by mixing the Ni/Mg/AI-LDHs and Sb powder with
Sb/Ni molar ratios of 1.0 and 2.0 by thoroughly grinding. The above
mixture was reduced at 900 °C for 4 h to obtain NiSb intermetallic
catalysts, which is denoted as NiSb and 2-NiSb, respectively. The binary
Mg/Al-LDHs was also synthesized with a procedure similar to that of
Ni/Mg/Al-LDHs without the addition of Ni(NO3),:6H,0. The Mg/Al-
LDHs was mixed with Sb powder by completely grinding and then
reduced at 900 °C for 4 h to obtain the monometallic Sb catalyst. More
details for the synthesis of single-atom Ni catalyst are shown in
the Supplementary Materials.

Characterizations of the materials
X-ray diffraction (XRD) characterization was conducted on a D8
ADVANCE diffractometer with Cu Ka radiation at 40 kV and 40 mA.
The actual loading of Ni, Sb, Mg and Al in the Ni, Sb, 2-NiSb and
intermetallic NiSb catalyst was measured by inductively coupled
plasma atomic emission spectrometer (ICP-AES) on Varian 710-ES. N,
adsorption and desorption isotherms were performed on an ASAP-
2020 instrument using the Brunauer-Emmett-Teller (BET) method to
examine the textural properties of samples. The high-resolution
transmission electron microscopy (HRTEM) images and high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) analysis were carried out on a JEOL JEM-2010 F trans-
mission electron microscope. Aberration-corrected HAADF-STEM (AC-
HAADF-STEM) images were obtained from a Hitachi HF5000 scanning
transmission electron microscope with a Cs corrector working at
200 kV. X-ray photoelectron spectroscopy (XPS) tests were performed
on a Thermo Scientific ESCALAB 250xi system with radiation of Al Ka.
The corresponding binding energies of samples were calibrated to the
C 1s peak at 284.6 eV. XAFS measurements at the Ni K-edge (8333 eV)
were tested at the BL1IB XAFS beamline of Shanghai Synchrotron
Radiation Facility (SSRF). Analysis of green oil composition was per-
formed by pyrolysis GC-MS (Agilent 7890 A GC/5975 C MSD) equipped
with an HP-5MS column. The sample of spent catalyst was heated at
600 °C to pyrolyze the deposited green oil on the catalysts*’. The
thermogravimetric analysis tests were carried out with a PerkinElmer
Pyris 1 by increasing the temperature from room temperature to
800 °C with a rate of 10 °C/min.

C,H,-TPD measurements for the catalysts were carried out on a
Micrometrics Autochem Il 2920 chemisorption system equipped with

a thermal conductivity detector (TCD). About 100 mg of the sample
reduced at 900 °C for 4 h was pretreated with 5 vol% H,/Ar with a flow
rate of 45 mL/min at 800 °C for 3 h. Afterwards, the sample was purged
with pure Ar and then cooled down to 45 °C. 4.0 vol% C,H,/N, at a flow
rate of 30 mL/min was introduced to the sample for 1h to ensure a
saturated adsorption, and then pure Ar was flowed to remove gas-
phase C,H,. The C,H,-TPD profiles were subsequently obtained by
increasing the temperature from 50 to 800 °C at a rate of 10 °C/min.
For C,H4-TPD, the sample was also pretreated in the same way as that
for C,H,-TPD. Then, the sample was exposed to 20.0 vol% C,H4/N, at a
flow rate of 30 mL/min for 1 h followed by being flushed with pure Ar to
remove gas-phase C,H,4. The C,H,4-TPD profiles were also collected by
increasing the temperature from 50 to 800 °C at a rate of 10 °C/min.

In-situ DRIFTS spectra for acetylene hydrogenation were col-
lected in an in situ diffuse reflection cell (Harrick Praying Mantis)
placed in PerkinElmer Spectrum 100 FTIR spectrometer. Typically,
about 50 mg of catalyst powders pre-reduced at 900 °C for 4 h were
flowed with 20.0 vol% H,/N, with a flow rate of 30 mL/min at 500 °C for
2 h, and then cooled down to 20 °C under pure Ar. Thereafter, 4.0 vol%
C,H,/N, was introduced into the reflection cell with a flow rate of
20 mL/min for 1h to ensure the saturated adsorption of acetylene on
the sample. Finally, 5.0 vol% H,/N, with a flow rate of 20 mL/min was
flowed to the cell for hydrogenation of the pre-adsorbed acetylene,
during which the temperature was increased gradually to 150 °C. The
spectra collected at different temperature were subtracted from
background spectra at the corresponding temperature.

Acetylene hydrogenation testing

The catalytic performance tests were performed in a tubular stainless
reactor. For the Ni, Sb, NiSb and 2-NiSb catalysts, about 300 mg of
catalyst sample was loaded in the center of the stainless-steel tube,
reduced in 20 vol% H,/N, using a flow rate of 60 mL/min at 800 °C for
3 h, and cooled down to initial reaction temperature in N, with a flow
rate of 30 mL/min. Thereafter, the feed gas composed of 0.5 vol%
acetylene, 2.5 vol% hydrogen, 30.0 vol% ethylene and balanced N, was
introduced into the reactor at a flow rate of 30 mL/min. The compo-
sition of the reactants and products were analyzed online by a INFICON
3000 Micro gas chromatograph equipped with a TCD detector. The
acetylene conversion and ethylene selectivity were calculated as fol-
lows:

C,H,(inlet) — C,H,(outlet)

C,H, conversion= x100% @

C,H,(inlet)
S(CaH) {1 i cyouten~ it Catoute) 1%
@
S(GHo) = Ciercyouter) 100 )
S(C4) = 2x [C4(outlet)—C,(inlet)] < 100% @)

"~ C,H,(inlet)—C,H,(outlet)

As shown in Supplementary Table 12, at around 10% of acetylene
conversion, the carbon balances were calculated to be 99.47 and
99.98% for the Ni and NiSb catalysts, respectively. At around 90% of
acetylene conversion, the carbon balances were calculated to be 97.81
and 99.93% for the Ni and NiSb catalysts, respectively. The lower car-
bon balance for the Ni catalyst suggests more carbonaceous formed
on the catalyst, which is confirmed by the TG analysis for the used Ni
catalyst.
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DFT calculations

All DFT calculations were carried out with the Vienna Ab initio Simu-
lation Package (VASP)**>° with plane wave basis sets and projected-
augmented wave (PAW) pseudopotentials™. The generalized gradient
approximation (GGA) proposed by Perdew-Burke-Ernzerhof (PBE)*
was employed for the exchange-correlation functionals. The initial
structures of bulk Ni and NiSb alloy taken from the Materials Project™
were optimized. The most thermodynamically stable Ni(111) and
NiSb(101) surface were studied for DFT calculations. Ni(111) surface was
modeled with four layers in p(3x3) supercells. NiSb(101) and
NiSb(102) surfaces were modeled with four layersin p(2 x 3) supercells.
The top two layers were relaxed, and the others were fixed at the bulk
lattice positions. The NiSb(100) surface was modeled with two layersin
p(3 % 3) supercells. The top layer was relaxed, and the other was fixed
at the bulk lattice positions. A vacuum layer of 20 A was set between
the periodically repeated slabs to avoid interactions from adjacent
cells. The transition states were obtained from adopting dimer
method** and confirmed to have only one imaginary frequency
through the vibrational frequency analysis. Bader analysis® was carried
out to calculate atomic electronic charges for verifying electronic
interaction between adsorbed species and the metal surfaces. More
details including the calculations for the adsorption energy and reac-
tion barrier are shown in the Supplementary Materials.

Data availability

The authors declare that all the important data to support the findings
in this paper can be found in the main text or Supplementary infor-
mation. Extra data were available from the corresponding author upon
reasonable request.
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