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Metallic Ni shows high activity for a variety of hydrogenation reactions due to its intrinsically high capability for H2
activation, but it suffers from low chemoselectivity for target products when two or more reactive functional groups
are present on one molecule. Modification by other metals changes the geometric and electronic structures of the
monometallic Ni catalyst, providing an opportunity to design Ni-based bimetallic catalysts with improved activity,

chemoselectivity, and durability.

Ni-based bimetallic catalysts

| 1. Introduction

Catalysis has emerged as an important branch of energy and sustainability research because it allows for chemical
transformations to be carried out at relatively low temperatures while minimizing or avoiding the formation of
byproducts 2, Catalysts can be broadly classified into two groups: homogeneous and heterogeneous catalysts.
Homogeneous catalysts have some advantages over heterogeneous catalysts, such as the possibility of carrying
out a reaction under relatively mild conditions, higher activity and selectivity, ease of spectroscopic monitoring, and
controlled and tunable reaction sites 8. The main drawback of homogeneous catalysts is the difficulty in separating
them from the products after completion of the reaction 4. Heterogeneous catalysts can overcome this drawback
[l To date, heterogeneous catalysts based on transition metals have been found to be effective in a number of
processes. In particular, hydrogenation is of great importance in petroleum refining and processing and in the
manufacture of fine and bulk chemicals B!, Although most catalytic hydrogenations today rely on precious metals
such as Pd and Pt, the high cost and low availability of these metals have caused scientific interest to shift from
such precious metals to nonprecious metals for hydrogenation catalysts 8. Earth-abundant first-row transition
metals such as Fe, Co, and Ni have received much more attention due to their specific advantages, such as high
abundance on earth, low price, low or no toxicity, and unique catalytic properties . Ni has a long history in the
field of catalysis, and its first application for hydrogenation led P. Sabatier to earn the Nobel Prize in chemistry in
1912 [8 Therefore, Ni is a fascinating alternative to precious metals such as Pd and Pt. However, the
chemoselective hydrogenation of a target functional group in the presence of other reactive functional groups in a
molecule is difficult to achieve because most transition metal catalysts cannot recognize and preferentially interact
with the target group [&. For this reason, great efforts have been made to seek heterogeneous Ni-based catalysts
with high activity for chemoselective hydrogenation reactions.

| 2. Hydrogenation of Alkynes
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Selective hydrogenation of alkynes to alkenes, while avoiding over-hydrogenation to undesired alkanes, represents
an industrially important chemical transformation in the manufacturing of polymers as well as fine chemicals L[4,
For example, the selective hydrogenation of acetylene to ethylene has been used to remove trace acetylene in
ethylene feed streams in the production of polyethylene 22, The most commonly used industrial catalyst for this
reaction is based on supported Pd nanoparticles modified by Ag additives, although Lindlar catalyst (Pd poisoned
with Pb supported on CaCO3) is not used because of its toxicity 131, However, this system leaves ample room for
improvement, particularly in terms of cost-effectiveness in catalyst design, over-hydrogenation to ethane, and
oligomerization to higher hydrocarbons 1914l Therefore, it is highly desirable to develop more cost-effective and

efficient substituents from both industrial and academic perspectives.

F. Studt et al. used density functional theory (DFT) calculations to determine why Ag showed the high selectivity to
ethylene for the hydrogenation of acetylene 24, The process is as follows: acetylene adsorbs exothermically, and
the transition state energies for the first and second steps are below the energy of gas-phase acetylene. The
ethylene formed on the surface is subjected to desorption or reaction to undesired ethane. Ethylene from the gas
phase can also adsorb on the surface and be hydrogenated to ethane. For PdAg(111), the barrier for desorption is
smaller than that of Pd(111). This result explains the reason for the addition of Ag to Pd in the industrial catalyst.
These researchers also developed a series of Ni-Zn alloy catalysts on MgAIl,O,4 spinel supports and evaluated their
catalytic performance in the hydrogenation of acetylene in a gas mixture of ethylene, acetylene, and hydrogen 24!,
Ni-Zn catalyst with the highest Zn content of 75% showed an even greater selectivity to ethylene than the well-
established Pd-Ag system. The DFT calculation for Ni-Zn(110) revealed that there was no obvious difference

between the adsorption energy of ethylene and the energy of gas-phase ethylene.

Y. Liu et al. discovered that intermetallic Ni,My (M = Ga and Sn) nanocrystals exhibited much higher selectivity for
the semi-hydrogenation of acetylene to ethylene than Pd-based catalysts (i.e., Pd and PdAg) and could be applied
to different substrates containing terminal and internal alkynes 9. A DFT study was carried out to identify why
these intermetallic compounds can be used as alternatives to precious metal-based catalysts. Figure 1 illustrates
the full potential energy diagram for the semi-hydrogenation of acetylene to ethane on NisGa. The barrier for
desorption of ethylene from NizGa is 0.31 eV, smaller than that from PdAg [24. More importantly, the transition state
energy of ethylene hydrogenation is above the energy of gas-phase ethylene, which indicates that ethylene is
subjected to desorption rather than over-hydrogenation to ethane. The excellent selectivity to ethylene in the
hydrogenation of acetylene can be assigned to the partial isolation and modified electronic structure of the active

metal.
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Figure 1. Potential energy diagram obtained from DFT calculations for the hydrogenation of acetylene to ethane on
(111) of NisGa. The geometries of the reaction intermediates, containing acetylene and ethylene, and transition
states along the reaction pathway are displayed in the inset. The Ni, Ga, C, and H atoms are shown by the gray,

dark gray, black, and white balls, respectively. Adapted from X2 with permission of Wiley-VCH, copyright 2016.

Komatsu and coworkers studied the catalytic properties of Ni-Sn intermetallic compounds for the hydrogenation of
acetylene compared with those of pure Ni 3. The activity descended in the order of Ni >> NigSn > NizSn, >>
NizSn,. The successive hydrogenation of acetylene into ethane via ethylene seemed to occur over the parent
active metal, and ethane was the main final product. However, Ni;Sn yielded ethylene as the main final product
along with only a trace amount of ethane. In the case of NizSn,, ethane was not observed as a product of the
reaction. Therefore, NizSn and NizSn, showed a high selectivity to ethylene for acetylene hydrogenation. These
authors presumed, based on the H-D exchange between C,D, and H,, that the inhibition of ethylene
hydrogenation on NizSn, was due to no formation of ethylidyne species by the geometric restriction. The same
theoretical prediction might be applied to NizSn. However, it should be considered that the electronic effect might
cause the inhibition of ethylene hydrogenation because the electron density of Ni3Sn, at the Fermi level was found

to be less than that of Ni according to X-ray photoelectron spectroscopy (XPS).

Komatsu’'s group prepared Ge-containing Ni-based intermetallic compound, Ni;Ge, for the hydrogenation of
acetylene and found that it exhibited greater selectivity to ethylene than Ni 8. This greater selectivity is due to the
expanding atomic distance between adjacent Ni atoms and the relatively low electron density of Ni atoms in NizGe.
A large atomic distance will slow the formation of ethylidyne species adsorbed on three-fold Ni sites; ethylidyne is

known to be the intermediate in the direct hydrogenation of acetylene into ethane 2. In addition to the geometric
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effect, the researchers mentioned the electronic effect on the high selectivity to ethylene. The lower electron

density of Ni in Ni;Ge prevents further hydrogenation to ethane on Ni because there is less back donation (18],

G. X. Pei et al. employed a series of Ag-Ni/SiO, bimetallic catalysts with varied Ni/Ag atomic ratios of 1, 0.5, 0.25,
and 0.125 for the semi-hydrogenation of acetylene in an ethylene-rich stream 18 When the loading of Ni was
relatively high (Ni/Ag = 1 and 0.5), extremely low ethylene selectivity was displayed, similar to that of monometallic
Ni/SiO, catalyst. With the decreased loading of Ni, the ethylene selectivity gradually increased. These authors
analyzed the structure of Ag-Ni/SiO, bimetallic catalysts to determine the reasons for the enhanced ethylene
selectivity. Scanning transmission electron microscopy— energy dispersive X-ray spectroscopy (STEM-EDS)
analysis of the AgNig5/SiO, catalyst with relatively high Ni loading revealed that Ni and Ag were not uniformly
distributed in the particles. It is known that it is difficult to form Ag-Ni alloy, and only a small amount of Ni can be
alloyed with Ag 2229 However, in the AgNig,s/SiO, catalyst with a relatively low Ni content, most of the Ni
interacted closely with Ag because of decreased Ni amounts. Thus, the interaction between Ag and Ni was

believed to be responsible for the enhanced ethylene selectivity.

Transition metal silicides have unique chemical properties, such as the lower electronegativity of silicon compared
to carbon and the strong modification of the electronic structure around the Fermi level of transition metals [21122],
However, there have been few reports describing their catalytic applications. C. Liang and coworkers achieved the
selective hydrogenation of phenylacetylene to styrene by Ni-Si intermetallics 22, Adding Si altered the Ni
coordination, leading to a strong modification of the electronic structure around the Fermi level compared to
metallic Ni; this electronic structure modification influenced styrene adsorption. Ni-Si intermetallic compound
prepared by direct silicification at 723 K showed excellent selectivity for styrene (approximately 93%) before the
complete conversion of phenylacetylene. Phenylacetylene was very strongly adsorbed on the catalyst surface and
blocked the sites for styrene hydrogenation. However, styrene hydrogenation to ethylbenzene occurred when the
concentration of phenylacetylene was significantly low. C. Liang group extended the use of Ni-Si intermetallic

compounds to other hydrogenation reactions, as shown below.
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